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Preface

The Reprint “Sustainable Water Treatment Technologies for Multiple Applications” is intended
to provide a comprehensive overview of innovative, sustainable, and cost-effective approaches to
treating and purifying natural, wastewater, and saline waters. Its scope encompasses a broad
range of technologies, including sorption-based processes, membrane systems, biological treatments,
phytoremediation, and water conditioning solutions for domestic, agricultural, industrial, and
energy-related applications.

The primary aim of the Reprint is to advance knowledge of sustainable water treatment
technologies and to highlight their role in addressing global challenges related to water scarcity,
environmental protection, public health, and the water-energy—food nexus. The motivation for
compiling this collection stems from the growing need to ensure reliable access to clean water amid
climate change, increasing anthropogenic pressures, and the rising demand for water resources across
multiple sectors.

The contributions gathered in the Reprint present recent scientific developments, practical
applications, and emerging perspectives that support the transition towards more resilient
and resource-efficient water management systems. The Reprint is addressed to researchers,
engineers, policy makers, industry professionals, and stakeholders involved in water treatment,
environmental sustainability, energy production, and agricultural development. By bringing together
multidisciplinary expertise, it aims to foster scientific exchange and encourage the implementation of

sustainable solutions to meet present and future water challenges worldwide.

Marco Pellegrini, Cesare Saccani, and Alessandro Guzzini

Topic Editors
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Abstract: The sustainable operation of hydroponic systems depends on maintaining the
chemical stability of circulating nutrient solutions and preventing the accumulation of
toxic compounds. The accumulation of phytotoxic ammonium, heavy metals, and organic
metabolites in recirculating nutrient solutions remains one of the key challenges limiting
the efficiency, sustainability, and scalability of hydroponic cultivation. This review pro-
vides a comprehensive comparative analysis of zeolites, activated carbons (ACs), and their
functionalized and composite forms as key sorbents for nutrient management, contaminant
removal, and environmental safety in hydroponic cultivation. Natural zeolites, with their
well-defined crystalline structure and high ion-exchange selectivity toward ammonium
and heavy metal cations, enable effective NH4* /K* balance regulation and phytotoxicity
mitigation. ACs, characterized by high specific surface area and tunable surface chemistry,
complement zeolites by offering extensive adsorption capacity for organic compounds,
root exudates, and pesticide residues, thereby extending the operational lifespan of nutri-
ent solutions and improving overall system performance. Further advancements include
the integration of zeolites and ACs with two-dimensional (graphene, g-C3Ny4) and three-
dimensional (MOEF, COF) frameworks, yielding multifunctional materials that combine
adsorption, ion exchange, photocatalysis, and nutrient regulation. Transition-metal mod-
ification, particularly with Fe, Mn, Cu, Ni, and Co, introduces redox-active centers that
enhance sorption, catalysis, and phosphate stabilization. The comparative synthesis reveals
that the combined application of zeolite- and carbon-based composites offers a synergistic
strategy for developing adaptive and low-waste hydroponic systems. From a techno-
economic and environmental standpoint, the judicious application of these materials paves
the way for more resilient, efficient, and circular hydroponic systems, reducing fertilizer
and water consumption, lowering contaminant discharge, and enhancing food security.

Sustainability 2025, 17, 10977 https://doi.org/10.3390/sul172410977
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This systematic review was conducted according to the PRISMA 2020 guidelines. Relevant
studies were identified through Scopus, Web of Science, and Google Scholar databases
using specific inclusion and exclusion criteria.

Keywords: zeolites; activated carbon; hydroponic systems; 2D /3D composites; transition-
metal functionalization; sorption and catalysis

1. Introduction

Hydroponics is a technology for growing plants without the use of soil, in which the
root system is immersed in a nutrient solution of strictly controlled composition. This
approach ensures higher yields and accelerated plant growth by optimizing the supply
of macro- and microelements. Unlike traditional agriculture, hydroponic systems make it
possible to reduce water consumption by 70-90%, minimize fertilizer losses, and decrease
the carbon footprint of production [1].

The advantages of hydroponics are manifested in the possibility of year-round culti-
vation, efficient use of enclosed spaces, and integration into urban ecosystems, including
vertical farms and green building systems (Figure 1). Recent studies demonstrate that such
systems can simultaneously serve as wastewater treatment and biofiltration units, making
them promising components of the circular economy [2].

ADVANTAGES NEED for sorbents
@ @ Zeolite
PRINCIPLE i o)} L e
70-90% Urban  Reduced . Activated Carbon
M M M water &vertical carbon (organic removal)
t + t N saving farming footprint
N %\ J @ Biochar

(support & stability)
Controlled nutrient
solution

(N, P, K, micronutrients)

O&e

Accumulation of
impurities and

Stabilized
hydroponic loop

imbalance risks

W YW <p-

Figure 1. Principles, Advantages, and Challenges of Hydroponics.

Despite its numerous advantages, hydroponic technology faces several challenges.
Among them are the need for strict control of nutrient solution quality, prevention of the
accumulation of undesirable impurities (ammonium, heavy metals, organic metabolites),
and ensuring substrate stability for long-term use. In this regard, increasing attention is
being paid to the application of natural and modified sorbents, including zeolites, ACs,
and biochar, which can enhance moisture retention, bind toxic compounds, and stabilize
the chemical composition of nutrient solutions [3,4].

1.1. The Relevance of the Use of Sorbents in Hydroponic Systems

One of the key factors determining the stability of hydroponic systems is maintaining
the chemical composition of the nutrient solution within the optimal range for plant growth.
During intensive solution circulation, undesirable compounds—such as ammonium ions,
heavy metals, organic metabolites, and secondary microbial products—tend to accumulate,
which may cause phytotoxicity and reduce crop productivity. Consequently, increasing
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attention has been directed toward the use of sorbent materials capable of regulating the
solution composition without disrupting the balance of macro- and microelements [5].

Natural zeolites are considered among the most effective materials due to their high
ion-exchange capacity and selectivity toward ammonium ions. A number of studies have
shown that incorporating zeolites into substrates or using them in column systems facili-
tates the removal of ammonium nitrogen and heavy metals, stabilizes pH, and enhances
the yield of vegetable crops [6-8]. In particular, clinoptilolite has been effectively applied
in aquaponics for simultaneous maintenance of water quality and plant growth [9].

ACs and biochar exhibit complementary properties, ensuring efficient adsorption of
organic compounds, root exudates, and dissolved organic carbon (Figure 2). Their use
helps prevent the accumulation of toxic metabolites, reduce the risk of pathogenic microbial
development, and extend the lifespan of nutrient solutions [10,11]. Moreover, the combined
use of zeolites and carbon-based materials opens new opportunities for comprehensive
solution purification, as demonstrated by studies on integrating such sorbents into vertical
hydroponic systems and when using desalinated water [12,13].

- O S S S S S S S B B B S S S S S B S S oy,

Y g D ®
A Qo>
Pb2* Ni2*
@ ca oé' Longer  Sustainability  Higher
- 2 7 nutrient yield
Accumulation of impurities solution =
in recirculating nutrient solutions ¢ lifetime

Sorbents — lm

Targeted removal of ionic and organic polluatns L ( l )

B o e e e G e G A e

Figure 2. Relevance of Sorbents in Hydroponic Systems.

Thus, the integration of sorbents into hydroponic technologies not only improves
the chemical stability of the growing environment but also enhances resource efficiency,
ensuring the resilience of production systems to both biotic and abiotic stresses. However,
a comprehensive comparative synthesis of zeolites and activated carbons in hydroponic
systems, integrating performance, techno-economic, and environmental aspects, remains
insufficiently explored.

1.2. Scientific and Practical Challenges in Nutrient Solution Quality Management

Despite the apparent advantages of hydroponics, its large-scale implementation faces
several fundamental and practical constraints. The primary challenge is associated with
the accumulation of undesirable compounds in the circulating nutrient solution. Excess
ammonium nitrogen, produced during the mineralization of organic residues or as a result
of fertilizer overuse, can exert phytotoxic effects and reduce crop yields [14]. In parallel,
heavy metals (Pb?*, Cd?*, Ni?*) originating from source water or substrates may be present
in the solution; their accumulation in plant tissues poses a threat to food safety [15].

Another important limitation is the accumulation of dissolved organic carbon (DOC),
which includes root exudates, microbial metabolites, and pesticide residues. These com-
pounds alter the chemical composition of the solution, stimulate the growth of pathogenic
microorganisms, and shorten the lifespan of nutrient mixtures. Several studies have shown
that organic metabolites themselves can become the key destabilizing factor and a major
cause of secondary infections in hydroponic systems [16,17].
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Scientific challenges include the need to study competitive ionic interactions. For
instance, zeolites exhibit high selectivity toward NH;*; however, they can also sorb K*
and Ca®" ions, thereby reducing the availability of these essential elements for plants.
Carbon-based materials are effective in binding organic compounds, but their sorption
capacity is limited by surface saturation and biofouling, which necessitates optimization of
operating conditions [18].

Practical challenges are associated with ensuring the long-term performance of sor-
bents. Key issues include the high cost of production, the need for regeneration, disposal, or
replacement of materials after saturation [19]. Moreover, the integration of filtration mod-
ules into a closed-loop system requires assessment of hydraulic resistance and its impact
on the overall energy efficiency of the system [20]. A particular difficulty lies in developing
universal sorbents capable of simultaneously retaining ions, organic compounds, and
microbial metabolites, while maintaining structural and chemical stability over prolonged
periods of operation [21].

Zeolites have long been recognized as versatile adsorbents, catalysts, and ion ex-
changers with well-defined structures that enable precise control of molecular partitioning
and surface reactivity. Thus, managing the quality of nutrient solutions in hydroponics
remains an interdisciplinary challenge, integrating agronomic, chemical, and engineering
approaches. Recent reviews have highlighted growing interest in sustainable soilless cul-
tivation technologies and precision control systems [22], as well as the potential role of
bioelectrochemical systems in improving nutrient recycling and monitoring [23]. However,
these studies have primarily focused on system innovations and automation, with insuffi-
cient discussion of sorbent materials, which play a crucial role in nutrient retention and
contaminant removal. In contrast, research on adsorption materials has primarily focused
on their general properties and application in separation processes [24] or specific exper-
imental applications for nutrient recovery from unconventional sources, such as human
urine [25]. However, a comprehensive synthesis linking the physicochemical characteristics
of these materials to hydroponic performance and sustainability indicators remains absent.

Activated carbons, on the other hand, are widely used for the adsorption of organic
compounds and nutrient recovery in wastewater and agricultural systems. For exam-
ple [25], demonstrated the use of coconut shell-derived activated carbon for adsorption—
desorption processes that convert organic components of human urine into nutrient so-
lutions suitable for hydroponic cultivation. Although such studies reveal the potential
of carbon adsorbents for nutrient recycling, a comprehensive analysis comparing their
mechanisms of action, performance indicators, and environmental impacts with zeolites
is lacking.

Thus, managing the quality of nutrient solutions in hydroponics remains an inter-
disciplinary challenge that integrates agronomic, chemical, and engineering approaches.
Addressing these challenges requires a systematic synthesis of current data on sorbent
materials and their interactions in closed hydroponic systems.

The aim of this review is to conduct a comparative analysis of zeolites and ACs used
in hydroponic systems, with emphasis on their structural characteristics, mechanisms
of ion exchange and adsorption, and roles in the removal of ammonium, heavy metals,
and organic contaminants. In addition, this review examines the potential for material
modification, including their integration with 2D and 3D structures and transition metal
nanoparticles functionalization, which expand their sorption and catalytic properties. Fur-
thermore, the study analyzes the techno-economic and environmental aspects of their
application, as well as the prospects for developing combined systems that enhance the sta-
bility and efficiency of hydroponic technologies. Compared with previous reviews [22-25],
this work provides a broader synthesis that integrates mechanistic, material, and sus-
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tainability perspectives, highlighting opportunities for the development of adaptive and
low-waste hydroponic systems).

2. Methods

This review was conducted in accordance with the PRISMA 2020 (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses) guidelines. The protocol for this sys-
tematic review was preregistered on the Open Science Framework (OSF), an open-access
research registry that serves as an accepted platform for systematic review registration.
The registered protocol includes details of the research question, eligibility criteria, search
strategy, screening workflow, and planned synthesis procedures. The registration can be
accessed through its DOL [https://doi.org/10.17605/OSEIO/FE5]Z]. The registration was
finalized prior to conducting study selection and data extraction, ensuring transparency
and methodological rigor. No amendments were made to the registered protocol, and the
review followed the preregistered procedures exactly as planned.

Studies were included if they addressed the use of zeolites, activated carbons, biochar,
or similar sorbents in hydroponic systems or comparable aquatic environments, with a
focus on adsorption, ion exchange, or techno-economic and environmental assessment.
Only peer-reviewed journal articles in English published between 2001 and 2025 were con-
sidered.

A literature search was conducted in Scopus, Web of Science, Science Direct, and
Google Scholar. The last search was performed on 30 September 2025. Relevant references
from key articles were also manually screened to identify additional sources.

Data was extracted manually, and any missing or unclear summary statistics were
marked as “not presented”. The data were compiled into structured tables and visualized
using diagrams to summarize the sorbent’s characteristics and applications.

The formal risk of bias assessment was not performed because this study is a de-
scriptive systematic review summarizing experimental and applied studies rather than a
quantitative meta-analysis. Sensitivity analyses were not performed, as this review focuses
on summarizing trends and key findings rather than statistical effect estimates.

A PRISMA flowchart summarizing the literature search, selection, and inclusion
process is provided in the Supplementary Materials.

2.1. Study Selection

The study selection process is presented in Figure 3 PRISMA 2020 flow diagram. A
total of 600 records were identified through database searches, and an additional 25 records
were found through citation searching. After removing duplicates, the remaining records
were screened based on titles and abstracts, followed by a full-text assessment for eligibility.

In total, 102 studies met the inclusion criteria and were incorporated into the final
review. Full list of included studies along with their key characteristics is provided in
Appendix A Table Al. This supplementary table contains detailed information such as
publication year, study design, location, sample size, methods, and main findings, allowing
readers to explore the characteristics of each study in depth.
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PRISMA 2020 flow diagram for new systematic reviews which included searches of databases, registers and other sources
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Figure 3. PRISMA 2020 flow diagram illustrating the study selection process [26].

3. Zeolites: Properties and Application in Hydroponics
3.1. Physicochemical Characterization of Zeolite

Natural zeolites are microporous, natural aluminosilicate materials with a specific
structure, which is represented by a tetrahedral crystal lattice consisting of SiO*~ and
AlO*~ ions. The SEM image of the natural zeolite (Figure 4a) shows an irregular and
heterogeneous surface morphology composed of agglomerated particles of various sizes.
The grains exhibit a porous structure with uneven edges, typical of clinoptilolite minerals
formed under natural conditions [27].

In the FTIR spectrum of the unmodified natural zeolite (Figure 4c), the stretching
vibrations of O-H bonds are not clearly observed around 3436 cm~!. However, a weak
absorption band appears near 1632 cm !, which can be attributed to the bending vibrations
of adsorbed water molecules or hydroxyl groups present on the zeolite surface. This
indicates that only a small amount of physically adsorbed moisture remains in the structure
of the natural clinoptilolite. The degree of resolution of the characteristic absorption bands
in the FTIR spectra of mineral forms of zeolites depends on the complexity of their structure.
Absorption band in the zeolite spectrum at 1002 cm ™!, a silicon-oxygen tetrahedron of
Si-O-5i bonds, which is associated with bending vibrations of SiOy [27].

The XRD pattern of the zeolite sample confirms that clinoptilolite is the dominant
crystalline phase (Figure 4b). Minor diffraction peaks corresponding to albite and mordenite
are also detected, indicating their low content in the natural mineral [28].

Table 1 presents the comparative chemical composition of natural zeolites from differ-
ent deposits. As shown, the SiO, and Al,O3 contents vary slightly depending on the origin
of the samples, with silica generally dominating the composition. The zeolites from Aus-
tralia and Ukraine exhibit the highest SiO, values, indicating a high degree of framework
stability typical for clinoptilolite-rich materials (Table 1) [29]. The contents of Fe;O3, NayO,
K,0, CaO, and MgO differ between deposits, reflecting the influence of local geological
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conditions and mineral impurities. The composition of the Kazakhstan sample falls within

the general range reported for natural zeolites, confirming its comparable chemical nature.
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Figure 4. Structural and Physicochemical Properties of Zeolite: (a) SEM image of natural zeolite [27],
(b) XRD pattern of natural zeolite [28], (c) FTIR spectrum of natural zeolite [27].

Table 1. Comparative chemical composition of zeolites from different deposits.

Countries SiO; (%) Al,O3 (%) Fe;03 (%) Na,O (%) K>O (%) CaO (%)  MgO (%)
Australia 68.26 12.99 1.37 0.64 4.11 2.09 0.83
China 65.72 13.50 1.30 1.16 3.14 3.10 0.63
Ukraine 68.64 11.50 1.57 0.29 3.12 2.38 0.89
Ecuador 65.80 11.32 3.42 4.10 0.45 1.23 0.96
USA 66.61 12.91 1.70 0.39 2.44 3.18 1.54
Iran [28] 68.17 11.05 0.53 0.64 1.11 3.93 0.62
Kazakhstan [30] 62.2 13.4 5.9 1.6 6.5 5.3 2.2

3.2. Structure, lon Exchange Mechanisms and Sorption Selectivity

Zeolites are crystalline aluminosilicates with a regular system of micropores formed by

SiO4 and AlOy tetrahedra. The substitution of silicon with aluminum in the crystal lattice

leads to the formation of negative charges balanced by mobile cations such as Na*, K* and

Ca?* [31]. These cations can be exchanged with ions from solution, which determines the

high ion exchange capacity and selectivity of zeolites [32].

The selectivity of zeolites with respect to ammonium ion is of particular importance

in hydroponic systems. Due to the size of the channels and their high affinity for NH4™,

clinoptilolite and related minerals effectively remove ammonium from nutrient solutions,
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reducing the risk of its toxic accumulation and stabilizing the nitrogen balance [33,34]. In
addition, zeolites are able to bind heavy metal cations (Pb%*, Cd?*, Ni%*), which prevents
their entry into plants and increases the safety of final products [35].

Ion exchange processes in zeolites are reversible, which makes it possible to regenerate
them using saline solutions without destroying the structure. Studies show that even after
multiple cycles of use, zeolites retain a significant part of their sorption capacity. This
combination of structural stability, high selectivity, and the possibility of reuse makes
zeolites promising materials for long-term use in hydroponic systems [36].

Figure 5 shows the mechanism of ion exchange and the factors determining the selec-
tivity of zeolites. Panel (a) shows the crystalline structure of zeolite, in which the negative
charge of the frame, resulting from the inclusion of aluminum, determines the ability to
bind cations (the conceptual scheme shown in this figure has been adapted and scientif-
ically redesigned by the Avogadro application based on the graphic style and structural
principles illustrated in the reference information) [37]; panel (b) shows a SEM snapshot of
the morphology of the zeolite particle. Panel (c) illustrates the process of substitution of
Na* by K* and Sr?*: at exchange rates above 80%, the lattice expands, accompanied by a
decrease in selectivity. Panel (d) reflects the influence of pH: the competition between H30*
and Na* /K" /Sr?* cations lead to the fact that, with increasing pH, hydronium is displaced
and the selectivity of zeolite to metals increases. Finally, panel (e) shows the distribution
of cations at different crystallographic positions-Site I (D6R ring) and Site II (supercage),
which explains the differences in selectivity.

3.3. The Role of Zeolites in the Removal of Ammonium, Cations and Toxic Metals

One of the key functions of zeolites in hydroponic systems is the efficient removal
of ammonium ions from nutrient solutions. Excess concentrations of NH,;* disrupt the
nitrogen balance and can lead to reduced plant productivity, particularly under conditions
of high salinity stress. Clinoptilolite, owing to its high selectivity toward ammonium, is
considered one of the most promising materials for regulating nitrogen content. Several
studies have shown that the addition of zeolites to the substrate or their use in filtration
columns results in a significant decrease in NH4 " concentration and stabilization of the
nitrogen cycle [38].

In addition to ammonium, zeolites demonstrate high efficiency in binding potassium,
calcium, and magnesium cations. These processes have a dual effect: on one hand, they
prevent the accumulation of excessive concentrations of individual ions, while on the other,
they may alter the availability of nutrients for plants. Therefore, the practical value of
zeolite application depends on precise control of dosage and operating conditions to avoid
deficiencies of essential macronutrients These metals not only exert toxic effects on plants
but also pose a threat to human health through the consumption of contaminated produce.
The use of zeolites effectively reduces their concentrations, thereby ensuring the safety and
environmental sustainability of hydroponic technologies [39].

Figure 6 shows the mechanism and efficiency of ion exchange and heavy metal sorp-
tion by zeolite. Zeolites are aluminosilicates with a 3D structure containing exchangeable
cations (Na*, K*, Ca?*, Mg2+), which can be replaced by heavy metal ions Pb2*, Cd?*, Cu?*,
Ni?*, Cr?*, etc. during adsorption (Figure 6a). This selectivity is based on the electrostatic
interaction between the charged surfaces of the zeolite and the cations in solution.

As can be seen from the diagram (Figure 6b), the heavy metal removal efficiency
using natural zeolite without additives reaches 50-65%, with the highest values recorded
for Cu and Cr (64.7% and 56.3%, respectively). The pH dependence graph (Figure 6c)
shows that at low pH values (<3), the removal efficiency of all metals is minimal due
to competition between H* ions for the active sites of the zeolite. With an increase in
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pH to 5-6, sorption increases sharply, reaching 90-100%, due to deprotonation of the
zeolite surface and increased ion exchange. In a neutral and slightly alkaline environment
(pH ~ 7-8), maximum sorption efficiency is achieved, after which the process stabilizes
due to saturation of available exchange sites.
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Figure 5. Structure and Ion-Exchange Selectivity of Zeolites materials. (a) Crystal structure of
zeolite, (b) Morphology of zeolite (SEM image), (¢) Mechanism of selective ion exchange of zeolite,
(d) Effect of solution pH on ion exchange selectivity of zeolite framework, (e) Site-specific cation
selectivity in zeolite fragments.
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Figure 6. Ion exchange and heavy metal adsorption by zeolite: (a) Schematic diagram of the selective
ion exchange and nutrient solution stabilization process; (b) metal removal efficiency (Pb, Cu, Cd, Cr)
using zeolite without additives [40]; (c) effect of pH on the removal efficiency of heavy metals (Pb,
Cu, Cd, Ni, Mn) [41].

It has been established that zeolites provide selective binding of heavy metal ions
under optimal pH conditions of 5-7, simultaneously reducing the concentration of excess
cations (NHy*, K*, Ca?*, Mg?") in hydroponic solutions and stabilizing the chemical
composition of the nutrient medium.

3.4. Limitations and Prospects of Zeolite Application

Despite the wide range of favorable properties, the use of zeolites in hydroponic
systems is associated with several limitations. One of the key drawbacks is the selectivity
of ion exchange, which, under complex solution conditions, may lead to competition for
active sites. For example, the high affinity of clinoptilolite for NH,* is accompanied by the
sorption of K* and Ca?*, which can reduce the availability of macronutrients and cause
deficiencies in plants [42].

Another important limitation is the restricted sorption capacity and saturation of the
material. Under conditions of intensive operation, the pores of zeolites become rapidly
filled, necessitating regular regeneration or replacement. At the same time, conventional
methods for restoring sorption capacity—such as washing with saline solutions—are often
accompanied by the generation of salt-containing effluents, which impose an additional
environmental burden [43].

The physico-mechanical properties of zeolites also impose certain limitations on their
use. Their low mechanical strength and tendency to degrade after prolonged contact with
water may reduce their effectiveness as an independent substrate. Consequently, zeolites
are more commonly used in mixtures with inert materials (such as perlite or vermiculite)
or as additives in filtration cartridges [44].

Economic factors likewise play an important role. Although natural zeolites are widely
available, their efficiency strongly depends on the deposit characteristics, degree of purifi-
cation, and post-processing. In some cases, the costs of transportation and modification
significantly increase the overall application cost [45].
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Future prospects for the use of zeolites in hydroponics are primarily associated with
their modification and functionalization. The development of nanostructured zeolites and
composites with metal oxides enhances their selectivity and resistance to saturation. A
promising direction involves integrating zeolites with 2D and 3D materials such as graphene, g-
C3Njy, and metal-organic frameworks (MOFs), which opens new possibilities for simultaneous
sorption and catalytic functions [46].

In addition, the emerging concept of “zeoponics”—the use of zeolites as a long-term
substrate for plant cultivation in closed systems, including space programs-has been actively
developing. This approach highlights the potential of zeolites as a strategic material for
sustainable agriculture under extreme conditions [47].

4. ACs: Properties and Application in Hydroponics
4.1. Morphology, Specific Surface Area and Adsorption Characteristics

ACs are highly porous carbonaceous materials characterized by a developed morphology
and a broad pore-size distribution that includes micropores (<2 nm), mesopores (2-50 nm),
and macropores (>50 nm). Such a structure provides an exceptionally high specific surface
area (often exceeding 1000 m?/g), which enables the efficient adsorption of a wide range of
organic and inorganic compounds [48].

The morphology of ACs directly depends on the raw material (e.g., wood, nutshells, agro-
industrial residues) and the activation method used—either physical activation with CO, or
steam, or chemical activation using phosphates and alkalis. These factors determine both the
pore size distribution and the presence of surface functional groups, which in turn influence
hydrophilicity, acid—base properties, and electrostatic interactions with ions in solution [49].

A key characteristic of ACs in the context of hydroponics is their high capacity for binding
dissolved organic compounds, including root exudates, phenolic metabolites, and pesticide
residues. Through a combination of hydrophobic interactions and 7t— associations, the carbon
matrix effectively retains organic molecules, thereby reducing the risk of pathogenic microbial
growth and extending the lifespan of nutrient solutions [50].

Figure 7 illustrates the structural and functional properties of ACs that ensure their high
sorption capacity.
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Figure 7. Morphology, specific surface area, and adsorption characteristics of ACs: (a) Schematic
representation of the pore structure (micro- and mesopores 2-50 nm) and the sorption mechanism of

11



Sustainability 2025, 17, 10977

NH,4*, Cd%*, and Pb2* ions on a surface with a specific area > 1000 m2/ g; (b) Removal efficiency of
heavy metals (Cd, Cr, Cu, Ni, Pb, Zn) depending on the adsorbent dose [51]; (c) Effect of pH on the
degree of metal removal (Pb, Ni, Cr) [52].

In addition, the highly developed surface of ACs facilitates the adsorption of heavy
metal cations and ammonium through ion exchange and complexation with oxygen-
containing functional groups. Thus, ACs exhibit a high degree of versatility: on one
hand, they act as filters for organic contaminants, while on the other, they complement
the function of zeolites in stabilizing the inorganic composition of nutrient solutions.
The micro- and mesoporous structure creates a large specific surface area (>1000 m?/g),
which facilitates the adsorption of both organic compounds and heavy metal cations.
Experimental curves show that with increasing adsorbent dose, the removal efficiency of
Pb, Cr, and Cu increases to ~100%, and the optimal pH range (6-8) ensures maximum
metal sorption due to reduced competition with H* ions and stabilization of complexation
on oxygen-containing functional groups on the carbon surface [53].

4.2. The Use of ACs for the Remouval of Organic Pollutants and Metabolites

The use of ACs in hydroponic systems is primarily associated with their ability to
effectively remove dissolved organic compounds and secondary plant metabolites. Due
to the combination of hydrophobic interactions, 7—m associations, and hydrogen bonding,
AC provides selective binding of a wide range of organic contaminants. This functionality
is particularly important in closed-cycle systems, where root exudates and microbial
metabolites tend to accumulate and become phytotoxic factors [54].

Compounds that negatively affect plant growth include low-molecular-weight organic
acids, phenolic derivatives, and allelochemicals. Their presence in nutrient solutions can
inhibit root growth, reduce nutrient uptake, and promote the development of pathogenic
microflora. The use of AC helps to lower the concentrations of such substances, thereby sta-
bilizing the biochemical balance of the nutrient medium and extending its service life [55].

The effectiveness of AC is also evident with respect to exogenous organic pollutants
such as pesticide residues, pharmaceutical compounds, and endocrine disruptors that may
enter the system through water or fertilizers. The removal of these compounds is critical
for environmental safety and product quality [56].

In recent years, attention has been focused on modified forms of activated carbon.
Surface functionalization with oxygen- or nitrogen-containing groups enhances the hy-
drophilicity of the material and strengthens its affinity toward polar organic compounds.
Nanostructured forms, possessing an increased proportion of meso- and macropores,
demonstrate accelerated adsorption kinetics due to reduced diffusion barriers [57].

4.3. Limitations and Prospects of Using ACs

Despite a wide range of positive properties, the use of ACs in hydroponic systems is as-
sociated with several limitations. The main issue lies in their low adsorption selectivity: the
carbon surface effectively retains a broad spectrum of organic molecules but is not always
capable of selectively removing only phytotoxic metabolites. This may lead to competition
between target pollutants and essential organomineral components in the solution [58].

Another important factor is the limited durability and the need for regeneration. Dur-
ing prolonged operation, AC becomes saturated with organic matter, undergoes biofouling,
and loses its adsorption capacity. Conventional regeneration methods (thermal or chemical)
are energy-intensive and may lead to the formation of secondary pollutants. Therefore,
under conditions of continuous nutrient solution circulation, the development of low-cost
and environmentally friendly regeneration methods is of great importance [59].
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The production cost also remains a significant constraint. Although various agro-
industrial wastes are widely used as precursors for AC synthesis, the high activation
temperatures and the use of chemical agents increase the overall cost compared with
zeolites and other mineral sorbents. Furthermore, carbon materials are prone to mechanical
degradation and leaching of fine particles, necessitating the development of granulated or
composite forms with improved structural stability [60].

Future prospects for AC application in hydroponics are primarily related to surface
functionalization and composite design. Modification with oxygen-, nitrogen-, and sulfur-
containing groups enhances affinity toward polar organic compounds and ammonium
ions. The integration of AC with 2D materials (graphene, g-C3Ny) and 3D structures
(MOFs, COFs) provides not only adsorption but also catalytic degradation of organics, thus
expanding material functionality [61].

Special attention is being given to the development of biochar-based composites
that combine the low cost and stability of biochar with the high adsorption capacity of
AC. Such materials exhibit improved performance in nutrient solution purification and
can serve as long-lasting substrates. Another promising direction involves the creation
of multifunctional sorption systems combining AC with zeolites or hydrogels, thereby
integrating the advantages of different contaminant removal mechanisms [62].

5. Composites of Zeolites and ACs with 2D/3D Materials
5.1. Zeolites and ACs Combined with 2D Materials (Graphene, g-C3Ny, etc.)

The integration of zeolites and ACs with two-dimensional (2D) materials opens new
opportunities for enhancing the efficiency of sorption and catalytic processes in hydroponic
systems. Two-dimensional structures such as graphene, graphene oxide (GO), partially
reduced graphene (prGO), and graphitic carbon nitride (g-C3Ny) possess a high specific sur-
face area, rich electronic structure, and tunable surface functionality, providing a synergistic
effect when combined with traditional adsorbents [63,64].

Zeolites modified with graphene-based materials exhibit enhanced sorption capacity
toward ammonium ions and heavy metals due to the combined effects of ion exchange
and -7 interactions. In such composites, graphene layers improve electrical conduc-
tivity and create additional diffusion pathways, whereas the microporous framework of
zeolites ensures selectivity and structural stability. These hybrids are considered promis-
ing materials for managing nutrient balance and removing xenobiotics in recirculating
hydroponic solutions [65].

ACs, when modified with GO or g-C3Ny, acquire enhanced catalytic and photo-
catalytic properties. The incorporation of g-C3Ny into the carbon matrix promotes the
photodegradation of organic metabolites and phenolic compounds in hydroponic solu-
tions through the formation of heterojunctions that suppress electron-hole recombination.
Graphene layers in AC-based composites increase sorption capacity toward hydrophobic
organic molecules while simultaneously improving the mechanical strength and structural
stability of granular forms [66].

A promising direction involves the development of multifunctional composites com-
bining zeolites, ACs, and 2D materials. Such hybrid systems integrate ion-exchange,
hydrophobic, and 7—m interaction mechanisms with photocatalytic degradation of organics,
thereby addressing the simultaneous challenges of purification, regeneration, and stabi-
lization of nutrient solutions (Figure 8). Furthermore, the incorporation of 2D structures
enhances the electrical conductivity of the composites, paving the way for their application
in sensing and intelligent monitoring of hydroponic systems [67].
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Figure 8. Zeolites and ACs in Combination with 2D Materials (Graphene, g-C3Ny).

5.2. Composites with 3D Structures (MOF, COF) and Their Functional Features

MOFs and covalent organic frameworks (COFs) are considered promising 3D materials
due to their exceptionally high specific surface area, well-defined pore geometry, and
tunable functional groups. The integration of zeolites and ACs with these frameworks
enables the combination of macro- and microporous carriers with the unique selectivity
and adjustable pore architecture of MOF/COF structures [6,68].

Zeolites are characterized by high cation-exchange selectivity and excellent mechanical
stability, making them an effective matrix for the growth of MOF structures. Such hybrids
exhibit improved performance in removing heavy metals and oxyanions from nutrient
solutions, as well as in the controlled release of micronutrients—an especially important
feature for closed-loop hydroponic systems. For instance, zeolite-MOF composites have
demonstrated higher sorption efficiency for Pb?* and Cd?* compared to their individual
components, which is attributed to the synergistic effect between the ion-exchange centers
of zeolites and the high surface energy of MOFs [69].

In the case of ACs, integration with MOF and COF is aimed at increasing the ad-
sorption of organic metabolites and resistance to biofouling. Carbon surfaces provide
electrochemical conductivity and hydrophobic interactions, while MOF/COF structure the
adsorption centers and enhance selectivity. This provides advantages in the removal of
phenolic compounds and root exudates, which can negatively affect plant growth [70,71].

COF composites based on zeolites and ACs are characterized by increased chemical
stability and the possibility of introducing functional groups (-NH;, -SO3H), which en-
hances their sorption capacity to phosphates and nitrates. In addition, such materials are
promising as polishing filters in integrated hydroponic systems, where fine-tuning of the
ionic composition of the solution is required [72].

The combination of zeolites and ACs with MOF and COF forms hybrid sorbents of a new
generation, which combine the mechanical stability and ion-exchange properties of zeolites,
high specific surface area and hydrophobicity of carbon materials, as well as the selectivity
and functional variability of 3D frameworks. This opens up opportunities for the creation of
intelligent sorption units that adapt to the changing composition of hydroponic solutions [73].

5.3. Comparative Efficiency in Hydroponic Systems

A comparison of zeolites, ACs and their composites with 2D /3D structures under hy-
droponic conditions shows that the effectiveness of sorbents is determined not only by their
internal characteristics, but also by the chemical composition of the nutrient solution. For
zeolites, the key factor is the competition of cations: at high concentrations of K*, characteristic
of nutrient media, the exchange capacity for NH,* is noticeably reduced, which accelerates
the breakthrough and reduces buffering capacity (Table 2). The use of the Na-form of clinop-
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tilolite and the selection of optimal granulometry partially compensate for these limitations,
increasing the efficiency of ammonium retention and stabilizing plant nutrition [74-76].

ACs have advantages in removing dissolved organic matter, including phenolic acids
and root exudates, which can inhibit growth. Their use in hydroponic systems is associated
with improved yields by reducing the toxic load. At the same time, the service life of coal is
limited, and after achieving a breakthrough in organic carbon, replacement or regeneration
is necessary, which increases operating costs [77].

Integration with 3D structures introduces both new features and limitations. ZIF-8-type
frameworks, despite their high specific surface area, are unstable in phosphate solutions and
degrade rapidly. In contrast, zirconium MOFs (UiO-66) exhibit stability in water, but their high
affinity for phosphates can lead to depletion of macronutrients and plant nutrition disorders.
This limits the scope of MOF application in hydroponics to bypass “polishing” modes with
strict control of the solution composition [78].

Photocatalytic composites based on g-C3Ny and other 2D materials have a pronounced
ability to destroy a wide range of organics under visible light, which is promising for the
removal of stable metabolites. However, their non-specificity is fraught with the destruction
of useful chelates (for example, EDTA-bound iron), which requires careful implementation,
mainly in bypass circuits or during episodic sanitation [79-81].

It can be noted that maximum efficiency is achieved with a functional separation of tasks:
zeolites are advisable to use for ion balance management (NH4* /K*), while carbon materials
and their composites are more effective for controlling organic metabolites. Combined use
makes it possible to stabilize the quality of the solution and increases plant productivity in
closed hydroponic cycles.

The synergistic effect of zeolite and activated carbon is due to their complementary
adsorption mechanisms and surface characteristics. Zeolites with their negatively charged
aluminosilicate structure effectively trap cationic compounds such as NH;*, heavy metal ions,
and other inorganic pollutants. This selective ion exchange process can also reduce biofouling
and microbial growth on the surface of activated carbon while maintaining its adsorption
capacity for a long time. Meanwhile, activated carbon with its high specific surface area
and hydrophobic micro- and mesopores effectively adsorbs organic compounds that might
otherwise clog the pores of the zeolite. As a result, the combined use of zeolite and activated
carbon increases the overall cleaning efficiency, providing long-term stability and regeneration
potential compared to their individual use.

Table 2. Materials and their applicability in hydroponic systems.

The Environment Condition

The Main Risk The Most Suitable Material

Justification (+Links)

Accumulation of root
exudates and organic matter

Activated carbon (GAC,

Growth inhibition, toxicity mesoporous carbor)

Effective reduction in DOC
and increase in yield [82]

High concentration of K* in
the presence of NHy*

Competition and reduction in
ammonium capacity

Zeolite (Na-form
of clinoptilolite)

Higher selectivity for NHs*;
stabilization of nutrition [83]

Solutions with high
phosphate content

COF or carbon
sorbents; exclude

Degradation of ZIF-8,
depletion of PO43~ at UiO-66

ZIF-8 ZIF-8 is unstable in PBS;
Ui0-66 binds PO43~ [42]

Destruction of stable
metabolites is required

Potential degradation of
beneficial chelates

Photocatalytic composites
(g-C3Ny) in bypass

High photocatalytic activity,
but low selectivity [84]

Long-term operation and
low OPEX

Zeolite with in situ
regeneration with
NaCl solutions

Increased operating costs

Multiple cycles without loss
of mechanics [85]

Maintaining the NH4* /K*
balance and reducing DOC

Combination of zeolite and

fici . :
Deficiency /toxicity risks activated carbon

Separation of functions
stabilizes the system and
improves productivity [86]
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Table 3 synthesizes the key performance characteristics of zeolites, activated carbons,
and composite sorbents, highlighting differences in adsorption mechanisms and suitability
for various contaminants.

Table 3. Comparative Evaluation of Zeolites, Activated Carbons, and Their Composites Across Key
Performance Metrics.

Indicator Zeolites Activated Carbon Zeolite-Carbon Composites
primary mechanism ion exchange; molecular sieve p hys1§a1 adso?ptlon; ton exchangg + adsorption;
771 interactions catalytic effects
. N
key target pollutants NH,*, K*, heavy metals DOC.’ pesticides, NHi+, he;avy metals,
organic compounds organic matter

large surface area
(~1000 m? /g); high
organic capacity

high selectivity; structural
stability; low cost

synergy, increased

advantages capacity, sustainability

ion competition; weak
disadvantages/limitations adsorption of
organic substances

surface contamination; complexity of synthesis;
possible high cost variability of properties

complex (thermal
regeneration potential light (chemical regeneration) regeneration
degrades properties)

average; depends on
the composition

6. Sorbents as Carriers for Transition Metal Nanoparticles
6.1. Zeolites Modified with Transition Metals: Catalytic Functions

Zeolites are among the most extensively studied carriers for ions and nanoparticles of
transition metals due to their high cation-exchange capacity, well-defined porous structure,
and stability under aggressive conditions. The incorporation of cations such as Cu?*, Fe3*,
Mn?*, Co?*, or Ni?* into the channels and cavities of zeolites imparts pronounced catalytic
properties, enabling these materials to function not only as sorbents but also as active
centers for redox reactions [87].

According to literature data, Cu- and Fe-containing zeolites exhibit high activity in
the catalytic oxidation of ammonium and organic contaminants in aqueous media. These
materials operate via the generation of hydroxyl radicals (OH), promoting deep oxidation
to harmless end products (N, CO,, H,O) [88]. In hydroponic systems, this opens up
prospects for the use of metal-modified zeolites in controlling ammonium nitrogen and
organic metabolites that are poorly removed by purely sorptive methods.

Particular attention has been given to Mn-modified zeolites, which exhibit catalytic
activity due to various forms of MnOx embedded in the structure or in contact with the
surface. The various oxidation states of manganese ensure efficient oxidation of organic
compounds, and the combination of Mn with zeolites improves adsorption and catalytic
purification of solutions, reducing the load on carbon sorbents and increasing the stability
of hydroponic systems [89].

Figure 9 presents a schematic overview of possible mechanisms in transition-metal-
modified zeolites. The incorporation of Fe3*, Cu?*, and Mn?* ions via ion exchange
introduces redox-active sites that may enhance adsorption, ion exchange, and limited
oxidation reactions under mild conditions. Although complete catalytic oxidation of am-
monium and organic molecules requires higher temperatures, these modified zeolites can
still promote redox buffering, nutrient stabilization, and suppression of harmful compound
accumulation in hydroponic nutrient solutions.

An additional advantage lies in the ability of zeolites to stabilize metal nanoparticles
within their micropores, preventing aggregation and leaching of active centers. For exam-
ple, the incorporation of Pd nanoparticles into zeolite-alumina systems have been shown
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to improve catalytic performance in hydrogenation and oxidation reactions of organic com-
pounds. These approaches can be adapted to aqueous environments, including hydroponic
systems, where selective degradation of organic toxicants is required [90].

O, H0
\—¥
Reservoir
lon exchange with Catalytic oxidation modified
transition metals in confined pores Zeolite
Application in

nutrient recycling

. lon exhange NH; ¥ @ —3 N; )
e X cur o, <
Q Mn2* Catalytic oxidation in confined pores

Figure 9. Transition-Metal-Modified Zeolites: Sorption and Catalytic Functions in Hydroponic Systems.

The modification of zeolites with transition metals leads to the development of multi-
functional materials that combine sorptive, ion-exchange, and catalytic properties. Their
integration into hydroponic systems can significantly expand the functionality of filtra-
tion units-from simple ion composition correction to active management of organic and
nitrogen-containing contaminants.

6.2. Transition-Metal-Modified ACs for Environmental and Hydroponic Applications

ACs functionalized with transition metals represent a promising class of hybrid mate-
rials that combine adsorption, ion exchange, and redox catalytic properties. The integration
of metal species such as Fe, Mn, Ni, Cu, and Co into the porous carbon matrix creates redox-
active sites capable of simultaneously binding, transforming, and stabilizing inorganic
and organic species in aqueous systems [91]. Metal incorporation is typically achieved by
impregnation or co-precipitation, followed by thermal activation, resulting in uniformly
distributed nanoparticles or ionic clusters anchored to oxygen-containing surface groups
(-OH, -COOH, -C=0) [92].

Among these composites, Fe-modified ACs (Fe—~ACs) have received particular atten-
tion due to their multifunctionality. The presence of Fe?* /Fe* redox pairs enhances the
material’s capacity to remove oxyanions such as PO43~ and AsO43~ through complexation
and surface precipitation, while also promoting oxidation-reduction reactions that stabilize
nutrient composition in hydroponic media. Studies have shown that FezO4-coated ACs
exhibit strong affinity toward phosphate and ammonium ions, preventing their excessive
accumulation and thus mitigating nutrient imbalance and microbial overgrowth in closed
hydroponic systems. Furthermore, the magnetic nature of Fe3O4 facilitates rapid separation
and reusability of the composite, improving operational safety and sustainability [93].

Other transition metals impart complementary functions. Mn- and Cu-modified car-
bons catalyze Fenton-like reactions and enhance the degradation of organic metabolites
and pesticide residues, which commonly accumulate in nutrient solutions during plant
growth. Ni- and Co-doped carbons, while primarily studied for electrochemical applica-
tions, also demonstrate redox behavior that may contribute to the regulation of reactive
oxygen species and ionic balance in hydroponic environments [94].
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The transition-metal-modified ACs function as multifunctional materials, integrating
adsorption, catalysis, and magnetic recovery. Their implementation in hydroponic systems
offers an effective means of maintaining nutrient stability, minimizing toxic ion accumula-
tion, and enabling the controlled removal of organic and inorganic contaminants, thereby
supporting sustainable and high-yield plant production [95].

The results illustrated in Figure 10 demonstrate the multifunctional performance of
Fe-modified AC (Fe-AC) as both an adsorbent and a reactive barrier for phosphate con-
trol in aqueous and soil systems. In Figure 10a, the adsorption isotherms reveal that Fe
incorporation significantly increases the phosphate affinity compared to pristine activated
carbon, confirming the formation of Fe?* /Fe3* redox sites that enhance surface complexa-
tion and electrostatic binding with PO,>~ species. This mechanism aligns with the dual
adsorption-redox functionality described earlier, where transition-metal centers stabilize
anionic nutrients through coordination and partial redox conversion.

@ 22 o 900 : . . 100
— -
2.0 —e—0.05M (Fe-AC) 800 77 soil PO,
= 15—+ 0.1M(Fe-AC) /] Elution PO,
§ " ——02m(Fe-A) __ 7004 @ Elution rate of PO, 80
£ 16 0.3M (Fe-AC) S
28 —<—0.4M (Fe-AC) & 600 I
< 4] 0.5M (Fe-AC) E 60 5
o 124 o 500 ]
a o2 c
2 1.0 5 400 S
E = L40 5
5 %81 3 300 w
8 0.6 E
S < 4
2o4] . 200 - L 20
02] 100 % % |
0.0 +— T T T 0 %227/ 0

T T T T T
0 20 40 60 80 100 120 140 160

1
Soil Only AC Fe-AC
Residual Concentration (mgPO, /L) Sample type
0 200 400 600 800 0 200 400 600 800
© % T . . T . 3 v A e e A et
80 [ £ 'ution (P-Soil) 1200 mA ye  4-m 336h 2 = 336h
[ E'ution rate (P-Soil + Fe-AC) a 34 © 168h s < o 168h
70 [IMPO, Conc. (P-Soil L 1000 S —a s
[ PO, Conc. (P-Soil + Fe-AC) L % 3 4 o
< 604 E <« Oh [ ~ |
* 800 % E 5m4v ¢ < £ ek Yoo <
%) oL e
£ 50+ o c g £ 6
[ S & 6 £ 6
é 40 600 = 2 ; 3 \
E} 2 = [ = |
i 30 © o oA 2% (?; » vAe «
F400 £ @ o] 84
20+ g
F200 8§ 91
104 104 moedy o«
104 o A veq
0 20 40 60 80 PO, Concentration (mg/L) PO, Concentration (mg/L)

RPM

Figure 10. Phosphate adsorption and release characteristics of Fe-modified activated carbon [96]:
(a) adsorption isotherms; (b) static soil system; (c) hydraulic flow conditions; (d) phosphate profile
with soil depth.

Under static soil conditions (Figure 10b), the Fe—AC layer drastically suppressed
phosphate leaching relative to unmodified soil or bare activated carbon, indicating its
capacity to immobilize soluble phosphorus and prevent eutrophication. When hydraulic
flow was introduced (Figure 10c), the Fe-~AC maintained low elution rates (<10%) even at
high turbulence, highlighting its structural stability and persistent adsorption efficiency
under dynamic water movement—conditions typical for hydroponic circulation or irrigation
systems. The vertical concentration profiles in Figure 10d further confirm that Fe-AC
effectively restricted phosphate migration through the sediment column, maintaining a
steep concentration gradient and minimizing nutrient release to the overlying water.

Collectively, these results emphasize that Fe-modified carbons function not only as
high-capacity phosphate sorbents but also as reactive capping and stabilization agents,
combining adsorption, ion exchange, and Fe-centered redox processes. In hydroponic
applications, such properties can mitigate nutrient losses, suppress microbial overgrowth
by controlling phosphate bioavailability, and sustain ionic equilibrium in recirculating
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nutrient solutions—illustrating the broader potential of transition-metal-modified ACs as
multifunctional materials for water purification and sustainable plant cultivation.

7. Techno-Economic Analysis and Life-Cycle Assessment
7.1. Techno-Economic Considerations

Natural zeolite is widely regarded as a low-cost, readily available adsorbent due to
abundant mineral deposits and minimal processing (Table 4) [95]. By contrast, chemically
modified zeolites (acid-treated, ion-exchanged or metal-impregnated) incur higher capital
cost because of extra reagents and thermal energy in their manufacture [97]. AC production
is energy-intensive, so high-grade carbons tend to have moderate-to-high costs. In practice
AC from waste biomass can be relatively inexpensive per kg, but its true cost should
account for higher adsorption capacity of engineered carbons [98].

Table 4. Economic and environmental trade-offs of zeolites and activated carbon in hydroponics.

Feature Natural Zeolite Modified Zeolite Activated Carbon (AC)
Low: abundant Higher: chemical or Moderate-High:
Cost clinoptilolite is thermal treatment raises carbonization and

inexpensive [99]

cost [97]

activation energy cost [100]

Lower: mainly mining

Moderate: plus

Highest: high-temp

Production footprint nd millin reagents/heat pyrolysis and chemical
a & for modification activation [101]
Enhanced

Adsorption (nutrients)

Selectively exchanges
cations (NH4*, K¥, etc.),
retaining nutrients [100]

capacity /selectivity (e.g.,
metal-loaded for P
removal) [99]

Non-selective: strong
organics removal, but also
binds NO3~/PO,*~ [23]

Easy: salt or base wash,

Similar approach; may

Difficult: thermal (>600 °C)

Regeneration low-energy; structure need stronger reagents for  or chemicals (high
stable [99] heavy modifications energy/cost) [101]
Extends solution 11fe. As natural, often higher Extends reuse by removing
. . (slow-release of nutrients); . .
Operational benefits e removal rates; tailored organics; but depletes
reduces fertilizer ollutant uptake nutrients [23]
needs [100] p p
Spent AC (if organics only)
Non-hazardous; can be Similar reuse as soil can be reactivated;
End-of-life used as nutrient-rich soil amendment; caution if otherwise disposed

amendment [100]

loaded with added metals

(generally inert if no
toxic load)

From a techno-economic perspective, a critical consideration lies in evaluating the

relative feasibility and cost-effectiveness of sorbent regeneration as opposed to complete
material replacement. Regeneration (e.g., saline or basic wash for zeolites, thermal or
chemical treatment for AC) avoids frequent purchase of fresh media but demands energy
and labor. In full-scale water treatment, regenerated GAC typically retains 60-80% of
virgin capacity after one cycle, and its cost can be roughly half that of new carbon [102].
Zeolites are often regenerated with NaCl or NaOH brines, which is relatively low-cost
and can recycle the media many times [97]. However, each regeneration cycle degrades
performance modestly, and eventual replacement is needed.

7.2. Agricultural and Water-Saving Benefits

Natural zeolites have high cation-exchange capacities for NH4 ", K*, etc., acting as
slow-release reservoirs in solution. In practice this means nutrient solutions can be recycled
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longer before major fertilizer top-ups. For example, studies in soil/soilless culture show
zeolites reduce nutrient leaching and volatilization, and gradually release adsorbed N or
P back to plants [100]. By contrast, AC is non-selective: it effectively removes phytotoxic
organics, but it can also adsorb significant amounts of nitrate and phosphate [23]. Thus,
AC polishing can improve hydroponic solution quality, but often at the cost of depleting
nutrients (necessitating more fertilizer). Overall, system models suggest that even modest
extension of solution life due to sorbent use can yield substantial fertilizer cost savings,
since hydroponic fertigation can represent a large part of operating expenses.

7.3. Environmental Footprint and Life-Cycle Assessment

Activated carbon manufacture (especially with KOH or steam) is energy- and emission-
intensive: recent LCA data report ~27-28 MJ and ~1.2 kg CO; equivalent per kg of AC
produced [101]. High-temperature pyrolysis is the main contributor to energy use and
emissions. Zeolite production varies: simply mining and crushing clinoptilolite has a mod-
est footprint, but synthesizing zeolites from chemical precursors is more impactful. Indeed,
LCA studies show natural-mineral derived zeolites have substantially lower impacts across
categories than purely synthetic routes [102]. Any chemical modification adds upstream
footprint from reagents and processing. On balance, natural zeolite media tend to have a
lower cradle-to-gate environmental cost than activated carbon.

In use, both sorbents deliver environmental benefits: by recycling nutrient solution,
they avoid manufacturing and transporting extra fertilizer and reduce nutrient runoff. For
instance, zeolites can adsorb tens of mg N/kg (even >30 mg/g NH,* [97]) and similar P
levels, preventing their release. The water savings in closed hydroponics can be further
improved by sorbent-based solution recirculation. Studies also note that sorbent-aided
systems emit less N,O and NOy and leach less nitrate to the environment [100].

At end-of-life, spent sorbents have distinct fates. Loaded zeolite containing plant
nutrients is generally non-hazardous and can be recycled as a slow-release soil amendment
or incorporated into fertilizer blends [100]. For example, nutrient-charged clinoptilolite
has been used as a soil conditioner to release NH;* and K* over time. In contrast, spent
AC) can often be thermally reactivated for one or two more cycles or, if contamination
(e.g., phenolics) is low, simply discarded without special hazard. If AC has sequestered
heavy metals or organic toxins, disposal must follow regulations (often incineration or
landfilling). Importantly, studies highlight that zeolite media can be regenerated and reused
multiple times [97], while AC’s regeneration efficiency falls after several cycles. Ultimately,
nutrient-saturated zeolite tends to be beneficially reused, whereas exhausted AC is usually
recycled (reactivated) or safely disposed.

8. Conclusions

A comparative analysis of zeolites, activated carbons, and their modified transition metals
and composite derivatives shows their important role in maintaining the chemical stability
and environmental safety of hydroponic systems. Natural zeolites, with their crystalline
structure and high ion exchange capacity, demonstrate excellent efficiency in regulating the
content of ammonium and cations, as well as in removing heavy metals. On the contrary,
activated carbon has greater efficiency in the adsorption of organic compounds, root secretions,
and secondary metabolites due to its large surface area and regulated pore structure. Thus,
while zeolites dominate in the fight against inorganic ions, activated carbons outperform them
in the fight against organic pollutants, which makes their combined use particularly effective.

The integration of zeolites and ACs with 2D (graphene, g-C3Ny) and 3D (MOF, COF)
frameworks leads to the creation of multifunctional sorbents that combine adsorption,
ion exchange, photocatalysis, and nutrient regulation. Materials modified with transition
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metals (Fe-, Mn-, Cu-, Ni-, and cofunctionalized carbons and zeolites) additionally increase
productivity by introducing redox centers that stabilize nutrients, inhibit phosphate leach-
ing, and prevent eutrophication. These hybrid systems represent a new generation of
adaptive “intelligent” materials capable of responding to dynamic hydroponic conditions.

From a technical and economic point of view, zeolite and carbon-based composites con-
tribute to the introduction of cyclic and sustainable hydroponics methods, reducing fertilizer
and water consumption, extending the service life of nutrient solutions, and minimizing waste
emissions. However, existing studies still lack consistent long-term data on field productivity,
regeneration efficiency, and environmental impacts. Therefore, future research should focus
on in situ regeneration mechanisms, long-term nutrient stability, and life cycle assessment of
these multifunctional sorbents. Overall, this review shows that a reasonable combination of
zeolites and activated carbons, especially when combined with 2D /3D frameworks, provides
a synergistic effect to create more sustainable, efficient, and circular hydroponic systems.
Further development of adaptive, self-healing sorbents will not only increase agricultural
productivity but also reduce the negative impact on the environment, paving the way for
sustainable food production in conditions of limited resources.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/su172410977 /s1. PRISMA 2020 Checklist [26].
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The following abbreviations are used in this manuscript:
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MOFs Metal-organic frameworks
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Appendix A

Following the rigorous study selection process detailed in Section 2.1, a total of 102 indi-
vidual studies met all inclusion criteria and form the basis of this review. Full characteristics
of each included study are provided in detail below in Appendix A Table Al. This compre-
hensive table serves as a supplementary resource, detailing the citation, study type/design,
system/model used, intervention/exposure, key outcomes measured, and a summary of the
relevant findings for every source.
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Abstract: This study evaluates the larvicidal effects of three common water disinfectants,
silver (AgNOQO3), copper (CuSOy4-5H,0), and hypochlorite (NaOCI) ions. The treatments
were combined at 40-50% of their recommended drinking water guidelines and tested
against late first instar and third instar Ae. aegypti larvae. The findings demonstrate that
the combined application of water disinfectants yields greater efficacy in suppressing the
emergence of Aedes aegypti compared to the use of the individual disinfectants alone. The
silver (Ag) and copper (Cu) combination treatment (40 ppb Ag + 600 ppb Cu) showed
the greatest efficacy, achieving nearly complete inhibition of emergence of the older instar
larvae (98.52% [96.50, 99.47]). All treatments demonstrated high efficacy against late 1st
instar Ae. aegypti larvae, with the combined copper and chlorine (CI) treatment yielding the
lowest survival rates, though individual disinfectants also produced substantial mortality.
The results of this study provide critical insights to inform the design and implementation
of point-of-use water treatment technologies for household water storage containers that
both ensure safe drinking water and also strategically target mosquito breeding within
household storage containers, thus supporting integrated vector management approaches
essential for controlling neglected tropical diseases.

Keywords: Aedes aegypti; household water storage; vector control management;
water treatment

1. Introduction

Access to safe drinking water remains a global challenge, with over 2 billion peo-
ple lacking safely managed drinking water services which contributes to an estimated
485,000 diarrheal deaths annually [1]. Simultaneously, the world faces a rising threat from
vector-borne diseases (VBDs), such as dengue and Zika, affecting approximately 80% of
the global population [2,3]. Mosquitoes are the most lethal disease vectors, responsible
for nearly 700 million infections and over one million deaths each year [4,5]. Though
transmitted through different mechanisms, both waterborne and vector-borne diseases are
rooted in shared structural challenges: poor sanitation, poverty, and limited access to clean
water [6,7]. In response to water insecurity, many communities rely on household water
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storage (HWS) [8,9], which, when improperly managed, can serve as both a breeding site
for mosquitoes and a reservoir for waterborne pathogens [9-12], as illustrated in Figure 1.
These overlapping vulnerabilities create an urgent need for integrated public health inter-
ventions that address water safety while simultaneously reducing vector breeding grounds,
particularly in regions where household water storage is common.

Storing of Water in
Containers

Environmental
Contamination

Inadequate
Increased Risk of Social Inequity YX?rtaesrtngSg
Waterborne and Unsafe Water
Vector-Borne Wate r Storage Practices
Disease J
Insecurity
Conflict and ;
Political TR
Instability 9
K Contamination Risks:
) Waterborne
o'.. Pathogens and
Mosquito Breeding
Sites

Figure 1. Water insecurity stems from a combination of factors that contribute to the lack of access
to safe and clean water [13,14]. Orange circles indicate the primary drivers of water insecurity.
The surrounding blue circles illustrate human coping behaviors in response to this insecurity, as
well as the broader implications these behaviors carry for health and well-being. Key contributors
include environmental contamination [15,16], inadequate water supply infrastructure [17], climate
change [18,19], conflict and political instability [20,21], and social inequity, all limiting access to
reliable and safe water sources [14,22,23]. When water is perceived as scarce or unreliable, individuals
and communities often adopt water storage as a coping strategy which can lead to poor public health
outcomes when improperly managed [8,9].

According to the World Health Organization’s International Scheme to Evaluate
Household Water Treatment Technologies, implementing household water treatment and
safe storage (HWTS) can reduce diarrheal disease risk by up to 61% [24]. Furthermore, stud-
ies that have linked unsafe water storage practices with mosquito proliferation [6,25,26]
provide plausible evidence that implementing appropriate HWTS practices can also con-
tribute to the reduction in VBDs by reducing mosquito breeding sites. Point-of-use water
treatment (POUWT) technologies provide a practical means of achieving these benefits
at the household level. POUWT technologies refers to the treatment of water at the place
where it is being used, commonly used for improving the quality of water for drinking
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and cooking purposes [24]. Since POUWT technologies and systems treat the water near
the point of consumption, the risk of (re)contamination during storage and transport is
reduced [27-29]. Design considerations for POUWT technologies are illustrated in Figure 2.

Effectiveness

Improves public
health outcomes

at A

Easy of Use Safety

& Access
/

Uses disinfection
methods that are safe for
long-term human
consumption

Simple to operate, low
maintenance, and compatible
with locally available \
resources
POUW
Technology
Design
Considerations

m ~N a

Social Cost &
Acceptability Affordability
Culturally appropriate and Affordable and accessible to
trusted by communities v end users for widespread
adoption and

I o sustained use
Durability

Provides reliable, long-lasting
performance with minimal
need for replacement

Figure 2. Key design considerations for point-of-use water treatment (POUWT) technologies. Ef-
fective POUWT systems must balance multiple factors, including: (1) effectiveness in improving
public health outcomes by reducing exposure to waterborne pathogens; (2) safety standards, ensuring
disinfection agents are safe for human consumption over extended periods; (3) cost and affordability
for end-users; (4) durability and long-lasting performance; (5) ease of use and access, including
low maintenance, minimal energy requirements, and compatibility with locally available materials;
(6) social acceptability, reflecting cultural appropriateness and societal adoption.

A variety of POUWT technologies exist on the market with varying degrees of effec-
tiveness in removing various contaminants and can be selected based on the following:

e  Circumstance (e.g., local water source type, availability of replacement parts, ease of
operation, cultural acceptance, and cost);

e  Standards/regulatory frameworks (e.g., World Health Organization’s Performance
Criteria for Household Water Treatment Technologies [24]; National Sanitation Foun-
dation and the American National Standards Institute standards [NSF/ANSI] [30]).

Many of these POUWT technologies treat HWS containers through the provision of
an optimum dose of water disinfectants for the reduction in water pathogens originating
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from either the source water or conditions of storage [31,32]. Three common water disin-
fectants used in POUWT contexts include silver, copper, and chlorine. Chlorine is widely
used because it is affordable, easy to apply, and highly effective against most waterborne
pathogens, including bacteria and many viruses; however, chlorine is notably ineffective
against certain protozoa, such as Cryptosporidium parvum oocysts and Mycobacteria species,
and its use can result in objectionable taste and odor as well as the formation of disinfection
by-products (DBPs) [29,33—41]. Silver has demonstrated broad biocidal activity against
bacteria, viruses, and protozoa, including Cryptosporidium, and does not produce DBPs or
alter water taste or odor [42—45]. Its primary drawback is the need for higher contact times
to achieve inactivation [46]. Copper is effective against a wide spectrum of pathogens,
such as Escherichia coli, Legionella, Salmonella, and protozoa like Cryptosporidium [47,48].
Although copper is generally less potent than silver at equivalent doses, higher allowable
concentrations in drinking water standards enable its use at more practical levels. Moreover,
copper tends to be significantly more affordable than silver.

Building on prior research on the larvicidal efficacy of individual water disinfectants
silver, copper, and chlorine [10], this study investigates the effects of disinfectant combina-
tions of silver (Ag), copper (Cu), and chlorine (Cl) for mosquito larval source management
of Aedes (Ae.) aegypti and compares the performance of combined treatments to that of
individual chemicals. The selection of silver, copper, and chlorine for this study was based
on their established disinfection efficacies in water treatment processes and their common
implementation in POUWT technologies and HWTS practices (Table 1 highlights some
POUWT products on the global market). Thus, this study presented aims to investigate
whether using these chemicals in combination can result in the inhibition of emergence of
the disease vector Ae. aegypti. Our research addresses microbial safety and vector control
in the same intervention, which is rarely considered in a combined framework. The find-
ings bridge public health and vector control, thus expanding the potential application of
results beyond traditional mosquito control research. To our knowledge, no prior studies
have examined the simultaneous application of these three disinfectants for larval source
management, representing a critical opportunity in both the vector control and household
water treatment.

As there is limited research on multi-disinfectant strategies for larval control, this
study seeks to address that gap. When using chemicals in tandem, there is a potential for
greater disinfection efficiency while allowing for the application of lower concentrations of
each chemical, resulting in reduced effects on taste and odor, minimized formation of DBPs
when the disinfectants react with naturally present compounds in the water, avoidance of
resistance forming by organisms/pathogens, shorter contact times, and cost savings [49,50].
Additionally, different chemical effects have been observed in the literature when water
disinfectants have been used in combination. Some studies have observed synergistic
effects, meaning that the interaction between two substances can produce a combined
effect greater than the sum of their separate effects, for the utilization of water treatment
chemicals for microbial disinfection efficiency [49,51-54].
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Table 1. Examples of point-of-use water treatment (POUWT) technologies currently in use for
improving drinking water quality and safety that utilize the silver, copper, or chlorine as disinfecting
agents. Product descriptions include the manufacturer, active disinfectant(s), and evaluation status
according to international standards such as the World Health Organization (WHO) performance

criteria or National Sanitation Foundation (NSF) certification.

Product Manufacturer Disinfectant Evaluation
Met World Health Organization’s
® L . .
Aquatabs Medentech Ltd. (Wexford, Chlormg in the form of sodium (WHQ) performapce criteria,
& Treland) dichloroiso-cyanurate (NaDCC) receiving the designation of
Aquatabs Flo as the active ingredient “targeted protection (bacteria and
viruses only)”
. . Met WHO's performance criteria,
Aqua Research, LLC Electrolytic chlorine generator: receiving the designation of
H2gO Purifier q ¢ splits salt (NaCl) to chlorine (Cl,) & &

(Albuquerque, NM, USA)

and hydrogen peroxide (H,O,)

“targeted protection (bacteria and
viruses only)”

H,O ResQ Copper-Silver Ion
Water Storage Treatment Drops

Legacy Food Storage (Salt Lake
City, UT, USA)

Copper-silver ion formula

No third-party certifications (e.g.,
WHO or National Sanitation
Foundation [NSF]) found.

MadiDrop®

Silivhere Technologies Inc.
(Charlottesville, VA, USA)

Releases ionic silver

Certified for drinking water
treatment by NSF International.

Oasis Water Purification Tablets

Hydrachem Ltd. (Billingshurst,
England)

Chlorine in the
form of sodium
dichloroisocyanurate (NaDCC) as
the active ingredient

Met WHO'’s performance criteria,
receiving the designation of
“targeted protection (bacteria and
viruses only)”

P&G Purifier of Water Packets

Procter & Gamble (Cincinnati,
OH, USA)

Calcium hypochlorite (chlorine
disinfectant) + ferric sulfate
(coagulant/flocculant)

Met WHO'’s performance criteria;
provides comprehensive
protection by combining

coagulation, flocculation, and
disinfection

2. Materials and Methods

This study follows protocol from previous work on the larvicidal efficacy of individual
water disinfectants [10]. This study evaluates the performance of combined disinfectant
treatments of silver, copper, and chlorine for the control of Ae. aegypti larvae in household
water storage contexts; thus bioassay experiments were designed to simulate operational
conditions relevant to point-of-use water treatment. The following sections describe the
experimental procedures: culturing and rearing of Ae. aegypti in the laboratory (Section 2.1);
test concentrations for treatment scenarios (Section 2.2); and evaluation of larvicidal efficacy
(Section 2.3).

2.1. Culturing and Rearing

Ae. aegypti eggs were obtained from Benzon Research, Inc. (Carlisle, PA, USA).
Eggs used in this study were 2-3 weeks old upon arrival. Rearing was conducted in
the Water Quality Laboratory at the University of Virginia under a 12:12 h light-dark
cycle. Environmental conditions were monitored using an Extech RHT20 Humidity and
Temperature Datalogger (Teledyne FLIR LLC, Nashua, NH, USA). Eggs and larvae were
maintained at 27.9 £ 0.2 °C (82.2 °F) in Sterlite plastic trays containing deionized (DI) water.
A feeding regimen was followed using a ground larval diet composed of a 3:1 mixture of
liver powder and brewer’s yeast (MP Biomedicals™, Solon, OH, USA).

2.2. Test Concentrations for Treatment Scenarios

Ae. aegypti larvae were exposed to varying concentrations of disinfectants widely
used in water treatment, particularly in POUWT applications in resource-limited settings:
silver ions, copper ions, and hypochlorous acid. Disinfectant concentrations were selected
based on established drinking water quality guidelines (DWQGs) from the WHO and
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United States Environmental Protection Agency (US EPA), ensuring relevance to household
water storage contexts. In the previous study [10], concentration ranges were designed
relative to DWQG values for each chemical: low (~20-25%), mid (~40-50%), and high
(~80-95%) of the guideline threshold (see Table 2). Testing across this range accounted for
potential health, sensory, and cost considerations associated with higher disinfectant levels.
Additionally, regulatory frameworks assess toxic exposures on a per-contaminant basis,
with agencies such as the Agency for Toxic Substances and Disease Registry (ATSDR) and
WHO evaluating silver and copper independently. Since no comprehensive studies have
examined their combined effects in drinking water, caution is warranted when developing
multi-metal treatments, even if each disinfectant is applied at concentrations below its
individual safety threshold for human intake.

Table 2. Drinking water quality guidelines (DWQG) from the United States Environmental Pro-
tection Agency (US EPA) and World Health Organization (WHO) for disinfectants silver, copper,
and chlorine alongside the low, medium, and high concentrations tested in larvicidal bioassays.
ug/L = micrograms per liter; NTU = Nephelometric Turbidity Unit.

Concentrations Tested (ug/L)

Disinfectant ~ Drinking Water Quality Guideline (DWQG) (80?9i5g°2 of (40}:(12}0 of (20_]“205‘:/’0 of
DWQG) DWQG) DWQG)
Silver (Ag): US EPA and WHO: 100 ug/L 20 40 80
Copper (Cu): t{/\s[fllgzx:zéggou;g/; 300 600 1200
US EPA: 4000 pg/L
Free Chlorine =~ WHO: 2000 ug/L free chlorine dose for clear 500 1000 2000

(OC1~ /HOC): water (<10 NTU) and 4000 pg/L for turbid
water (>10 NTU) for POUWT

This study specifically examines combinations at the mid-range concentration level,
as illustrated in Table 3, as it represents a practical balance between safety, efficacy, and
affordability. Selecting mid-range levels for combinations reduces the risk of compounding
toxicity or triggering taste and odor concerns that can arise at higher doses, potential issues
that affect both social acceptability and long-term adoption in POUWT applications.

Table 3. Concentrations of silver (Ag), copper (Cu), and free chlorine (Cl) tested individually and in
combination in larvicidal bioassays with Ae. aegypti. Disinfectants were introduced as silver nitrate
(AgNOg), copper sulfate pentahydrate (CuSO4-5H,0), and sodium hypochlorite (NaOCl). The tested
concentrations included single-agent exposures (40 ppb Ag, 600 ppb Cu, or 1 ppm Cl) as well as
combinations (600 ppb Cu + 40 ppb Ag; 1 ppm CI + 40 ppb Ag; 1 ppm CI + 600 ppb Cu). Units are
expressed in parts per billion (ppb; equivalent to g/L) for silver and copper, and parts per million
(ppm; equivalent to mg/L) for chlorine.

Free Chlorine

Water Silver (Ag) Copper (Cu) _
.. (HOCl/OC1)
Disinfectants AgNO; CuS0O4-5H,0 NaOCl

. 600 ppb Cu + 1ppm Cl +
Silver 40 ppb Ag 40 ppb Ag 40 ppb Ag
1ppm Cl +

Copper - 600 ppb Cu 600 ppb Cu
Chlorine - - 1ppm Cl
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Preparing Stock Solutions

A 100 mMsilver stock solution was prepared with silver nitrate (AgNOg3; Artcraft
Chemicals, CAS No. 7761-88-8, South Glens Falls, NY, USA) in deionized (DI) water. Serial
dilutions (10 mg/L — 1 mg/L — 0.1 mg/L) were then performed. Silver concentrations
were verified via inductively coupled plasma mass spectrometry (ICP-MS) using an Agilent
7900 ICP-MS instrument (Agilent Technologies, Santa Clara, CA, USA) following the US
EPA Method 6020B [55]. ICP-MS samples were prepared by acidifying with 2% trace metal
grade nitric acid (HNOj3; Fisher Chemical, Fair Lawn, NJ, USA).

A 100 mM stock solution of copper sulfate pentahydrate (CuSO4-5H,0, Alfa Aesar,
Thermo Fisher Scientific, CAS No. 7758-99-8, 99% purity, Waltham, MA, USA) was prepared
in deionized (DI) water. This stock was sequentially diluted to create 10 mM, 1 mM and
10 pM solutions. Copper concentrations were validated via ICP-MS following the U.S. EPA
Method 6020B [55], with each sample acidified to 2% HNO3.

A sodium hypochlorite solution containing 10-15% available chlorine was obtained from
Sigma-Aldrich (CAS No. 7681-52-9, St. Louis, MO, USA). This was initially diluted to prepare a
25 mg/L stock solution. From this stock, working solutions were freshly prepared immediately
prior to each experimental trial. Free chlorine concentrations were quantified using the US
EPA DPD Method 8021 (low-range), measured at baseline (prior to larval introduction), and
subsequently at 4 and 8 h post-treatment, using a HACH DR6000 spectrophotometer.

2.3. Survival Bioassays: Evaluation of Dose Response to Water Treatment Disinfectants

For test concentrations and controls, experiments were carried out in triplicate. These
trials were repeated on three separate days, each time using newly prepared test solutions
and fresh batches of larvae. Larval survival and development were monitored daily under
laboratory conditions. Mortality was assessed visually and by probing with a pipette
tip; larvae were considered dead if they did not respond to gentle stimulation. Adult
emergence were recorded to capture sub-lethal effects on larval development. These larval
development outcomes were recorded for each container and analyzed statistically.

2.3.1. Experimental Setup

The laboratory procedures used in this study were adapted from the World Health
Organization’s guidelines for larvicide testing in both laboratory and field settings [56] and
outlined in our previous study [10]. For each test concentration, 25 mosquito larvae were
introduced into 200 mL of prepared solution contained in 250 mL glass beakers, with three
replicates per treatment group. Control groups, also in triplicate, consisted of larvae placed
in DI water. Transfers of larvae were performed using disposable pipettes. All beakers
were maintained under standardized environmental conditions previously described. Two
larval age groups were tested to simulate realistic household water storage scenarios.
The first scenario modeled the introduction of disinfectants into water immediately after
egg deposition, with newly hatched larvae exposed to treatment. The second scenario
simulated older larvae entering a disinfected household container through the use of
pre-contaminated source water. To reflect these conditions, both late first instar and late
third instar larvae were used in experiments. For the older instar, larval survival, and
adult emergence were monitored at 24-h intervals across both treated and control groups,
continuing either until all mosquitoes had emerged in control groups or until day 16 post-
exposure. Trials with <80% adult emergence in control groups were deemed invalid and
repeated. For younger instar, mortality of the larvae were monitored across 3 days.
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2.3.2. Data Analysis

Larvicidal efficacy was evaluated following WHO guidelines [56] and methods from
Ngonzi et al. [57]. Data were pooled across replicates for each treatment. When adult
emergence in controls ranged between 80-95%, mortality and emergence were corrected
using Abbott’s formula.

Survival (%) = 100 — ((C — T)/C x 100)

where C = percentage survival in the untreated control and T = percentage survival in the
treated sample. Larvae that developed into successfully emerging adults was expressed in
terms of emergence:

Emergence (%) =100 — ((C — T)/C x 100)

where C = percentage emergence in the untreated control and T = percentage emergence in
the treated sample. Inhibition of emergence (IE%) was calculated as:

IE% =100 — (T x 100)/C

where T is emergence in the treatment and C is emergence in the control.

Statistical analyses were conducted in R (version 4.2.2, R Foundation for Statistical
Computing, Vienna, Austria) using RStudio (version 2022.07.2 Build 576, RStudio, PBC,
Boston, MA, USA). Descriptive statistics (mean, SD, SEM) were calculated, and probit
regression was used to model the dose-response relationship between disinfectant concen-
tration and larval survival or emergence. A mixed-effects probit model (via glmer from the
Ime4 package) incorporated treatment, time (as a natural spline with 2 degrees of freedom),
and their interaction as fixed effects, with each experiment treated as a random effect.
Pairwise comparisons were performed using the emmeans package.

For emergence inhibition modeling, day 16 control values were derived from the
emergence model, and 95% confidence intervals were estimated using 100 bootstrap sim-
ulations (bootMer). Probit curves show predicted probabilities of survival or emergence
over time, with 95% confidence intervals. To evaluate model fit for the larval survival
data, we conducted standard diagnostics for binomial generalized linear models using the
DHARMa package.

To evaluate whether the effects of chlorine, silver, and copper in combination were
synergistic, additive, or antagonistic, we compared the inhibition of emergence for third
instar larvae or the mortality for the first instar larvae in combined treatments against
the expected mortality predicted under the assumption of independent action. Expected
mortality for additive effects was calculated using Bliss independence:

Eag =Ea + Eg — (Eao x Ep)

where E5 and Ep represent the fractional inhibition of emergence or mortalities (proportion
dead) of larvae exposed to each disinfectant individually, and Eap is the expected combined
effect. If the observed mortality in the combined treatment was significantly greater than
Eap, we interpreted this as potential for synergistic effects taking place. If it was not
significantly different from Eap, it was considered additive. If it was lower, this suggested
some potentially antagonistic effects.
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3. Results and Discussion

In the following sections, we report results from tests of silver, copper, and chlorine
on older juvenile Ae. aegypti (Section 3.1) and younger larvae (Section 3.2), followed by an
analysis of chemical effects (Section 3.3).

It is important to note that our experiments were conducted in DI water, which
provides a controlled baseline for assessing larvicidal effect. In real-world conditions,
source waters often contain organic matter, suspended solids, and other constituents
that exert disinfectant demand. These interactions can reduce the free concentrations of
chlorine, silver, or copper through processes such as complexation with natural organic
matter, precipitation with anions, adsorption to suspended solids or container surfaces,
photodegradation, chlorine demand from inorganic species, and volatilization, thereby
lowering efficacy.

3.1. Late Third Instar Experiments

This section presents outcomes from experiments on late 3rd instar Ae. aegypti exposed
to silver and copper (Section 3.1.1), silver and chlorine (Section 3.1.2); copper and chlorine
(Section 3.1.3) and copper, silver, and chlorine in combination (Section 3.1.4). Observed
data results are reported as Percentage Mean £ SEM and model predictions are expressed as
Predicted Probability Mean (95% Upper Confidence Interval, 95% Lower Confidence Interval).

Model diagnostics for older instars showed marginal departures from uniformity
in two of the combined treatments (Cu + Ag, Ag + Cl; p < 0.021). Dispersion tests also
indicated slight overdispersion in the Cl-only and Ag + Cl treatments, reflecting higher
variability among replicates. No evidence of zero inflation was observed in these models.
These minor deviations likely reflect biological variability across larval cohorts and chlorine
volatility between experimental runs.

3.1.1. Silver + Copper Exposure to Older Instar

The 40 ppb Ag + 600 ppb Cu combination treatment (Ag + Cu) observed and model
predicted data for day 16 are shown in Table 4. Figure 3 illustrates their alignment, sup-
porting the use of model predictions moving forward. The observed data for the remainder
of the treatments can be found in Supplementary Information.

Table 4. Observed (1 = 4) and modeled data for the silver (Ag, 40 ppb), copper (Cu, 600 ppb), and
their combination (Ag + Cu) treatment on day 16, corrected using Abbott’s formula (1925). Observed
values represent the mean, standard deviation (SD), and standard error of the mean (SEM). Modeled
data are reported as predicted mean values with 95% confidence interval (CI). Outcomes include
larval survival (%), adult emergence (Emerg, %), and inhibition of emergence (IE, %). Concentrations
are reported in parts per billion (ppb), where 1 ppb =1 ug/L.

Ag (40 ppb) +

Treatment Ag (40 ppb) Cu (600 ppb) Cu (600 ppb) Control
Observed

Variable mean sd sem mean sd sem mean sd sem mean sd sem
Survival (%) 11.23 7.74 3.87 29.19 14.78 7.39 3.25 4.11 2.06 91.33 1.72 0.86
Emerg (%) 9.94 8.80 4.40 22.00 13.90 6.95 2.52 4.10 2.05 88.33 5.03 2.52
IE (%) 89.01 9.47 4.74 74.47 17.08 8.54 97.29 4.38 2.19

Model

Variable Predicted mean [95% Confidence Interval]
Survival (%) 10.00 [6.31, 14.68] 29.53 [23.09, 37.71] 3.53[1.87,5.33] 92.07 [86.79, 95.58]
Emerg (%) 7.15[3.90, 1 4.09] 22.47 [13.50, 33.15] 1.48[0.39, 2.94] 91.81 [85.28,95.8]
IE (%) 92.85 [88.24, 95.68] 77.53 [68.19, 85.34] 98.52 [96.50, 99.47]
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Figure 3. Comparison of observed and model values for inhibition of emergence (IE) for Ae. aegypti
larvae treated with silver ions (40 ppb Ag) and copper ions (600 ppb Cu), relative to untreated
controls, on day 16. Observed values are shown with error bars representing the standard error of
the mean (SEM). Modeled values are presented with 95% confidence intervals (CI), which represent
the range within which the true population mean is expected to fall with 95% confidence.

The Ag + Cu combo performed significantly differently from each of the chemicals
separately in terms of survival (p(ag+cu) vs. Ag = 0.002, pagicu) vs. cu < 0.001) and predicting
how many larva had emerged (p(ag+cu) vs. Ag = 0-021, pagicu) vs. cu < 0.001) by the end of
the observational period. Additionally, the use of the chemicals together (Ag + Cu) resulted
in less variability in outcome (inhibition of emergence) as illustrated in Figure 3. In the
predicted survival curves illustrated in Figure 4, both copper and silver treatments initially
reduced Ae. aegypti survival, however, copper effects began to plateau while silver toxicity
remains relatively constant. This trend may indicate that larval susceptibility to copper
diminishes with maturation, while silver maintains a sustained toxic effect throughout the
developmental stages. Although we did not experimentally test mechanisms, previous
work suggests several biological processes may contribute to the plateau in copper toxicity
observed in older instars. For example, progressive cuticle thickening and sclerotization
can reduce metal uptake across the integument [58,59] while studies in mosquitoes and
aquatic invertebrates point to inducible detoxification pathways and acclimation responses
that can mitigate copper stress [60-62].
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Figure 4. Predicted probabilities of survival for older instar Ae. aegypti larvae exposed to silver ions
(40 ppb Ag), copper ions (600 ppb Cu), and their combination (40 ppb Ag + 600 ppb Cu) compared to
untreated controls (larvae reared in deionized water without disinfectant) on day 16. Shaded areas
represent the 95% confidence interval (CI). Concentrations are expressed as parts per billion (ppb,
1ppb=1ug/L).
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3.1.2. Silver + Chlorine Exposure to Older Instar

The 40 ppb Ag + 1 ppm free chlorine combination treatment (Ag + CI) model predicted
survival, emergence, and inhibition of emergence data for day 16 is reported in Table 5
and Figure 5 specifically illustrates modeled survival probabilities. Analysis of the model
indicates that Ag + Cl performed significantly better than either Ag or Cl separately in
terms of predicted survival (p(agsc1) vs. ag = <0.001, p(ag.c) vs. c1 = <0.001). For the predicted
probability that a larva has emerged, the Ag + Cl treatment performed better than the
chlorine alone (p(ag+ci) vs. c1 = 0.002), but was not significantly different from silver alone
(P(ag+cy) vs. Ag = 0.154, by the end of the observational period. The efficacy of the 40 ppb
Ag treatment, IE%model = 88.31 [78.05, 94.66], was similar to that of the Ag + Cl treatment,
IE%model = 93.75 [84.65, 97.76], p(ag+Cl) vs. Ag = 0.154).

Table 5. Predicted mean values with 95% confidence intervals (CI) for Ae. aegypti larvae exposed
to silver ions (Ag, 40 ppb), free chlorine (Cl, 1 ppm), and their combination (Ag + Cl) relative to
untreated controls reared in deionized water on day 16. Outcomes include survival (%), emergence
(Emerg, %), and inhibition of emergence (IE, %). Data is corrected with Abbot’s formula (1925).
Concentrations are reported as parts per billion (ppb) and parts per million (ppm).

Ag Free Chlorine Ag (40 ppb) +
Treatment (40 ppb) (1 ppm) Free Chlorine (1 ppm) Control
Variable Predicted Mean [95% Confidence Interval]
Survival (%) 17.30 [12.03, 23.11] 29.26 [23.25, 36.70] 7.38 [4.49, 11.36] 94.42 [90.99, 96.72]
Emerg (%) 11.69 [4.42, 24.67] 31.65 [21.95, 37.68] 6.25[1.83, 15.35] 94.75 [85.62, 98.53]
IE (%) 88.31 [78.05, 94.66] 68.35 [51.93, 82.01] 93.75 [84.65, 97.76]
1.00 —
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= § . T* Q — Control (DI Water Only)
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a \\.\ "'--::‘*\\\\ o0 Ag (40 ppb)
025 "o ST~ = Combo (40 ppb Ag + 1 ppm Cl)
0.00 —
0 4 8 12 16
Day

Figure 5. Predicted probabilities of survival of Ae. aegypti larvae exposed to silver ions (40 ppb Ag)
and free chlorine (1 ppm free chlorine) compared to untreated controls (larvae reared in deionized
water [DI] without disinfectant) on day 16. The shaded areas represent the 95% confidence interval
(CI). Concentrations are expressed as parts per billion (ppb, 1 ppb =1 pug/L) and parts per million
(ppm, 1 ppm =1 mg/L).

It is important to note that chlorine is known to degrade relatively quickly in stored wa-
ter, especially in the presence of organic matter and high chlorine demand, which can limit
the duration of larvicidal protection. This same issue has long been a concern in household
water safety programs where recontamination of containers occurs once chlorine residu-
als fall below protective levels [27,63,64], meaning our laboratory estimates of chlorine’s
larvicidal potential may represent an upper bound of what is achievable in practice.

3.1.3. Chlorine + Copper Exposure to Older Instar

The 600 ppb Cu + 1 ppm free chlorine combination treatment (Cu + Cl) results for
survival, emergence, and inhibition of emergence are shown in Table 6 for day 16. All treat-

48



Water 2025, 17, 2754

ments successfully decreased the larval population, resulting in the predicted probability
of larval survival for 600 ppb Cu, 1 ppm Cl, and 600 ppb Cu + 1 ppm Cl was 19.87% (16.51,
24.48),26.08% (21.84, 31.84), and 4.48% (3.19, 6.36) as compared to the predicted emergence
of the controls at 93.12% (90.89, 94.90) on day 16.

Table 6. Predicted mean values with 95% confidence intervals (CI) for Ae. aegypti larvae exposed
to copper ions (600 ppb Cu), free chlorine (1 ppm free chlorine), and their combination (Cu + CI)
treatments on day 16. Outcomes include survival (%), emergence (Emerg, %), and inhibition of
emergence (IE, %). Data is corrected with Abbot’s formula (1925).

Cu Free Chlorine Ag (40 ppb) +
Treatment (600 ppb) (1 ppm) Cl (1 ppm) Control
Variable Predicted Mean [95% Confidence Interval]
Survival (%) 19.87 [16.51, 24.48] 26.08 [21.84, 31.84] 4.48[3.19, 6.36] 91.59 [88.75, 93.85]
Emerg (%) 22.67 [19.19, 27.77] 15.75 [12.87,19.09] 4.29 [2.66, 6.06] 93.12[90.89, 94.90]
IE (%) 84.25 [81.08, 87.78] 77.33[72.57, 81.12] 95.71 [94.25, 97.28]

Figure 6 shows the predicted probability of larval survival during the experimental
timeframe. The combination treatment showed similar toxicity to copper alone during
the first five days of the observational period but demonstrated greater efficacy later, as
copper’s effects plateaued. This suggests that the chlorine in the combination enhanced
overall toxicity, leading to increased mortality. The results of the model indicate that the
Cu + Cl combo performed significantly differently from each of the chemicals separately
in terms of survival (pcu+cl) vs. cu = <0.001, pcusciy vs. 1 = <0.001) and predicting how

many larva had emerged (p(cuclyvs. cu = <0.001, picusciy vs. c1 = <0.001) by the end of the
observational period.
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Figure 6. Predicted probabilities of survival of Ae. aegyptilarvae exposed to copper ions (600 ppb Cu),
free chlorine (1 ppm free chlorine), and their combination compared to untreated controls (larvae
reared in deionized [DI] water without disinfectant). on day 16. The shaded areas represent the

95% confidence interval (CI). Concentrations are expressed as parts per billion (ppb) and parts per
million (ppm).

3.1.4. Silver + Chlorine + Copper Exposure to Older Instar

The 40 ppb Ag + 600 ppb Cu + 1 ppm free chlorine combination treatment
(Ag + Cu + Cl]) predicted data for day 16 is illustrated in Figure 7. The combination of Ag +
Cu + Cl demonstrated better performance compared to each chemical individually in terms
of predicted survival (pagicu+cl vs. Ag = 0-001, pragscusc) vs. cu = <0.001, pagicurcy vs. c1 =
<0.001) and predicting how many larva emerge (p(ag+cu+cl) vs. g = 0-003, p(agrcurcl) vs. Cu
=0.001, p(ag+cu+cy vs. c1 = <0.001) by the end of the observational period. The modeled IE%
for treatments 40 ppb Ag, 600 ppb Cu and 1 ppm free chlorine were 89.61 [84.25, 94.24],
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86.83 [81.06, 91.59], and 76.39 [69.13, 82.9], respectively. The Ag + Cu + Cl combo exhibited
the highest IE% at 97.44 [94.77, 98.78] (Note: Experiments were conducted separately
and do not share the same control group). The IE%, for the combined use of Ag + Cu
+ Cl resulted in reduced variability in outcomes/predicted outcomes comparably to the
chemicals acting alone.
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Figure 7. Predicted probabilities of survival of Ae. aegypti larvae exposed to copper ions (600 ppb Cu),
free chlorine (1 ppm free chlorine), and silver ions (40 ppb Ag) and their combination (Ag + Cu + Cl)
compared to untreated controls (larvae reared in deionized [DI] water without disinfectant) on day 16.
The shaded areas represent the 95% confidence interval. Concentrations are expressed as parts per
billion (ppb) and parts per million (ppm).

3.1.5. Comparing Efficacy of Water Disinfectants in Combination Exposure to Older Instar

Overall, all combination treatments demonstrated a high level of efficacy in inhibiting
the emergence of the juvenile Ae. aegypti larvae and pupae into adult mosquitoes (as
seen in Figure 8), and they outperformed the individual chemical treatments. All the
combination models predicted viability for emergence, as the 95% confidence intervals did
not ever reach 100% inhibition of emergence. When comparing combinations, the observed
inhibition values had overlapping confidence intervals. Not only did the inclusion of a
third disinfectant not yield a statistically distinct improvement over the dual combinations,
but it was also not even the highest-performing treatment. From a practical perspective,
this suggests that adding chlorine on top of silver and copper does not provide a substantial
incremental benefit in larvicidal efficacy under the tested conditions. The added disinfectant
simply increases cost, chemical complexity, and the potential risks of byproduct formation
associated with introducing another agent. In practice, dual-agent strategies (e.g., Ag + Cu
or Cu + Cl) may therefore strike the most efficient balance between efficacy and practicality.
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Figure 8. Comparing modeled inhibition of emergence (IE) values for combinations of silver ions
(Ag, 40 ppb), copper ions (Cu, 600 ppb), free chlorine (free CI, 1 ppm) treatments, and their combina-
tion (Ag + Cl + Cu) on older instar Ae. aegypti larvae in regard to untreated larvae on day 16. Error
bars represent the 95% confidence interval. Experiments were conducted separately and do not share
the same control group.

3.2. Younger Instar Experiments

This section presents the findings of larvicidal experiments conducted on late first in-
star Aedes aegypti using silver nitrate, copper sulfate pentahydrate, and sodium hypochlorite
treatments. The results from the observed data are expressed as Percentage Mean & SEM,
while the model predicted data are expressed as Predicted Probability Mean (95% Upper
Confidence Interval, 95% Lower Confidence Interval).

Model diagnostics for younger instars indicated overall good fit. Uniformity tests did
not identify significant deviations. The copper—chlorine treatment exhibited an elevated
dispersion ratio (>2) and evidence of zero inflation (p = 0.008), suggesting more replicate
outcomes of complete survival or complete mortality than expected under a binomial
distribution. These departures are likely attributable to biological variability and the strong
efficacy of some treatments.

3.2.1. Silver + Copper Exposure to Younger Instar

The model-predicted survival outcomes for younger instar Ae. aegypti larvae are summa-
rized in Table 7 for treatments with silver nitrate (40 ppb Ag), copper sulfate (600 ppb Cu),
and their combination (Ag + Cu), compared with untreated controls maintained in deionized
water. The table reports predicted mean survival values and 95% confidence intervals across
24-, 48-, and 72-h exposures, corrected using Abbott’s formula (1925). After 72 h of treat-
ment, survival rates were 22.67 + 5.05% for 40 ppb Ag, 17.33 £ 4.29% for 600 ppb Cu, and
3.56 + 1.18% for the Ag + Cu combination, as illustrated in Figure 9. The results of the
model indicate that the Ag + Cu combo performed significantly differently from each of the
chemicals separately (p(ags+cu) vs. Ag = <0-001, pagicu) vs. cu = <0.001). The difference between
the Ag and Cu treatments were not significantly different (pcy vs. ag = 0.315).
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Table 7. Predicted probability of survival for younger instar Ae. aegypti larvae exposed to copper
sulfate (600 ppb Cu), silver nitrate (40 ppb Ag), and their combination (Ag + Cu). Control larvae
were reared in deionized (DI) water without disinfectant. Data is corrected with Abbot’s formula
(1925). Values are presented as predicted means with 95% confidence intervals (CI). Concentrations
are expressed as parts per billion (ppb).

Ag (40 ppb) +
Treatment Ag (40 ppb) Cu (600 ppb) Cut (600 ppb) Control
Time (h) Predicted Mean [95% Confidence Interval]
24 88.50 [82.32, 92.97] 84.20 [76.42, 90.07] 79.73 [70.86, 86.75] 97.58 [94.92, 98.96]
48 53.34 [43.08, 63.37] 34.49 [25.27,44.74] 13.74 [8.28, 21.25] 90.60 [84.61, 94.66]
72 23.28 [15.69, 32.57] 17.14 [10.83, 25.41] 3.33[1.35,7.26] 82.97 [74.73, 89.25]
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Figure 9. Predicted probabilities of survival of Ae. aegypti larvae exposed to silver ions (40 ppb
Ag), copper ions (600 ppb Cu), and their combination (Ag + Cu) compared to control larvae reared
in deionized (DI) water without disinfectant at 72 h. Shaded area represents the 95% confidence
intervals of the probit regression model. Concentrations are expressed as parts per billion (ppb).

3.2.2. Silver + Chlorine Exposure to Younger Instar

The performance of silver individually in decreasing survival (40 ppb Ag: 30.22 £ 8.30%)
was not as good as that of chlorine individually (1 ppm Cl: 8.44 + 4.64%) or the combination of
both chemicals together (40 ppb Ag + 1 ppm Cl: 5.78 = 2.35%) after 72 h of exposure. Table 8
shows the predicted probability of survival data after exposure to the treatments for 24, 48, and
72 h. Figure 10 illustrates the predicted probability of survival throughout the duration of the
experiment. Results of the model indicate that the Cl and Ag + Cl treatments perform better
than the Ag alone treatment in terms of survival (p(ag.ciy vs. ag = <0.001, pag vs. c1 = <0.001);
however, the combination treatment was not significantly different from the Cl alone treatment
(Pag+an vs. a1 = 0.446).

Table 8. Predicted probabilities of survival for younger instar Ae. aegypti larvae exposed to silver
nitrate (40 ppb Ag), sodium hypochlorite (1 ppm free chlorine) and their combination (Ag + Cl).
Predictions are presented as mean values with 95% confidence intervals (CI), and data were corrected
using Abbott’s formula (1925).

Ag (40 ppb) +

Treatment Ag (40 ppb) Cl (1 ppm) Cl (1 ppm) Control
Time (h) Predicted Mean [95% Confidence Interval]
24 83.81 [73.88, 90.89] 69.37 [56.61, 80.13] 64.79 [51.61, 76.40] 95.17 [90.17, 97.89]
48 46.51 [33.46, 59.95] 21.53[12.91, 32.80] 16.64 [9.45, 26.65] 84.74 [74.89, 91.61]
72 30.31 [19.30, 43.48] 8.99 [4.26, 16.82] 6.22 [2.67,12.68] 79.17 [67.55, 87.89]
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Figure 10. Predicted probabilities of survival of Ae. aegypti larvae in contact with silver ions
(40 ppb Ag), free chlorine (1 ppm free chlorine), and their combination (Ag + Cl), compared to
control larvae reared in deionized (DI) water without disinfectant at 72 h. Shaded area represents the
95% confidence interval of the probit regression model. Concentrations are expressed as parts per
billion (ppb) and parts per million (ppm).

3.2.3. Chlorine + Copper Exposure to Younger Instar

The model predicted probability of survival data after exposure to the treatments for
24, 48, and 72 h is reported in Table 9 and Figure 11. After 72 h of exposure, all of the
treatments were extremely effective in decreasing survival (600 ppb Cu: 10.67 £ 2.78%,
1 ppm CI: 6.22 & 4.95%, 600 ppb Cu + 1 ppm CI: 1.33 & 0.77%). Besides all treatments
being significantly different from the controls, the only other statistical different treatments
were Cu + Cl combo from the Cu alone treatment (p(cy+cly vs. cu = <0.001).

Table 9. Modeled predicted probability of survival for copper sulfate (600 ppb Cu) + sodium
hypochlorite (1 ppm free chlorine) treatments for younger instar Ae. aegypti. Data is corrected
with Abbot’s formula (1925). Concentrations are expressed as parts per billion (ppb) and parts per

million (ppm).
Cu (600 ppb) +
Treatment Cu (600 ppb) Cl (1 ppm) Cl (1 ppm) Control
Time (h) Predicted Mean [95% Confidence Interval]
24 67.88 [61.89, 73.44] 68.53 [61.74, 74.74] 34.71 [28.60, 41.25] 94.54 [91.47, 96.67]
48 23.38 [18.62, 28.75] 11.32[7.61, 16.19] 3.41 [2.08, 5.36] 80.37 [74.74, 85.17]
72 11.83[7.98, 16.84] 6.18 [3.53,10.18] 2.441.01, 5.31] 75.04 [68.55, 80.73]
Treatment
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Figure 11. Predicted probabilities of survival of Ae. aegyptilarvae in contact with copper (600 ppb
Cu), free chlorine (1 ppm free chlorine), and a combination of the two disinfectants. Shaded area
represents the 95% confidence interval of the probit regression model. Concentrations are expressed
as parts per billion (ppb) and parts per million (ppm).
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3.2.4. Comparing Efficacy of Water Disinfectants in Combination Exposure
to Younger Instar

The modeled outcomes of the combined treatment are compared in Figure 12, depict-
ing the predicted probability of survival for the various treatment combinations on day
16 of silver nitrate (40 ppb Ag), copper sulfate pentahydrate (600 ppb Cu) and sodium
hypochlorite (1 ppm free chlorine). These experimental groups were not tested simultane-
ously and thus do not share the same controls. All treatments demonstrated a high level of
efficacy in killing young Ae. aegypti larvae. Of the combinations, Cu + Cl appears to have
had the most toxic effect on the younger instar larvae.
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Figure 12. Comparison of modeled survival (%) for late first instar Ae. aegypti larvae combinations
after 72 h of exposure to combinations of silver ions (40 ppb Ag), copper ions (600 ppb Cu) and free
chlorine (1 ppm free chlorine). Results are presented relative to different control groups of larvae
reared in deionized water without disinfectants.

Unlike the older instar larvae experiments, the combination treatments against
younger instar larvae did not always outperform the individual chemical treatments.
This pattern likely reflects stage-specific physiology, i.e., underdeveloped physical bar-
riers and detox systems. Early instar Ae. aegypti larvae possess thinner cuticles and a
relatively immature peritrophic matrix/gut epithelium, which increases permeability to
the disinfectants in this study [58,59]. At the same time, their detoxification capacity and
energetic reserves are limited [60,65], so a potent single disinfectant can already produce
near-maximal inhibition, leaving little scope for combinations to show superior efficacy.
As larvae mature, barrier and detoxification mechanisms strengthen, which can alter the
relative performance of single versus combined treatments.

3.3. Exploring Chemical Effects

Bliss independence analysis across both late third instar (day 16 outcomes) and late first
instar (72 h mortality) assays indicated that the chemical combinations behaved additively
rather than synergistically. For Ag + Cu, observed inhibition exceeded Bliss predictions
slightly (<1%), consistent with additivity. Both Ag + Cl and Cu + Cl combinations showed
minor underperformance relative to Bliss expectations for both the older (Ag + Cl: —2.6%;
Cu + Cl: —0.72%) and younger instar larvae (Ag + Cl: —2.3%; Cu + Cl: —2.0%), but
these differences were small and occurred at already high efficacy levels (>95%), meaning
they are not meaningfully antagonistic. This suggests a ceiling effect because efficacy was
already near complete inhibition, there was little scope left for synergy to manifest. Taken
together, the combinations produced strong larvicidal effects that were largely additive,
with no clear evidence of true synergism under the tested conditions.
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4. Conclusions

Improperly managed household water storage containers pose a dual threat as they can
harbor disease-causing pathogens and serve as breeding grounds for mosquitoes, contributing
to both waterborne and vector-borne disease transmission. This study evaluated the larvicidal
potential of silver ions, copper ions, and hypochlorous acid against juvenile Ae aegypti. Across
both late third-instar and late first-instar Ae. aegypti larvae, all three disinfectants produced
strong larvicidal effects, with combinations generally enhancing efficacy relative to single
disinfectants. For older instars, dual combinations (Ag + Cu, Ag + Cl, Cu + Cl) consistently
outperformed individual disinfectants, achieving inhibition of emergence above 90% and
reducing variability across replicates. Adding a third agent (Ag + Cu + Cl) yielded high
inhibition but did not provide clear advantages beyond dual treatments. By contrast, younger
instars were highly susceptible even to single disinfectants, most notably chlorine, reflecting
their less developed cuticular and detoxification defenses. In these assays, combinations
provided only modest improvements, and in some cases single disinfectant exposures were
nearly as effective as multi-agent treatments. All together, these results highlight stage-
specific differences in that combinations offer the greatest relative benefits in older, more
resistant larvae, while early instars are broadly vulnerable to single chemical exposures. Bliss
independence analysis confirmed that effects were primarily additive rather than synergistic,
with near-maximal efficacy at higher doses creating a ceiling effect.

While this study demonstrates the larvicidal potential of chlorine, silver, and copper
individually and in combination, translating these findings into public health practice
requires consideration of real-world conditions. In household and community settings,
water is often stored for days, during which disinfectant concentrations decline due to
decay, container interactions, and recontamination risks. Because our experiments were
conducted in DI water under controlled conditions, they likely represent an upper bound of
achievable efficacy. Future field studies are therefore essential, particularly across a range
of source waters with varying chemistry since parameters such as pH, alkalinity, organic
matter, and container material strongly influence disinfectant stability, speciation, and
persistence. Monitoring these factors in parallel with larvicidal efficacy will be critical to
evaluating POUWT technologies under realistic conditions and ensuring their effectiveness
for both mosquito control and safe water provision.

At the same time, the existence of point-of-use products already on the market pro-
vides a foundation, and our findings may help guide both the design of new technologies
and the adaptation of existing ones to specific contexts. Cost and scalability of POUWT tech-
nologies remain central determinants of household feasibility, with chlorine-based systems
benefiting from established global supply chains versus silver- and copper-based technolo-
gies which are less common and thus require additional infrastructure for production and
distribution. Pricing volatility, availability of raw materials, and local manufacturing capac-
ity may also shape feasibility, meaning cost-effectiveness will vary by setting. Acceptability
of disinfectants is another critical factor as we have observed how taste and odor concerns
often limit chlorine uptake, while silver and copper were generally more neutral but raised
concerns related to safety, environmental accumulation, and affordability. Addressing these
implementation challenges alongside navigating regulatory approval will be essential to
determine whether disinfectant combinations can be advanced in POUWT technologies for
improving household water safety and vector control.

Ultimately, this work provides a proof-of-concept that common disinfectants when
combined can serve a dual role in safeguarding drinking water quality and disrupting
mosquito breeding. While this work focused on Ae. aegypti, the same principles could
extend to other container-breeding vectors such as Culex and Anopheles, which also pose
significant public health threats. By bridging water treatment and vector control, such
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integrated strategies open new pathways for holistic household water management, partic-
ularly in resource-limited settings where innovative, scalable, and acceptable solutions are
most urgently needed.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w17182754/s1. Figure S1. Comparing observed and model
values for inhibition of emergence for silver nitrate (40 ppb Ag) and sodium hypochlorite (1 ppm free
chlorine) treatments on older instar Ae. aegypti larvae on day 16. Figure S2. Comparing observed and
model values for inhibition of emergence for copper sulfate (600 ppb Cu) and sodium hypochlorite
(1 ppm free chlorine) treated larvae in regards to untreated larvae on day 16. Figure S3. Comparing
observed and model values for inhibition of emergence for silver nitrate (40 ppb Ag), copper sulfate
(600 ppb Cu) and sodium hypochlorite (1 ppm free chlorine) treated older Ae. aegypti larvae in
regards to untreated larvae on day 16. Figure S4. Comparing observed and model values for survival
for copper sulfate (600 ppb Cu) and silver nitrate (40 ppb Ag) treated larvae in regards to untreated
larvae at 72 h. Data is corrected with Abbot’s formula (1925). Figure S5. Comparing observed and
model values for survival for silver nitrate (40 ppb Ag) and sodium hypochlorite (1 ppm Cl) treated
larvae in regards to untreated larvae at 72 h. Data is corrected with Abbot’s formula (1925). Figure Sé6.
Comparing observed and model values for survival for copper sulfate (600 ppb Cu) and sodium
hypochlorite (1 ppm free chlorine) treated larvae in regards to untreated larvae at 72 h. Data is
corrected with Abbot’s formula (1925).
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Abstract: Effective wastewater management is critical for mitigating environmental and
health impacts in ecologically sensitive regions like the Peruvian Amazon, where rapid
urbanization has led to increased discharge of nutrient-rich effluents into freshwater
systems. Conventional treatment methods often fail to address nutrient imbalances
while generating secondary pollutants. This study aims to evaluate the bioremediation
potential of a non-axenic cyanobacterium, Synechococcus sp., isolated from the Amazon
Basin, for municipal wastewater treatment within a circular bioeconomy framework.
The strain was cultivated in different concentrations of municipal wastewater (25%, 50%,
75%, 100%) from Moronacocha Lake in the Peruvian Amazon to assess growth kinetics,
ammonium removal efficiency, and biochemical composition. The cyanobacterium ex-
hibited optimal performance in 25% wastewater, achieving the highest specific growth
rate (22.8 x 1072 u-day’l) and biomass increase (393.2%), exceeding even the standard
BG-11 medium. This treatment also demonstrated exceptional ammonium removal effi-
ciency (95.4%) and enhanced phycocyanin production (33.6 nug/mg, 56% higher than the
control). As wastewater concentration increased, both growth parameters and removal
efficiency progressively declined. Biochemical analysis revealed that higher wastewater
concentrations resulted in decreased protein content and increased lipid accumulation
in the biomass. These findings demonstrate the dual potential of Synechococcus sp. for
effective wastewater remediation and production of valuable biomass with modifiable
biochemical characteristics, offering a sustainable approach for wastewater management
in the Peruvian Amazon region.

Keywords: biodegradation; circular bioeconomy; environmental remediation; phycocyanin;
wastewater
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Key Contribution: This study reveals that a non-axenic Synechococcus sp. strain can effec-
tively remediate municipal wastewater while simultaneously producing valuable biomass
with tailored biochemical properties, providing a sustainable solution for the Peruvian Ama-
zon. The exceptional performance at 25% wastewater dilution, with ammonium removal
efficiency of 95.4% and enhanced phycocyanin production, demonstrates the dual-purpose
potential of this approach. By utilizing a locally isolated cyanobacterial strain adapted to
tropical conditions, this research establishes a practical framework for integrating wastewa-
ter treatment with resource recovery. The findings contribute significantly to developing
circular bioeconomy models for regions lacking conventional infrastructure, where biologi-
cal resources can transform environmental challenges into economic opportunities while
addressing critical water quality issues in sensitive Amazonian ecosystems.

1. Introduction

Effective wastewater management is critical for mitigating the environmental and
health impacts of urbanization, particularly in ecologically sensitive regions, such as
the Peruvian Amazon. Rapid population growth and inadequate infrastructure have
exacerbated the discharge of nutrient-rich effluents into freshwater systems, contributing
to eutrophication and loss of biodiversity [1,2]. Conventional wastewater treatments,
such as anaerobic oxidation and chemical precipitation [3,4], often fail to address nitrogen
and phosphorus imbalances while generating secondary pollutants [3,5,6]. This scenario
has spurred interest in biotechnological approaches that align with circular bioeconomy
principles by simultaneously addressing pollution control and resource recovery [7].

Phototrophic microorganisms, particularly cyanobacteria, have emerged as promising
candidates for wastewater bioremediation due to their ability to assimilate nutrients while
producing valuable biomass under relatively low-cost conditions [8-10]. Among cyanobac-
teria, members of the genus Synechococcus are particularly noteworthy for their metabolic
versatility, environmental tolerance, and potential for industrial applications [11,12]. These
unicellular organisms can effectively remove nitrogen and phosphorus from wastewater
through direct uptake mechanisms, while simultaneously harvesting light energy to gener-
ate biomass rich in high-value compounds, including proteins, lipids, carbohydrates, and
bioactive pigments [13,14].

The application of cyanobacteria for wastewater treatment represents a sustainable ap-
proach that transforms the conventional linear model of resource consumption into a circu-
lar system, where waste streams become valuable inputs for biomass production [15]. This
paradigm shift aligns with the principles of a circular bioeconomy [7] and is particularly
relevant for developing regions like the Peruvian Amazon. Here, the scarcity of conven-
tional infrastructure is counterbalanced by the abundant sunlight and warm temperatures
in the region, which create favorable conditions for phototrophic bioremediation systems.

Despite the growing body of research in cyanobacterial bioremediation, much of the
existing literature has predominantly focused on axenic strains cultivated under controlled
laboratory conditions. This limitation presents a significant gap in our understanding of
the behavior and advantages of non-axenic cultures that are adapted to local environmental
conditions, which may be more representative of practical applications in natural systems.
Furthermore, the characterization of biomass composition in relation to wastewater culti-
vation is another area that remains underexplored. Comprehensive analyses are crucial,
as the nutrient profiles of wastewater can significantly influence the metabolic pathways
of cyanobacteria. Understanding these dynamics is essential for tailoring cyanobacterial
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biomass for downstream applications, including biofuel production, biofertilizers, and
other bioproducts in a circular bioeconomy context [15,16].

The Peruvian Amazon region presents unique challenges for wastewater management
due to its distinctive climatic conditions, remoteness, and sensitive ecosystems. Conven-
tional treatment technologies often prove economically unfeasible or environmentally
unsuitable for this region, creating an urgent need for alternative approaches that are
both effective and contextually appropriate. The integration of cyanobacterial bioremedia-
tion systems could potentially address these challenges while supporting local economic
development through the production of valuable biomass.

This study aims to evaluate the bioremediation potential of a non-axenic Synechococcus sp.
strain isolated from the Peruvian Amazon for treating municipal wastewater at varying
concentrations. Specifically, we investigate the growth profile, ammonium removal efficiency,
biochemical composition, and pigment production of the cyanobacterium under different
wastewater treatments. The findings are discussed within a circular bioeconomy framework
that considers both environmental remediation and resource recovery, with particular attention
to the contextual realities of the Peruvian Amazon region.

2. Materials and Methods
2.1. Study Area and Sample Collection

Municipal wastewater samples were collected from the primary effluent discharge
point of Moronacocha Lake (Iquitos, Loreto Region, northeastern Peru; 3°44'41.89" S,
73°15'56.65"” W), a tropical freshwater system that receives untreated domestic waste from
an urban population of 479,866 (Figure S1). The sampling site was selected due to its
role as a critical point of entry for municipal wastewater into the lake, with an estimated
maximum daily discharge of 1000 m3. Notably, approximately 40% of households in
the adjacent urban areas lack formal wastewater infrastructure, contributing to the direct
effluent released into the lake.

For the experimental assay, 10 L of a complex wastewater sample was collected from
the effluent in pre-cleaned, acid-washed, high-density polyethylene containers at intervals
of four hours (0, 4, 8, 12, 16, 20, 24, 28, 32, and 36 h) to ensure representative sampling.
The samples were immediately placed on ice in the dark and transported to the laboratory
within 30 min to minimize biological activity and photodegradation [17].

2.2. Sample Processing

Upon arrival, the wastewater samples were filtered through Whatman filter paper
(grade 1) to remove the suspended solids. This step ensured particle-free effluent for
downstream cyanobacterial inoculation, while preserving the dissolved nutrients critical
for growth analysis.

2.3. Cyanobacterial Strain and Cultivation

The non-axenic cyanobacterium Synechococcus sp., sourced from the Peruvian Amazon
Native Microalgae Culture Collection (maintained by UELIB-CIRNA, Iquitos, Peru), was
selected for its documented adaptability to tropical freshwater ecosystems [18]. Stock cul-
tures were maintained in sterile BG-11 medium (pH 7.4 = 0.2) under controlled laboratory
conditions for 4 weeks before experimentation.

2.4. Growth Conditions and Scaling

Cultures were incubated in a climate-controlled growth chamber (25.27 &+ 0.06 °C)
under a 12:12 h light-dark photoperiod. Illumination was provided by 50-W LED pan-
els (Wellmax®, Shanghai, China) with Samsung LED chips, calibrated to deliver a pho-
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2 571 at the culture sur-

tosynthetic photon flux density of 265 £+ 10 umol photons m™
face. To ensure homogeneous growth and gas exchange, the cultures were continuously
aerated and agitated at 150 rpm using an orbital shaker (Thermo Scientific MaxQ 6000,
Waltham, MA, USA).

A semi-continuous cultivation strategy was employed to scale biomass production:
the initial 100 mL cultures were aseptically transferred to 500 mL and subsequently to 1 L
vessels in a stepwise manner, with transfers timed to coincide with late-exponential growth
phases (optical density at 730 nm [ODy3] =~ 0.8-1.2). This scaling protocol minimized
physiological stress while ensuring a sufficient cyanobacterial inoculum for subsequent

bioremediation experiments.

2.5. Experimental Treatments

All bioremediation assays were conducted under the standardized culture conditions de-
scribed previously (25.27 4 0.06 °C, 12:12 h light-dark cycle, 265 + 10 pmol photons m =2 5!
continuous aeration, and agitation at 150 rpm) [6,19]. Four experimental groups (wastew-
ater at 25, 50, 75, and 100%) and their respective control groups (without the addition of
the cyanobacterial inoculum) were established in triplicate. Ultrapure water was used to
dilute the wastewater to 25, 50, and 75%. A BG-11 medium control was also included, which
provided a baseline for growth under optimized synthetic conditions.

Erlenmeyer flasks containing 200 mL of BG-11 medium or wastewater at four concen-
trations were inoculated with 2 mL of mid-exponential growth phase Synechococcus sp. cul-
ture (equivalent to 6.7 mg of dry cyanobacterial biomass). Daily monitoring over the 7-day
experimental period tracked dry cyanobacterial biomass accumulation (ug/mL of culture)
and ammonium concentration in the cultures (except in the culture with BG-11 medium)

2.6. Growth Kinetics

Cyanobacterial growth was monitored at 24 h intervals over the experimental period.
One-milliliter culture aliquots were sampled and centrifuged (10,000x g for 5 min at
10 °C). The supernatants were transferred to 1.5 mL microtubes and used to determine the
concentration of ammonium. Cyanobacterial biomass obtained after centrifugation was
dried at 60 °C for 24 h, weighed, and recorded. Measurements were performed in triplicate
to ensure reproducibility and expressed as micrograms of cyanobacterial dried biomass by
milliliter of culture (ug of cdb/mL). Specific growth rates and percentage of cdb increases
were estimated according to [20] using Equations (1) and (2), where Xy and X7 represent
the cdb/mL at days 0 and 7, respectively:

b (3
Specific growth rate (y-day™ ") = 7 0 1)
Percentage of cdb increase (%) = X7 =X x 100 (2)

2.7. Ammonium Removal Efficiency

Ammonium concentration was evaluated in each experimental group and their re-
spective control groups at the start (day 0) and every 24 h for seven days. Ammonium
concentration was determined via the indophenol blue direct method [21,22], where am-
monium ions react with hypochlorite and phenol to form a blue-green chromophore
detectable at 640 nm. A standard calibration curve was constructed using analytical grade
(>99.9% purity) ammonium chloride (NH4Cl). The calibration curve was prepared using at
least six concentration points, spanning the expected range of sample concentrations. The
linearity of the calibration curve was validated with correlation coefficient (R?) exceeding
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0.995, ensuring reliable quantification (Figure S2). Quality control standards were analyzed
every 10 samples to verify analytical accuracy throughout the analysis period.

The ammonium removal efficiency (RE) was determined using Equation (3), where Sy
and Sy represent the ammonium concentrations in ug-mL~! on days 0 and 7, respectively:

RE (%) = S0 5_0 57 4100 3)

2.8. Biochemical Characterization

At the end of the bioremediation experiments (day 7), the total cyanobacterial biomass
was harvested by centrifugation and dried, as previously described. From five to 10 mg of
cyanobacterial dried biomass (cdb) were used for biochemical analysis.

Ash, lipids, carbohydrates, and proteins were quantified according to the methods
described by Cobos et al. [23]. Standard calibration curves for carbohydrate and protein
quantification were constructed using analytical-grade (>99.9% purity) glucose and bovine
serum albumin (Figure S2).

The photosynthetic pigment content (chlorophyll-a, carotenoids, and phycobilipro-
teins) was quantified spectrophotometrically using a modified protocol adapted from
Cobos et al. [18]. Absorption spectra were recorded using a NanoDrop™ 2000 spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA, USA) at wavelengths corresponding to
pigment-specific absorption maxima: 440 nm and 680 nm for chlorophyll-a, 490 nm for
carotenoids (combined {3-carotene and xanthophyll absorption), 620 nm (c-phycocyanin,
CPC), and 652 nm (allophycocyanin, APC) for phycobiliproteins. Phycocyanin concen-
trations were calculated using empirically derived Equations (4) and (5) to correct for the
spectral overlap between CPC and APC, as defined by Bennett and Bogorad [24]:

_A620 —0.474 x A652

—1
CPC (mgmL™") = 534 4)
APC (mg mL 1) = 22652 = 0'5282 X A2 ®)

To verify and quantify carotenoids in the cyanobacterial biomass, we conducted
spectrophotometric analysis using a chloroform solution of analytical-grade 3-carotene
(C4582, Sigma-Aldrich (St. Louis, MO, USA), >95% purity) at a concentration of 50 mg/mL
as a reference standard (Figure S3). The absorption spectra of the extracted carotenoids
from experimental samples were compared against this standard to confirm their presence
and relative abundance.

For phycocyanin characterization, we performed partial purification of these pigment-
proteins from 10 g of fresh cyanobacterial biomass harvested during mid-exponential
growth phase. The purification process followed the protocol described by Patel et al. [25],
which involved ammonium sulfate precipitation followed by dialysis (Figure S4). This pro-
cedure allowed us to isolate phycocyanins from the cellular matrix while maintaining their
structural integrity for subsequent spectral analysis. The partially purified phycocyanin
exhibited the characteristic absorption peaks, confirming the presence of these valuable
pigment-proteins in the Synechococcus sp. culture.

2.9. Statistical Analysis

Statistical analyses were conducted to evaluate the differences in growth kinetics,
ammonium removal efficiency, and biochemical composition across the experimental
groups. Normality and homogeneity of variances were first assessed using the Anderson-
Darling test ( = 0.05) for all variables.
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A two-way ANOVA (factors: treatment x time) with Tukey’s post hoc test was applied
to analyze differences in Synechococcus sp. growth profile over the 7-day experimental
period. This model assesses both temporal dynamics and treatment-specific effects.

For endpoint measurements (day 7), parametric data meeting normality assumptions
were analyzed using one-way analysis of variance (ANOVA) followed by Tukey’s multi-
comparison test. Non-parametric datasets were evaluated using the Kruskal-Wallis test
with Dunn’s post hoc correction. Pairwise comparisons between specific treatments were
conducted using the Mann-Whitney U test with Bonferroni adjustment for family wise
error rate control.

All analyses were performed using GraphPad Prism 10.0 (GraphPad Software, San
Diego, CA, USA), with statistical significance defined at & = 0.05. Results are reported as
the average £ SD unless otherwise noted.

3. Results and Discussion
3.1. Growth Kinetics

The growth in Synechococcus sp. was successfully established across all tested wastew-
ater concentrations, with quantifiable differences in growth kinetics and biomass accu-
mulation between treatments (Figure 1). The specific growth rate (u-day’l) and per-
centage increase in biomass concentration revealed notable patterns that provide insight
into the optimal conditions for cyanobacterial cultivation in municipal wastewater from
the Peruvian Amazon region. Synechococcus sp. exhibited its highest specific growth rate
(22.8 x 1072 p-day’l) and greatest biomass increase (393.2%) in 25% wastewater, surpassing
even the performance in the standard BG-11 medium (21.4 x 1072 u-day’l, 347.9% increase).

A clear inverse relationship was observed between wastewater concentration and
growth parameters. As wastewater concentration increased from 25% to 100%, both specific
growth rate and percent biomass increase progressively declined. The 50% wastewater
treatment maintained a growth rate (22.0 x 1072 u-day’l) and biomass increase (365.7%)
comparable to the BG-11 control, while the 75% and 100% treatments showed substantially
reduced performance (17.6 x 102 p-day ! with 243.2% increase, and 13.0 x 1072 p-day !
with 148.9% increase, respectively). This pattern suggests that while wastewater from Mo-
ronacoha Lake provides essential nutrients for cyanobacterial growth, certain components
may exert concentration-dependent inhibitory effects, as similarly observed by several in-
vestigations [9,19,26,27]. However, these findings have important implications for practical
applications, as they suggest that a fed-batch or semi-continuous cultivation system with
appropriate dilution could optimize biomass productivity while simultaneously treating
wastewater, as was demonstrated in recent publications [28-32].

Another potential strategy for practical implementation could involve a multi-stage
cultivation approach as suggested by Sutherland et al. [33], where initial treatment uses
diluted wastewater to maximize biomass productivity, followed by subsequent stages
with progressively higher wastewater concentrations to achieve comprehensive nutrient
removal while maintaining reasonable growth rates.

But it is important to take into account that the relationship between nutrient stoi-
chiometry and biomass productivity has significant implications for large-scale applications.
Anaerobically digested wastewater, characterized by high ammonium and orthophosphate
content, could also serve as a cost-effective growth medium for Synechococcus cultivation
when maintained below inhibitory thresholds [34]. Furthermore, wastewater nutrient ratios
influence not only growth rates but also cellular stoichiometry, which directly impacts the
nutrient cycling capacity of the cyanobacteria and bioremediation efficiency [35].
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Figure 1. Growth kinetics of Synechococcus sp. cultivated in different concentrations of municipal
wastewater over a 7-day period. The graph displays the concentration of dry cyanobacterial biomass
(1g/mL of culture) for each treatment condition. Specific growth rates (i-day ') and percentage of
cyanobacterial dried biomass increase are indicated in the legend for each treatment. The highest growth
performance was observed in 25% wastewater (22.8 x 1072 p-day~!, 393.2% increase), exceeding even
the standard BG-11 medium (21.4 x 1072 p-day—!, 347.9% increase). Growth parameters progressively
decreased with increasing wastewater concentration, while the purified water control showed minimal
growth (8.5 x 107> p.~day*1, 0.06% increase). Error bars represent standard deviation (n = 3).

3.2. Ammonium Removal Efficiency

The bioremediation capacity of Synechococcus sp. was evaluated by quantifying its
ammonium removal efficiency in municipal wastewater across different dilution levels and
corresponding initial ammonium concentrations (Figure 2). The cyanobacterial cultures
exhibited consistent ammonium reduction throughout the 7-day experimental period,
while control cultures maintained stable levels, confirming that the observed removal was
biologically mediated.

In 25% wastewater treatment (initial ammonium = 162.3 £ 9.3 pug/mL), Synechococcus
sp. demonstrated exceptional performance with a removal efficiency of 95.4 =+ 2.8%, achiev-
ing near-complete ammonium removal (Figure 2A). This high efficiency coincided with
optimal growth rates and biomass production (Figure 1), suggesting favorable conditions
for nutrient assimilation and metabolic activity. At higher wastewater concentrations, re-
moval efficiency declined proportionally. In 50% wastewater (324.3 9.7 ug/mL), efficiency
decreased to 39.1 £ 2.5% (Figure 2B). Further reductions occurred in 75% (14.6 £ 1.1%)
and 100% of wastewater (11.7 = 2.3%; Figure 2C,D), relating to growth inhibition patterns
(Figure 1). This inverse relationship between wastewater concentration and, therefore,
ammonium concentration and removal efficiency parallels the growth inhibition pattern
observed in Figure 1, providing strong evidence that optimal bioremediation performance
occurs under diluted conditions.
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Figure 2. Ammonium removal by Synechococcus sp. in different wastewater concentrations over
a 7-day treatment period. (A) 25% wastewater with initial ammonium concentration ~160 pug/mL, re-
sulting in 95.4 + 2.8% removal efficiency; (B) 50% wastewater with initial concentration ~330 ug/mL,
resulting in 39.1 £ 2.5% removal efficiency; (C) 75% wastewater with initial concentration
~490 ug/mL, resulting in 14.6 £ 1.1% removal efficiency; (D) 100% wastewater with initial con-
centration ~650 ng/mL, resulting in 11.7 £ 2.3% removal efficiency. Red lines represent control
cultures without cyanobacteria; blue lines represent cultures with cyanobacteria. Error bars represent
standard deviation (n = 3). Note the inverse relationship between wastewater concentration and
removal efficiency, with optimal performance at the 25% wastewater dilution.

The removal of ammonium in non-axenic cyanobacterial cultures appears to be gov-
erned by a complex interplay of direct assimilation and bacterial nitrification processes.
Cyanobacteria are known to directly assimilate ammonium into their biomass, a pro-
cess that has been observed to function in synergy with nitrifying bacteria that oxidize
ammonium to nitrite and nitrate [36,37]. It was demonstrated that microbial cultures in mu-
nicipal wastewater can exhibit high rates of both ammonium assimilation and nitrification,
emphasizing the potential role of associated bacteria in these mixed communities [36].

The reduced efficiency of ammonium removal at higher substrate concentrations may
be attributed to substrate inhibition and physiological stress imposed by co-occurring
wastewater pollutants. Under high ammonium conditions, cyanobacteria often exhibit al-
tered photophysiological behavior to mitigate the risk of photodamage by modulating their
light-harvesting capacities and protective pigment composition [38]. When cyanobacteria
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are supplied with ammonium as the primary nitrogen source, there is a pronounced shift
in metabolic pathways geared toward photoprotection, including modifications in pigment
synthesis and energy dissipation mechanisms. Such changes can be directly correlated with
declines in growth rates, as the reallocative stress responses impede the normal assimilation
processes [38].

Additionally, the interplay between ammonium concentration and other wastewater
components further complicates the metabolic balance within the culture. It was observed
that ammonia-rich environments could trigger significant changes in the nitrogen sensing
and assimilation pathways at the proteomic level, affecting both biomass production and
nutrient removal efficiency [39]. This aligns with observations where higher loads of
ammonium, possibly compounded by other contaminants, result in altered biochemical
composition and pigment production, ultimately corroborating the hypothesis of substrate
inhibition and stress-induced metabolic adjustments [38,39].

Together, these studies illustrate that while simultaneous direct assimilation and
nitrification play crucial roles in ammonium removal within non-axenic cyanobacterial
systems, environmental factors and the intricacies of intracellular metabolic regulation
under high-ammonium conditions can lead to reduced treatment efficiency. The cumulative
evidence emphasizes the need for a balanced nutrient load to maintain optimal metabolic
function and highlights the complex dynamics that govern wastewater treatment processes
in phototrophic cultures.

3.3. Biochemical Characterization

The wastewater composition significantly influenced the proximate biochemical pro-
file of the harvested Synechococcus sp. biomass (Figure 3). The protein content, which
constituted the largest fraction of biomass across all treatments, exhibited a notable de-
crease with increasing wastewater concentration, from 530.1 pg/mg in 25% wastewater to
373.3 ug/mg in 100% wastewater. This trend may reflect cellular responses to stress con-
ditions at higher wastewater concentrations, as protein synthesis is often downregulated
under various environmental stressors [40,41].

In contrast, lipid content displayed a marked increase with increasing wastewater
concentration, reaching its maximum of 295.7 ug/mg in 100% wastewater, a 38% increase
compared to the BG-11 control (214.5 pg/mg). This enhanced lipid accumulation represents
a potentially valuable outcome from a biorefinery perspective, as lipid-rich biomass has
applications in biofuel production and high-value nutraceuticals [23,42]. Carbohydrate
content showed more complex variation, initially decreasing in 25% wastewater compared
to the BG-11 control, but then increasing at higher wastewater concentrations. This non-
linear response suggests complex metabolic adaptations to the changing nutrient profiles
and potential stressors in the wastewater treatments. The inverse relationship between
protein and lipid content aligns with observations by other researchers [2,43—-47], who
described the plasticity in the metabolism of proteins, lipids, and carbohydrates under
nutrient stress and changing environmental conditions in various cyanobacterial and
microalgal species.

The ash content observed in the dried biomass of cyanobacteria exhibited a signifi-
cant increase correlated with wastewater concentration, rising from 43.6 pg/mg in the
BG-11 control to 103.4 pug/mg in a 100% wastewater condition. This phenomenon can be
attributed to the accumulation of inorganic ions derived from the wastewater matrix.
In this context, the ash content in cyanobacteria cultured in different concentrations of
wastewater can vary significantly due to the nutrient composition and concentration
of the wastewater. Cyanobacteria, being efficient in nutrient uptake, can alter their
biochemical composition, including ash content, based on the availability of nutrients
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and heavy metal content in the wastewater. Studies indicate that the concentration of
wastewater influences the growth and biochemical composition of cyanobacteria, which
in turn affects the ash content [48-50].
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Figure 3. Proximate biochemical composition of Synechococcus sp. dried biomass cultivated in differ-
ent wastewater concentrations. The stacked bars show the content of proteins (blue), carbohydrates
(green), lipids (yellow), and ashes (gray) expressed as j1g/mg of cyanobacterial dried biomass. Error
bars represent standard deviation (n = 3). Note the inverse relationship between protein and lipid
content with increasing wastewater concentration, with protein content decreasing and lipid content
increasing at higher wastewater concentrations.

The spectrophotometric analysis and quantification of photosynthetic pigments
revealed significant adaptations in the Synechococcus sp. pigment apparatus in response
to wastewater cultivation (Figures 4 and S4). The most striking finding was the en-
hanced production of phycocyanin, a high-value blue protein pigment with applications
in food coloring, cosmetics, and pharmaceuticals [51], in the 25% wastewater treatment,
which reached 33.6 pug/mg, representing a 56% increase compared to the BG-11 control
(21.5 pg/mg). The absorbance spectrum (Figures 4A and S4) corroborated the phy-
cocyanin quantification results, with the 25% wastewater treatment exhibiting higher
absorption peaks in the characteristic phycocyanin regions (550-650 nm). The visual
color differences in the microtubes with extracted phycocyanins further confirmed these
spectroscopic findings, with more intense blue coloration in the 25% wastewater culture
compared to other treatments.
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Figure 4. Spectral characteristics and pigment composition of Synechococcus sp. cultivated in different
wastewater concentrations. (A) UV-visible absorption spectra (250-750 nm) with inset showing cul-
ture tube coloration across treatments. (B) Visible light absorption spectra (300-750 nm) highlighting
peaks associated with photosynthetic pigments. (C) Content of photosynthetic pigments including
total phycocyanins (purple), carotenoids (orange), and chlorophyll a (green) expressed as pg/mg of
cyanobacterial dried biomass. Error bars represent standard deviation (n = 3). Note the enhanced
phycocyanin production in 25% wastewater treatment compared to other conditions.

However, all pigments (phycocyanins, carotenoids, and chlorophyll a) showed pro-
gressive decreases as wastewater concentration increased beyond 25%, reaching mini-
mum values in the 100% wastewater treatment (Figure 4A—C). Other investigations have
also shown that the concentration of phycocyanin and other photosynthetic pigments in
cyanobacteria cultures can vary based on the concentration of wastewater used in the
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culture medium. This variation is influenced by the availability of nutrients, particularly
nitrogen and phosphorus, which are abundant in wastewater. For instance, in cultures
of Synechococcus sp., phycocyanin content was found to vary according to nitrogen levels,
while carotenoid content remained stable regardless of wastewater composition [13]. Sim-
ilarly, the presence of nutrients such as ammonium and phosphate in swine wastewater
supports the growth and influences the phycocyanin production in Thermosynechococcus sp.
CL-1 [52].

The observed pattern indicates that moderate dilution of wastewater (25%) creates
optimal conditions for the biosynthesis of pigments in the cyanobacteria Synechococcus
sp. At this dilution level, the balance of nutrients appears to favor pigment production,
enhancing the metabolic pathways associated with pigment biosynthesis. However, as
the concentration of wastewater increases beyond this moderate level, the cyanobacteria
may experience stress conditions that lead to a redirection of metabolic resources. Elevated
concentrations of certain toxic substances or nutrient imbalances can trigger defensive
strategies in cyanobacteria, resulting in reduced pigment synthesis. This shift in metabolic
focus is well-documented; for instance, Allen and Smith noted that cyanobacteria under
nitrogen-stressed conditions may tap into pigment reserves and reutilize nitrogen-rich
compounds to sustain growth, thereby compromising pigment production [53].

Additionally, toxic byproducts typically present in higher concentrations of wastewa-
ter can inhibit the metabolic pathways involved in pigment biosynthesis. Under high-stress
conditions, such as those induced by nutrient limitations or toxic ion exposure, cyanobacte-
ria prioritize growth and survival over the synthesis of secondary metabolites, including
pigments [53]. Furthermore, the iron homeostasis and nutrient regulation in cyanobacte-
rial systems are critical, indicating that disturbances in nutrient availability could further
detract from optimal pigment production [54]. Thus, while moderate wastewater con-
centration fosters pigment biosynthesis through nutrient abundance, elevated levels may
detrimentally affect cellular processes, illustrating a complex interplay between environ-
mental stressors and metabolic allocation in cyanobacteria.

4. Conclusions

This study demonstrates the effective bioremediation potential of a non-axenic Syne-
chococcus sp. strain for treating municipal wastewater from the Peruvian Amazon, while
simultaneously producing valuable biomass with modifiable biochemical characteristics.
The cyanobacterium exhibited robust growth across all wastewater concentrations tested,
with performance in diluted wastewater (25%) exceeding even the standard BG-11 medium.
This finding is particularly significant as it indicates that municipal wastewater can serve
not merely as a substrate for remediation but as an optimized growth medium when
appropriately diluted.

The substantial ammonium removal capacity demonstrated across various initial
concentrations highlights the potential of this Synechococcus strain for addressing one
of the primary nutrient concerns in municipal wastewater. Complete removal at lower
concentrations and significant reductions at higher concentrations suggest that a multi-
stage treatment approach could maximize remediation efficiency while producing biomass
with different characteristics at each stage.

The modulation of biochemical composition in response to different wastewater
concentrations presents opportunities for tailored biomass production targeted toward
specific applications. The enhanced lipid accumulation at higher wastewater concentrations
could be particularly valuable for biofuel applications, while the increased phycocyanin
production in 25% wastewater opens possibilities for high-value pigment extraction within
an integrated biorefinery concept.
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The non-axenic nature of the cyanobacterial culture likely contributed to its robust
performance across different wastewater conditions, suggesting that engineered consortia
may offer advantages over axenic cultures for real-world applications. This approach
aligns with emerging understanding that microbial community interactions can enhance
resilience and functional performance in bioremediation systems.

Several limitations of this study should be acknowledged. The 7-day experimental
period, while sufficient to demonstrate bioremediation potential, may not fully capture
long-term performance and stability. Additionally, while ammonium removal was compre-
hensively evaluated, other important wastewater parameters such as phosphorus, organic
carbon, and potential micropollutants warrant further investigation.

Future research should explore continuous or semi-continuous operational modes
that better approximate real-world treatment scenarios. The optimization of hydraulic
and solid retention times, along with investigations into seasonal variations and scaling
considerations, would provide valuable insights for practical implementation. Furthermore,
detailed economic and life cycle analyses would help quantify the sustainability benefits of
the proposed approach within a circular bioeconomy framework.

In conclusion, this study provides compelling evidence for the potential of Synechococ-
cus sp. to serve as a cornerstone organism in developing integrated wastewater treatment
systems that simultaneously address environmental challenges while generating valuable
bioproducts in the Peruvian Amazon region. The findings contribute to the growing body
of knowledge supporting the transition from linear to circular approaches in wastewa-
ter management, particularly in regions where conventional infrastructure is limited but
biological resources are abundant.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/biotech14020036/s1, Figure S1. Geographic location and aerial
views of the municipal wastewater discharge point in Moronacocha Lake, Iquitos, Peru. Top: Location
of Iquitos city in northeastern Peru and its position relative to the Amazon River. Middle: Satellite
image of the urban area showing the wastewater discharge point (03°44'41.89” S, 73°15'56.65” W).
Bottom: Detailed aerial view and ground-level photograph of the discharge infrastructure where
wastewater samples were collected for this study; Figure S2. Standard calibration curves for analyti-
cal measurements used in this study. (A) Ammonium chloride calibration curve (indophenol blue
method at 640 nm) showing linear relationship (R? = 0.9995) used for quantifying ammonium in
wastewater treatments; (B) Bovine serum albumin calibration curve (R? = 0.9979) used for protein
content determination in cyanobacterial biomass; (C) Glucose calibration curve (R? = 0.9978) used for
carbohydrate content determination in cyanobacterial biomass. Each calibration curve demonstrates
high linearity with correlation coefficients exceeding 0.995, ensuring reliable quantification of respec-
tive compounds. Linear regression equations and correlation coefficients (R?) are shown for each
calibration curve; Figure S3. Absorption spectrum of carotenoids extracted from Synechococcus sp.
biomass. The spectrum shows a characteristic absorbance pattern of carotenoids with an absorption
maximum around 330-340 nm and multiple smaller peaks corresponding to vibrational fine structure.
This reference spectrum was used for identification and relative quantification of carotenoid content
in cyanobacterial biomass grown under different wastewater treatments; Figure S4. Absorption spec-
tra of phycobiliproteins extracted from Synechococcus sp. biomass. (A) Full spectral scan (200-800 nm)
of partially purified phycocyanin showing characteristic peaks in the 500-650 nm region; (B) Detailed
absorption profile of phycobiliproteins in the visible region (450700 nm) with characteristic absorp-
tion maxima at 565 nm and 620 nm, corresponding to phycoerythrin and phycocyanin, respectively.
These spectra were used for pigment identification and quantification in cyanobacterial biomass
grown under different wastewater treatments.

Author Contributions: Conceptualization, Funding acquisition, Investigation, Project administration,
Resources, Supervision, Formal analysis, Writing—review and editing, M.C. and J.C.C.; Investigation,

72



BioTech 2025, 14, 36

Methodology, Software, Validation, Writing—original draft, R.G.C.; Conceptualization, Data curation,
Investigation, Writing—review and editing, C.R.-H.; Methodology, Software, Writing—review and
editing, C.G.C.; Methodology, Writing—review and editing, Formal analysis, H.N.R.; Methodology,
Validation, Writing—review and editing, G.L.G.; Methodology, Validation, Writing—review and
editing, PM.V. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by two institutional grants: (1) Universidad Nacional de la
Amazonia Peruana (UNAP) under Grant No. 0449-2024-UNAP (Rectoral Resolution), awarded
through the Basic Research Project “Bioremediation of Wastewater with a Microalgal Consortium
and Production of Biofertilizers: A Circular Bioeconomy Approach in Loreto.”; and (2) Universidad
Peruana de Ciencias Aplicadas (UPC) under Grant No. UPC-EXPOST-2025-1. The authors gratefully
acknowledge the financial support provided by both institutions, which made this research possible.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All relevant data are presented within the manuscript and Supplemen-
tary Materials. Additional raw data and detailed experimental protocols are available upon request
from the corresponding author.

Acknowledgments: The authors gratefully acknowledge the support provided by the Universidad
Nacional de la Amazonia Peruana (UNAP) through the Specialized Unit of Biotechnology Research
Laboratory (UELIB), Natural Resources Research Center of UNAP (CIRNA) for providing access
to laboratory facilities, specialized equipment, and technical support. We thank the laboratory
technicians (Elsa Maveth Mendoza, Julio Rodrigo Vasquez, Maria José Panduro, Oscar Alexander
Saldafia, Sergio Antonio Valles) and administrative staff for their valuable assistance throughout
the experimental work. We also extend our appreciation to the Direccién de Investigacion de la
Universidad Peruana de Ciencias Aplicadas (UPC) for providing complementary infrastructure and
administrative support that facilitated the completion of this research through the incentive UPC-
EXPOST-2025-1. The dedication and professionalism of the technical and administrative personnel
from both universities significantly contributed to the success of this study.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  UNESCO. Water and Climate Change; The United Nations World Water Development Report; UNESCO: Paris, France, 2020;
ISBN 978-92-3-100371-4.

2. Sisman-Aydin, G.; Simsek, K. Municipal Wastewater Effects on the Performance of Nutrient Removal, and Lipid, Carbohydrate,
and Protein Productivity of Blue-Green Algae Chroococcus turgidus. Sustainability 2022, 14, 17021. [CrossRef]

3. Verma, A.; Sharma, A.; Kumar, R.; Sharma, P. Nitrate Contamination in Groundwater and Associated Health Risk Assessment for
Indo-Gangetic Plain, India. Groundw. Sustain. Dev. 2023, 23, 100978. [CrossRef]

4. Wang, Q.; Wang, X,; Hong, Y.; Liu, X.; Zhao, G.; Zhang, H.; Zhai, Q. Microalgae Cultivation in Domestic Wastewater for
Wastewater Treatment and High Value-Added Production: Species Selection and Comparison. Biochem. Eng. J. 2022, 185, 108493.
[CrossRef]

5. Ye,S.; Gao, L.; Zhao, J.; An, M.; Wu, H.; Li, M. Simultaneous Wastewater Treatment and Lipid Production by Scenedesmus sp.
HXY2. Bioresour. Technol. 2020, 302, 122903. [CrossRef]

6. Wu, K,; Atasoy, M.; Zweers, H.; Rijnaarts, H.; Langenhoff, A.; Fernandes, T.V. Impact of Wastewater Characteristics on the
Removal of Organic Micropollutants by Chlorella sorokiniana. . Hazard. Mater. 2023, 453, 131451. [CrossRef] [PubMed]

7. Haider, M.N.; Liu, C.-G,; Tabish, T.A.; Balakrishnan, D.; Show, P-L.; Qattan, S.Y.A.; Gull, M.; Mehmood, M.A. Resource Recovery
of the Wastewater-Derived Nutrients into Algal Biomass Followed by Its Cascading Processing to Multiple Products in a Circular
Bioeconomy Paradigm. Fermentation 2022, 8, 650. [CrossRef]

8. Aditya, L.; Mahlia, TM.L; Nguyen, L.N.; Vu, H.P.; Nghiem, L.D. Microalgae-Bacteria Consortium for Wastewater Treatment and
Biomass Production. Sci. Total Environ. 2022, 838, 155871. [CrossRef]

9. Janpum, C.; Pombubpa, N.; Monshupanee, T.; Incharoensakdi, A.; In-Na, P. Advancement on Mixed Microalgal-Bacterial

Cultivation Systems for Nitrogen and Phosphorus Recoveries from Wastewater to Promote Sustainable Bioeconomy. J. Biotechnol.
2022, 360, 198-210. [CrossRef]

73



BioTech 2025, 14, 36

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Goyal, S.; Dhanker, R.; Hussain, T.; Ferreira, A.; Gouveia, L.; Kumar, K.; Mohamed, H.I. Modern Advancement in Biotechnological
Applications for Wastewater Treatment through Microalgae: A Review. Water. Air Soil Pollut. 2023, 234, 417. [CrossRef]
Pishbin, M.; Sarrafzadeh, M.-H.; Faramarzi, M.A. Nitrate and Phosphate Removal Efficiency of Synechococcus elongatus Under
Mixotrophic and Heterotrophic Conditions for Wastewater Treatment. Iran. J. Sci. Technol. Trans. Civ. Eng. 2021, 45, 1831-1843.
[CrossRef]

De Farias Silva, C.E.; Bertucco, A.; Vieira, R.C.; Abud, A K.D.S,; Silva Almeida, EB.P.D. Synechococcus PCC 7002 to Produce a
Carbohydrate-Rich Biomass Treating Urban Wastewater. Biofuels 2022, 13, 551-558. [CrossRef]

Bellver, M.; Ruales, E.; Diez-Montero, R.; Escola Casas, M.; Matamoros, V.; Ferrer, I. Natural Pigments and Biogas Recovery
from Cyanobacteria Grown in Treated Wastewater. Fate of Organic Microcontaminants. Water Res. 2025, 273, 123005. [CrossRef]
[PubMed]

Mathimani, T.; Alshiekheid, M.A.; Sabour, A.; Le, T,; Xia, C. Appraising the Phycoremediation Potential of Cyanobacterial Strains
Phormidium and Oscillatoria for Nutrient Removal from Textile Wastewater (TWW) and Synchronized Biodiesel Production from
TWW-Tolerant Biomass. Environ. Res. 2024, 241, 117628. [CrossRef] [PubMed]

Prabha, S.; Vijay, A.K; Paul, R.R.; George, B. Cyanobacterial Biorefinery: Towards Economic Feasibility through the Maximum
Valorization of Biomass. Sci. Total Environ. 2022, 814, 152795. [CrossRef]

Satya, A.D.M.; Cheah, W.Y,; Yazdi, S.K.; Cheng, Y.-S.; Khoo, K.S.; Vo, D.-V.N.; Bui, X.D.; Vithanage, M.; Show, P.L. Progress on
Microalgae Cultivation in Wastewater for Bioremediation and Circular Bioeconomy. Environ. Res. 2023, 218, 114948. [CrossRef]
Ummalyma, S.B.; Singh, A. Biomass Production and Phycoremediation of Microalgae Cultivated in Polluted River Water.
Bioresour. Technol. 2022, 351, 126948. [CrossRef]

Cobos, M.; Condori, R.C.; Grandez, M. A ; Estela, S.L.; Del Aguila, M.T.; Castro, C.G.; Rodriguez, H.N.; Vargas, ].A.; Tresierra,
A.B.; Barriga, L.A.; et al. Genomic Analysis and Biochemical Profiling of an Unaxenic Strain of Synechococcus sp. Isolated from the
Peruvian Amazon Basin Region. Front. Genet. 2022, 13, 973324. [CrossRef]

Sousa, J.F.; Amaro, H.M.; Ribeirinho-Soares, S.; Esteves, A.F.; Salgado, E.M.; Nunes, O.C; Pires, ].C.M. Native Microalgae-Bacteria
Consortia: A Sustainable Approach for Effective Urban Wastewater Bioremediation and Disinfection. Microorganisms 2024,
12, 1421. [CrossRef]

Richmond, A.; Hu, Q. (Eds.) Handbook of Microalgae Culture: Applied Phycology and Biotechnology, 2nd ed.; Wiley Blackwell:
Hoboken, NJ, USA, 2013; ISBN 978-0-470-67389-8.

American Public Health Association. Standard Methods for the Examination of Water and Wastewater; American Public Health
Association: Washington, DC, USA, 2017; ISBN 978-0-87553-287-5.

Huizenga, J.R.; Teelken, A.W.; Tangerman, A.; De Jager, A.E.J.; Gips, C.H.; Jansen, PL.M. Determination of Ammonia in
Cerebrospinal Fluid Using the Indophenol Direct Method. Mol. Chem. Neuropathol. 1998, 34, 169-177. [CrossRef]

Cobos, M.; Paredes, ].D.; Maddox, ].D.; Vargas-Arana, G.; Flores, L.; Aguilar, C.P.; Marapara, J.L.; Castro, ].C. Isolation and
Characterization of Native Microalgae from the Peruvian Amazon with Potential for Biodiesel Production. Energies 2017, 10, 224.
[CrossRef]

Bennett, A.; Bogorad, L. Complementary Chromatic Adaptation in a Filamentous Blue-Green Alga. ]. Cell Biol. 1973, 58, 419-435.
[CrossRef] [PubMed]

Patel, A.; Mishra, S.; Pawar, R.; Ghosh, PK. Purification and Characterization of C-Phycocyanin from Cyanobacterial Species of
Marine and Freshwater Habitat. Protein Expr. Purif. 2005, 40, 248-255. [CrossRef]

Agawin, N.S.R.; Duarte, C.M.; Agusti, S. Response of Mediterranean Synechococcus Growth and Loss Rates to Experimental
Nutrient Inputs. Mar. Ecol. Prog. Ser. 2000, 206, 97-106. [CrossRef]

Korosh, T.C.; Dutcher, A.; Pfleger, B.F.; McMahon, K.D. Inhibition of Cyanobacterial Growth on a Municipal Wastewater
Sidestream Is Impacted by Temperature. mSphere 2018, 3, e00538-17. [CrossRef]

Solis-Salinas, C.E.; Patlan-Judrez, G.; Okoye, P.U.; Guillén-Garcés, A.; Sebastian, PJ.; Arias, D.M. Long-Term Semi-Continuous
Production of Carbohydrate-Enriched Microalgae Biomass Cultivated in Low-Loaded Domestic Wastewater. Sci. Total Environ.
2021, 798, 149227. [CrossRef]

Bresaola, M.D.; Morocho-Jacome, A.L.; Matsudo, M.C.; de Carvalho, ].C.M. Semi-Continuous Process as a Promising Technique
in Ankistrodesmus braunii Cultivation in Photobioreactor. J. Appl. Phycol. 2019, 31, 2197-2205. [CrossRef]

Alvarez, X.; Otero, A. Nutrient Removal from the Centrate of Anaerobic Digestion of High Ammonium Industrial Wastewater by
a Semi-Continuous Culture of Arthrospira sp. and Nostoc sp. PCC 7413. ]. Appl. Phycol. 2020, 32, 2785-2794. [CrossRef]

Markou, G. Fed-Batch Cultivation of Arthrospira and Chlorella in Ammonia-Rich Wastewater: Optimization of Nutrient Removal
and Biomass Production. Bioresour. Technol. 2015, 193, 35-41. [CrossRef] [PubMed]

Garcia-Canedo, J.C.; Cristiani-Urbina, E.; Flores-Ortiz, C.M.; Ponce-Noyola, T.; Esparza-Garcia, F.; Canizares-Villanueva, R.O.
Batch and Fed-Batch Culture of Scenedesmus incrassatulus: Effect over Biomass, Carotenoid Profile and Concentration, Photosyn-
thetic Efficiency and Non-Photochemical Quenching. Algal Res. 2016, 13, 41-52. [CrossRef]

74



BioTech 2025, 14, 36

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Sutherland, D.L.; Park, J.; Heubeck, S.; Ralph, PJ.; Craggs, R.J. Size Matters—Microalgae Production and Nutrient Removal in
Wastewater Treatment High Rate Algal Ponds of Three Different Sizes. Algal Res. 2020, 45, 101734. [CrossRef]

Dutcher, A. Optimization of Growth Conditions for the Model Bacterium Synechococcus sp. PCC 7002 for Chemical Production
Using Wastewater-Based Media. Master’s Thesis, University of Wisconsin-Madison, Madison, WI, USA, 2016.

Garcia, N.S.; Bonachela, J.A.; Martiny, A.C. Interactions between Growth-Dependent Changes in Cell Size, Nutrient Supply and
Cellular Elemental Stoichiometry of Marine Synechococcus. ISME ]. 2016, 10, 2715-2724. [CrossRef]

Leong, W.H; Kiatkittipong, K.; Kiatkittipong, W.; Cheng, Y.W.; Lam, M.K.; Shamsuddin, R.; Mohamad, M.; Lim, ] W. Comparative
Performances of Microalgal-Bacterial Co-Cultivation to Bioremediate Synthetic and Municipal Wastewaters Whilst Producing
Biodiesel Sustainably. Processes 2020, 8, 1427. [CrossRef]

Stauch-White, K.; Srinivasan, V.N.; Camilla Kuo-Dahab, W.; Park, C.; Butler, C.S. The Role of Inorganic Nitrogen in Successful
Formation of Granular Biofilms for Wastewater Treatment That Support Cyanobacteria and Bacteria. AMB Express 2017, 7, 146.
[CrossRef] [PubMed]

Yang, X.; Dong, W.; Liu, L.; Bi, Y;; Xu, W.; Wang, X. Uncovering the Differential Growth of Microcystis aeruginosa Cultivated under
Nitrate and Ammonium from a Photophysiological Perspective. ACS EST Water 2023, 3, 1161-1171. [CrossRef]

Patel, A.K.; Huang, E.L.; Low-Décarie, E.; Lefsrud, M.G. Comparative Shotgun Proteomic Analysis of Wastewater-Cultured
Microalgae: Nitrogen Sensing and Carbon Fixation for Growth and Nutrient Removal in Chlamydomonas reinhardtii. . Proteome
Res. 2015, 14, 3051-3067. [CrossRef]

Anand, J.; Arumugam, M. Enhanced Lipid Accumulation and Biomass Yield of Scenedesmus quadricauda Under Nitrogen Starved
Condition. Bioresour. Technol. 2015, 188, 190-194. [CrossRef]

Breuer, G.; Lamers, P.P.; Martens, D.E.; Draaisma, R.B.; Wijffels, R.H. The Impact of Nitrogen Starvation on the Dynamics of
Triacylglycerol Accumulation in Nine Microalgae Strains. Bioresour. Technol. 2012, 124, 217-226. [CrossRef]

Arguelles, E.D.; Laurena, A.C.; Monsalud, R.G.; Martinez-Goss, M.R. Fatty Acid Profile and Fuel-Derived Physico-Chemical
Properties of Biodiesel Obtained from an Indigenous Green Microalga, Desmodesmus sp. (I-AU1), as Potential Source of Renewable
Lipid and High Quality Biodiesel. ]. Appl. Phycol. 2018, 30, 411-419. [CrossRef]

Rodolfi, L.; Chini Zittelli, G.; Bassi, N.; Padovani, G.; Biondi, N.; Bonini, G.; Tredici, M.R. Microalgae for Oil: Strain Selection,
Induction of Lipid Synthesis and Outdoor Mass Cultivation in a Low-Cost Photobioreactor. Biotechnol. Bioeng. 2009, 102, 100-112.
[CrossRef]

Castielli, O.; De la Cerda, B.; Navarro, ].A.; Hervas, M.; De la Rosa, M.A. Proteomic Analyses of the Response of Cyanobacteria to
Different Stress Conditions. FEBS Lett. 2009, 583, 1753-1758. [CrossRef]

Xiong, W.; Cano, M.; Wang, B.; Douchi, D.; Yu, J. The Plasticity of Cyanobacterial Carbon Metabolism. Curr. Opin. Chem. Biol.
2017, 41, 12-19. [CrossRef] [PubMed]

Yalcin, D. Growth, Lipid Content, and Fatty Acid Profile of Freshwater Cyanobacteria Dolichospermum affine (Lemmermann)
Wacklin, Hoffmann, & Komaérek by Using Modified Nutrient Media. Aquac. Int. 2020, 28, 1371-1388. [CrossRef]

Ciebiada, M.; Kubiak, K.; Daroch, M. Modifying the Cyanobacterial Metabolism as a Key to Efficient Biopolymer Production in
Photosynthetic Microorganisms. Int. |. Mol. Sci. 2020, 21, 7204. [CrossRef] [PubMed]

Singh, D.V.; Upadhyay, A K,; Singh, R.; Singh, D.P. Eco-Friendly and Eco Technological Approaches in Treatment of Wastew-
ater by Different Algae and Cyanobacteria. In Algae and Sustainable Technologies; CRC Press: Boca Raton, FL, USA, 2020;
ISBN 978-1-003-00191-1.

Sénchez-Bayo, A.; Morales, V.; Rodriguez, R.; Vicente, G.; Bautista, L.F. Cultivation of Microalgae and Cyanobacteria: Effect of
Operating Conditions on Growth and Biomass Composition. Molecules 2020, 25, 2834. [CrossRef]

El-Bestawy, E. Treatment of Mixed Domestic-Industrial Wastewater Using Cyanobacteria. J. Ind. Microbiol. Biotechnol. 2008, 35,
1503-1516. [CrossRef]

Eriksen, N.T. Production of Phycocyanin—A Pigment with Applications in Biology, Biotechnology, Foods and Medicine. Appl.
Microbiol. Biotechnol. 2008, 80, 1-14. [CrossRef] [PubMed]

Winayu, B.N.R.; Ho, ].-Y.; Hsueh, H.-T.; Chu, H. Multifunctional Thermosynechococcus sp. CL-1 Cultivation in Swine Wastewater
for Nutrients Utilization, CO, Fixation, and C-Phycocyanin Production. J. Taiwan Inst. Chem. Eng. 2025, 166, 105046. [CrossRef]
Erratt, K.J.; Creed, LE; Trick, C.G. Comparative Effects of Ammonium, Nitrate and Urea on Growth and Photosynthetic Efficiency
of Three Bloom-Forming Cyanobacteria. Freshw. Biol. 2018, 63, 626—638. [CrossRef]

Gonzélez, A.; Bes, M.T; Valladares, A.; Peleato, M.L.; Fillat, M.F. FurA Is the Master Regulator of Iron Homeostasis and Modulates
the Expression of Tetrapyrrole Biosynthesis Genes in Anabaena sp. PCC 7120. Environ. Microbiol. 2012, 14, 3175-3187. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

75



molecules

Article

Synthesis of Amorphous MnFe@SBA Composites for Efficient
Adsorptive Removal of Pb(II) and Sb(V) from Aqueous
Solution

Zhou Shi, Aogui Zhu, Fan Chen, Yishu Cai * and Lin Deng *

Hunan Engineering Research Center of Water Security Technology and Application, College of Civil Engineering,
Hunan University, Changsha 410082, China; shiz61@hnu.edu.cn (Z.S.); zhuaoguil@hnu.edu.cn (A.Z.);
chenfan@cmie.cn (F.C.)

* Correspondence: yishu.cai@hnu.edu.cn (Y.C.); lindeng@hnu.edu.cn (L.D.)

Abstract: The extensive release of water contaminated with lead (Pb(Il)) and antimony
(Sb(V)) constitutes a serious threat to the human living environment and public health,
necessitating immediate attention. In this study, a novel MnFe@SBA composite was
synthesized using the hydrothermal method through the in situ growth of MnFe,O4 on
SBA-15. The MnFe@SBA exhibits an amorphous structure with a high specific surface
area of 405.9 m?/g and pore sizes ranging from 2 to 10 nm. Adsorption experiments
demonstrated that MnFe@SBA removed over 99% of Pb(II) and 80% of Sb(V) within 120
min at initial concentrations of 10 mg/L, whereas both MnFe,O, and SBA-15 exhibited
poor adsorption capacities. Additionally, the MnFe@SBA displayed excellent tolerance
towards coexisting cations, including Na*, K, Mg2+, CaZ*, Zn%*, Ni?*, and Cd?*, as well
as anions such as Cl~, NO3~, CO32~, and PO,*>". The adsorption behavior of Pb(II)
onto MnFe@SBA was satisfactorily described by the pseudo-second-order kinetic model
and the Freundlich isotherm, while the adsorption of Sb(V) was well-fitted by the pseudo-
second-order kinetic model and the Langmuir isotherm. At 318 K, the maximum adsorption
capacities of MnFe@SBA for Pb(Il) and Sb(V) were determined to be 329.86 mg/g and 260.40
mg/g, respectively. Mechanistic studies indicated that the adsorption of Pb(II) and Sb(V)
onto MnFe@SBA involved two primary steps: electrostatic attraction and complexation.
In conclusion, the MnFe@SBA is anticipated to serve as an ideal candidate for efficient
removal of Pb(II) and Sb(V) from contaminated water.

Keywords: SBA-15; MnFe,Oy4; Pb(II); Sb(V); adsorption mechanisms

1. Introduction

Lead (Pb(Il)) is a stable heavy metal existing in the environment and is highly toxic to
the human body even at very low concentrations [1,2]. Thus, the World Health Organization
(WHO,) sets a guideline limit of 10 pg/L for lead in drinking water [3]. Lead can affect
the hematopoietic system by inhibiting the synthesis of hemoglobin [4], leading to anemia,
and lead poisoning can have serious adverse effects on the nervous system, liver, kidney,
and reproductive system [5]. Over the past half-century, more than 800,000 tons of lead
have been released worldwide from the battery manufacturing, glass manufacturing, and
cosmetics industries [6]. Antimony is another toxic nonessential element, existing primarily
in the forms of Sb(IIl) and Sb(V). Its destructive effects on cellular enzyme activity have
serious implications for human health [7]. As its use in the industrial production of flame
retardants, batteries, catalysts, and other applications has increased, the concentration
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of antimony in water has escalated rapidly [8]. The discharge of antimony not only
contaminates surface water but also affects sediments, groundwater aquifers, and soil [9].
Furthermore, Sb(IIl) is readily oxidized to Sb(V) under natural environmental conditions.
These environmental and health threats make developing effective methods for removing
Pb(II) and Sb(V) from water is an urgent priority.

Commonly used techniques for removing heavy metal ions from aqueous phases
include chemical precipitation [10], electrochemical recovery [11], ion exchange [12], mem-
brane separation [13], and adsorption [14]. Adsorption is extensively applied due to its
simplicity, energy efficiency, environmental friendliness, and reusability [15]. Graphene
oxide [16], chitosan [17], metal-organic frameworks [18], carbon nanotubes [19], and other
adsorbents have been studied to remove heavy metal ions from water and wastewater.

SBA-15 is a mesoporous silicon-based material with controllable pore size and high
specific surface area, making it suitable to be used as a carrier for adsorbents and cata-
lysts [20,21]. The presence of hydroxyl groups on the inner surface and channels facilitates
the adsorption of heavy metal ions by functional nanoparticles immobilized on SBA-15 [22].
Fereshte et al. successfully loaded Fe3O,4 onto mesoporous SBA-15 to prevent nanoparticle
agglomeration, resulting in an adsorbent with abundant guanidine and —OH groups,
exhibiting maximum adsorption capacities of 344.82 mg/g for Pb(II) and 303.03 mg/g for
Cu(II) [23]. Xing et al. incorporated bimetallic Fe/Ni into the six-hole structure of SBA-15
to achieve a remarkable removal efficiency of 97.62% for Cr(VI) [24]. He et al. uniformly
dispersed Cu” onto SBA-15, and the obtained Cu’-SBA-15 composite displayed impressive
adsorption capacities toward gaseous iodine (954 mg/g) and liquid iodine (842 mg/g) [25].

The recyclability of magnetic materials from aqueous solutions using external magnets
makes them highly promising for environmental remediation [26]. Cobalt ferrite (CoFe;Oy4)
and manganese ferrite (MnFe;O4) are two typical magnetic nanomaterials commonly
applied in catalysis due to their exceptional stability, moderate magnetic saturation, and
convenient separation properties [27]. Nevertheless, due to their magnetic properties,
nanoparticles of CoFe;O4 and MnFe;O4 tend to agglomerate during synthesis, leading to
reduced specific surface areas and inadequate adsorption capacities [28]. The incorporation
of magnetic nanoparticles into the pore structures of a mesoporous matrix can effectively
mitigate agglomeration, thereby enhancing the adsorption capacity toward pollutants. Ren
et al. synthesized porous spinel MnFe,;O, via sol-gel method, and the resulting adsorbent
effectively removed Pb(Il) and Cu(Il) by forming complexes with carboxyl and hydroxyl
groups on the surface of MnFe;Oy4 [29]. Verma et al. loaded MnFe,O4 onto graphene
oxide through the hydrothermal method, and the as-synthesized composite achieved a
remarkable removal efficiency of 99.99% for Pb(I). In the adsorption process, hydroxyl and
carboxyl groups are the main functions [30]. Yang et al. constructed a Fe-Mn bimetallic
composite, which demonstrated an impressive adsorption capacity of 95 mg/g for Sb(V),
and the main mechanism of adsorption is the inner sphere complexation between Sb(OH)4 ~
and the exposed hydroxyl groups [31]. Although significant progress has been made in
utilizing ferrite materials as adsorbents for the removal of heavy metal ions, limited research
has been conducted on the construction of MnFe,O4 loaded SBA composite for adsorptive
removal Pb(II) and Sb(V).

In this study, a MnFe,O4-loaded SBA composite (MnFe@SBA) with a high specific
surface area and excellent adsorption capacity was prepared for the first time using a
hydrothermal method. The morphology, crystal structure, and physicochemical properties
of the MnFe@SBA were characterized using scanning electron microscopy (SEM), X-ray
powder diffraction (XRD), Brunauer—-Emmett-Teller (BET) analysis, X-ray photoelectron
spectroscopy (XPS), and Fourier-transform infrared spectroscopy (FTIR). The effects of fac-
tors such as initial solution pH, adsorbent dosage, coexisting ions, and temperature on the
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adsorption of Pb(II) and Sb(V) were examined. The kinetics, isotherms, thermodynamics,
and mechanisms of Pb(II) and Sb(V) adsorption on MnFe@SBA were also investigated.

2. Results and Discussion
2.1. Characterizations

The crystal structures of MnFe,O4, SBA-15, and MnFe@SBA-0.15 (denoted as
MnFe@SBA for short) were determined based on their XRD patterns. As shown in Figure 1,
the pure MnFe,Oy displays five distinct diffraction peaks at 20 values of 29.59°, 34.88°,
42.40°, 56.01°, and 61.51°, corresponding to (202), (311), (400), (333), and (440) planes of
standard MnFe,O, (PDF#38-0430) [32]. SBA-15 exhibits a broad and faint peak within
the 26 range of 20° to 30°, which is consistent with the characteristic peak observed for
amorphous silica [33]. Interstingly, no discernible peaks are observed in the XRD patterns
of MnFe@SBA, indicating a significantly low degree of crystallization and confirming the
amorphous nature of the as-synthesized composite. Moreover, we find that MnFe@SBA
exhibits almost no magnetic characteristics, possibly due to the preparation of the material
at lower temperatures.
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Figure 1. XRD patterns of SBA-15, MnFe,O,, and MnFe@SBA.

Figure 2a—c illustrates the surface morphologies of MnFe;O4, SBA-15, and MnFe@SBA.
It is evident that SBA-15 exhibits an ordered channel structure formed by the accumulation
of small tubes with lengths ranging from 1 to 2 um [24]. MnFe,;O4 showcases aggregated
spherical nanoparticles measuring approximately 50 nm in size (Figure 2b) [34]. In contrast,
the as-synthesized MnFe@SBA displays smaller nanoparticles, with the disappearance of
the channel structure of SBA (Figure 2c). From Figure 2d, the elements of Si, O, Mn, and Fe
uniformly distribute throughout the whole sample, and the relative mass ratios of O, Fe,
Mn, and Si in MnFe@SBA are 41.4%, 29.6%, 14.2%, and 14.8%, respectively (Figure 2e).

To compare the pore structures of SBA-15, MnFe;O,4, and MnFe@SBA, N, adsorp-
tion/desorption isotherms were performed, as shown in Figure 3. SBA-15 shows a typical
type-1V isotherm with an H1 hysteresis loop at relative pressures ranging from 0.6 to 0.9
(Figure 3a), indicating its classification as a mesoporous material with a pore diameter of
8 nm, as observed from the inset figure [35]. Asillustrated in Figure 3b, MnFe,O4 displays a
type-IlI isotherm accompanied by an H3 hysteresis loop, suggesting enhanced interparticle
interactions compared to those between nanoparticles and pollutants. In other words, this
observation confirms the propensity of MnFe,O4 nanoparticles to agglomerate due to the
existence of strong interactions. The average pore diameter of MnFe,O, ranges from 20 to
30 nm. The as-synthesized MnFe@SBA composite demonstrates a type-IV isotherm with
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a noticeable H1 hysteresis loop observed between 0.5 and 0.9 (Figure 3c), indicating its
mesoporous structure. The pore size distribution curves reveal that the pore diameter of
MnFe@SBA falls within the range of 2-10 nm. At the same time, Table S1 further confirms
the mesoporous structure of MnFe@SBA. The calculated specific surface area (Sggt) values
follow the order: SBA-15 (537.3 m?/g) > MnFe@SBA (405.9 m?/g) > MnFe,Oy (67.9 m?/g).
Despite some pores in/on SBA-15 being occupied by MnFe,O4 nanoparticles during the
synthesis process, MnFe@SBA maintains a significantly higher specific surface area than
MnFe, Oy, facilitating enhanced exposure of adsorption sites for pollutants.

I Map Sum Spectrum

A%
o 414
Fe
Si
Mn

Figure 2. SEM images of (a) SBA-15, (b) MnFe; Oy, and (c) MnFe@SBA; (d) EDX elemental mapping
images and (e) corresponding map sum spectrum of MnFe@SBA.

The surface functional groups on MnFe, Oy, SBA-15, and MnFe@SBA were identified
via FTIR spectroscopy, as depicted in Figure 3d. A distinctive peak at a wavenumber of
525 cm~ ! in the FTIR spectrum of MnFe, Oy is indicative of the presence of Mn—O and Fe-O
bonds [36]. In the case of SBA-15, the peaks observed at 1065 and 803 cm ! correspond to
characteristic Si-O-Si peaks [33]. The FTIR spectrum of MnFe@SBA demonstrates these
aforementioned characteristic peaks, confirming the successful loading of MnFe,O, onto
SBA-15. Additionally, a broad absorption band at 3424 cm~! appears, corresponding to the
O-H stretching vibration. The band at 1634 cm~! can be assigned to Si-OH vibrations.

To distinguish the difference before and after SBA-15 loading, the chemical compo-
sitions and elemental valence states of MnFe;O4 and MnFe@SBA were further analyzed
using XPS. In Figure 4a, the high-resolution O 1s spectrum of MnFe@SBA can be resolved
into three individual peaks at binding energies of 530.4, 531.6, and 533.1 eV, which can be as-
signed to the lattice oxygen (O?~), hydroxyl functional groups (-OH), and adsorbed water
(H,0O) [37], with relative contents of 9.55%, 53.65%, 36.80%, respectively. The incorporation
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of MnFe, O, with SBA-15 results in the decrease in 0%~ content from 95.17% to 9.55%, along
with the enhanced content in —OH to 53.65%. The increased amount of surface -OH could
be beneficial for metal ions adsorption. The high-resolution Fe 2p spectrum (Figure 4b)
exhibits fitted peaks at 711.3 and 713.9 eV, corresponding to the Fe(II) and Fe(III) orbitals
in the form of their respective spin-orbit splitting components, Fe(II)-2p3/2 orbital and
Fe(Ill)-2p3/2 orbital, as well as peaks at 724.6 and 727.6 eV attributed to the Fe(Il) and Fe(III)
orbitals in terms of their respective spin-orbit splitting components, Fe(I)-2p1/2 orbital
and Fe(IIl)-2p1/2 orbital. Additionally, an oscillating satellite peak is also detectable. The
relative proportions of Fe(Il) and Fe(Ill) in MnFe,Oy, as presented in Table S2, are 42.42%
and 20.19%, respectively. In the MnFe@SBA sample, the proportion of Fe(IlI) increased
to 47.55%, while the proportion of Fe(Il) decreased to 26.04%. The deconvoluted Mn 2p
spectrum in Figure 4c shows peaks at 641.5 and 652.7 eV, corresponding to Mn(1Il), as well
as peaks at 643.2 and 654.5 eV, indicating the presence of Mn(IV) [38,39]. Additionally,
a satellite peak is observed at 646.5 eV, which is usually caused by electron transitions
related to the metal’s d orbitals. As listed in Table S2, the Mn(II) contents in MnFe,O, and
MnFe@SBA are determined to be 58.68% and 12.32%, respectively, while approximately
50% of Mn(IV) is detected in MnFe@SBA. These findings confirm the successful loading of
MnFe;O, onto SBA-15 and the predominant form of Mn(IV) in MnFe@SBA.
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Figure 3. Nitrogen adsorption—desorption isotherms and pore size distributions of (a) SBA-15,
(b) MnFe;Oy, and (c¢) MnFe@SBA; (d) FT-IR spectrum of SBA-15, MnFe,O4, and MnFe@SBA.
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Figure 4. High-resolution XPS spectra: (a) O 1s; (b) Fe 2p; (c) Mn 2p for MnFe,O4 and MnFe@SBA.

2.2. Adsorption Performance
2.2.1. Effect of Doping Amount of SBA-15

The impact of SBA-15 loading amounts on the adsorption performance of MnFe@SBA-
x for Pb(II) and Sb(V) was investigated. As shown in Figure 5a, both MnFe,;O4 and SBA-15
exhibited negligible removal efficiencies, suggesting their limited adsorption capacity to-
wards Pb(Il). The mass loading of SBA-15 significantly influenced the adsorption capacity
of MnFe@SBA-x. With increasing loading amount from 0.025 to 0.15 g, the removal effi-
ciency of Pb(II) increased from 20% to 100% within 60 min. In Figure 5b, the as-synthesized
MnFe@SBA-0.15 achieved the highest adsorption, exceeding 80% for Sb(V) in 120 min. The
enhanced adsorption capacity observed upon incorporating SBA-15 can be attributed to the
promotion of grain size reduction in the MnFe@SBA composite [40]. However, excessive
loading of SBA-15 (0.2 g) resulted in a reduction in removal efficiency to approximately
30% due to the limited adsorption capacity of SBA-15. Therefore, MnFe@SBA-0.15 was
selected for subsequent adsorption experiments.
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Figure 5. Effect of SBA-15 doping amount on the removal of (a) Pb(II) and (b) Sb(V).

2.2.2. Effect of Solution pH and Coexisting Cations

The initial solution pH was found to be a crucial factor influencing the effectiveness of
adsorption, which can be explained by its effects on both the surface charge of the adsorbent
and the speciation of metal ions in the solution [41]. Below pH 6.0, monovalent ionic Pb(II)
is predominant in the solution, and small amounts of Pb(OH)* and Pb(OH), are present
at a solution pH of 6-8. Pb(OH); is the major species when the solution pH ranges from
8 to 11, and Pb(OH);™ is present at pH above 8 [42]. In this study, an initial solution pH
range of 2-6 was studied to examine how it affected the adsorption of Pb(Il) by MnFe@SBA
(Figure 6a). The adsorption was found to be negligible within the pH range of 2.0 to 3.0
due to the pronounced acidity. The removal efficiency significantly improved to 63.8%
when increasing the solution pH to 4. The zeta potential for MnFe@SBA at different pH
values was also recorded in Figure 6¢c. The surface charge of MnFe@SBA was negative.
The poor removal of Pb(Il) at extremely acidic conditions was mainly attributed to the
competitive effects caused by predominant H* ions competing with Pb(II) [25]. As the
solution pH increased from 3 to 11, the potential dropped from —24.2 to —51.2 mV. Thus,
the electrostatic attraction force existing between the negatively charged MnFe@SBA and
positively charged Pb(II) improved, facilitating the adsorption of Pb(II).

The influence of initial solution pH (2-9) on the removal of Sb(V) was studied, as
shown in Figure 6b. Obviously, acidic conditions are more favorable for Sb(V) adsorption.
The removal showed a decreasing trend with a gradual increase in solution pH from 3 to 9.
This phenomenon may be related to the fact that, at pH higher than 3, Sb(OH)s~ becomes
the predominant species in solution, resulting in an increased electrostatic repulsion force
between the negatively charged MnFe@SBA and Sb(OH), ~, thus inhibiting the adsorption.

Various metal ions and inorganic anions coexist in natural waters. In order to inves-
tigate the effectiveness of MnFe@SBA in practical applications, the effects of prevalent
metal ions (Na*, K*, Mg2+, and Ca?*), as well as divalent heavy metal ions (Zn?*, Ni?*, and
Cd?*) on the adsorption of Pb(I) were examined as shown in Figure S2a~g. Additionally,
the influences of commonly existing inorganic anions (C1~, NO3 ~, CO32~, and PO4*>") on
the adsorption of Sb(V) were studied, as shown in Figure S3a—d. It can be observed that
Na*, K*, Mg?*, and Ca?* at concentrations of 50 and 100 mg/L had minimal impact on
Pb(Il) removal. And 100 mg/L Cd?*, Ni**, and Zn?* decreased the Pb(II) adsorption from
100% to 80.2%, 82.5%, and 83.2%, respectively [43]. Figure S3a—d demonstrates that high
concentrations of C1~, NO3~, CO32~, and PO43~ had little effect on the adsorption of Sb(V)
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by MnFe@SBA. These findings confirm the strong interference resistance of MnFe@SBA in
practical application.
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Figure 6. Effect of initial solution pH on removal of (a) Pb(II) and (b) Sb(V) by MnFe@SBA. (c) Zeta
potential of MnFe@SBA at pH ranging from 3 to 11.

2.2.3. Adsorption Kinetics

The adsorption kinetics of Pb(II) and Sb(V) onto MnFe@SBA-15 were studied at initial
concentrations of 5, 10, and 20 mg/L, as shown in Figure 7. A rapid adsorption process
occurred within the initial 30 min, with over 80% of the Pb(Il) being adsorbed by the
adsorbent. Subsequently, the adsorption process gradually approached equilibrium. In the
initial stage, abundant vacant sites were available, leading to a high rate of adsorption. As
the reaction time exceeded 30 min, the adsorption rate decreased due to a reduced number
of available sites for Pb(II) uptake. Once all the sites were occupied, the adsorption reached
a dynamic equilibrium. Similarly, MnFe@SBA achieved more than 70% adsorption of Sb(V)
within the initial 60 min. The adsorption behavior of Pb(II) and Sb(V) onto MnFe@SBA was
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modeled using pseudo-first-order and pseudo-second-order kinetic models, represented
by the nonlinear Equations (1) and (2) [44]:

g = ge(1—e7) (1)
_ _kogit
"= T gt @

where ge and g; are the adsorption capacity at equilibrium and at time ¢ (min), respectively;
k1 (1/min) is the pseudo-first-order rate constant, and k; (g/(mg min)) is the pseudo-second-
order rate constant. The nonlinear fitting parameters of the pseudo-first-order and pseudo-
second-order kinetic models are summarized in Table 1. Based on the higher coefficients
of determination (R?), the adsorption behavior of Pb(II) and Sb(V) onto MnFe@SBA was
better described by the pseudo-second-order kinetic model. Chemisorption was considered
as the primary adsorption mechanism. However, the high R? values obtained from the
pseudo-first-order kinetic model suggested that physical adsorption could not be entirely
disregarded, and it might also contribute to the overall adsorption [45].
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Figure 7. Adsorption kinetics of Pb(II) onto MnFe@SBA fitted by (a) pseudo-first-order model
and (b) pseudo-second-order model; adsorption kinetics of Sb(V) onto MnFe@SBA fitted by
(c) pseudo-first-order model and (d) pseudo-second-order model.
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Table 1. Parameters of pseudo-first-order and pseudo-second-order kinetic models for the adsorption
of Pb(Il) and Sb(V) onto MnFe@SBA.

C0 (me/l) Pseudo-First-Order Model Pseudo-Second-Order Model
m
8 K1 (L/min) Qe (mg/g) R2 K2 (g/(mg min)) Qe (mg/g) R2

5 0.22611 49.68 0.9983 0.00663 53.07 0.9983

Pb(II) 10 0.08088 89.61 0.9983 0.00092 103.27 0.9986
20 0.07198 103.58 0.9982 0.00069 120.08 0.9988
5 1.00037 13.15 0.9928 0.09955 14.15 0.9969

Sb(V) 10 0.28702 23.02 0.9680 0.01387 25.69 0.9920
20 0.20328 43.47 0.9765 0.00474 46.84 0.9937

2.2.4. Adsorption Isotherms

To gain a comprehensive understanding of the surface characteristics of the adsorbent,
adsorption isotherm studies were conducted at initial concentrations of Pb(Il) and Sb(V)
ranging from 10 to 400 mg/L, as well as temperatures of 298, 308, and 318 K. The exper-
imental data were fitted using two well-established models: Langmuir and Freundlich
isotherms [46]. The Langmuir model assumes a uniform adsorbent surface with no inter-
action between adjacent sites where ions are adsorbed, thus categorizing the process as
monolayer adsorption [47]. On the other hand, the Freundlich model describes the complex
nature of multiphase and multilayer adsorption on various types of adsorbents. These
models can be represented mathematically as follows [48]:

- qmkr Ce
e = 1+ kpCe ©)
1
ge = krC¢ )

where g (mg/g) is the equilibrium adsorption capacity, gm (mg/g) is the maximum
adsorption capacity, Ce (mg/L) is the equilibrium concentration, ki, (L/g) is the Langmuir
constant associated with adsorption free energy, kg ((mg g~ ')(L mg~1)!/) is the Freundlich
constant related to adsorption capacity, and n is the adsorption energy correlation constant.
As depicted in Figure 8, the adsorption of Pb(II) and Sb(V) onto MnFe@SBA exhibited
enhanced favorability at elevated temperatures, thereby suggesting an endothermic nature
of the adsorption process. According to Table 2, the adsorption of Pb(Il) was better fitted
by the Freundlich model, as evidenced by higher R? values, implying that multilayer
adsorption was primarily involved in the adsorption of Pb(II) onto MnFe@SBA. Moreover,
a value less than 0.5 for parameter 1/ indicated a facile occurrence of adsorption [49].
Conversely, the adsorption behavior of Sb(V) on MnFe@SBA aligned more closely with
the Langmuir model, with R? values higher than 0.99 at temperatures of 298, 308, and
318 K. The result suggested that monolayered adsorption primarily characterized the
interaction between Sb(V) and MnFe@SBA. The maximum adsorption capacities of Sb(V)
by MnFe@SBA were found to be 211.49, 241.57, and 260.40 mg/g, respectively.
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Figure 8. Adsorption isotherms of Pb(II) and Sb(V) on MnFe@SBA at temperatures of 298, 308, and
318 K: (a,c) Langmuir; (b,d) Freundlich.
Table 2. Parameters of Langmuir and Freundlich isotherms models for the adsorption of Pb(Il) and
Sb(V) onto MnFe@SBA.
Langmuir Freundlich
T (K) K Qm R2 1Un K 2
(L/min) (mg/g) [(mg/g)(L/mg)1/n]
298 0.0569 258.77 0.852 0.130 116.41 0.977
Pb(II) 308 0.0691 271.85 0.885 0.129 125.19 0.991
318 0.0447 329.86 0.872 0.126 143.09 0.974
298 0.0562 211.49 0.998 0.349 31.95 0.863
Sb(V) 308 0.0434 241.57 0.993 0.357 33.87 0.856
318 0.0438 260.40 0.999 0.356 37.45 0.823

2.2.5. Adsorption Mechanisms Investigation

To gain a deeper understanding of the adsorption mechanisms of Pb(II) and Sb(V)

onto MnFe@SBA, XPS analysis was conducted to investigate the surface composition and

chemical states of both the fresh and used adsorbent, as illustrated in Figure 9. In the survey

spectra (Figure 9a), a distinct peak corresponding to Pb appeared at a binding energy of
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approximately 140 eV following the adsorption of Pb(Il). After the adsorption of Sb(V),
there was an evident overlap between O 1s and Sb 3d peaks. These results confirmed the
successful adsorption of Pb(II) and Sb(V). The high-resolution O 1s spectrum of the fresh
and used MnFe@SBA is presented in Figure 9b. According to Table S3, the adsorption of
Pb(1I) led to an increase in the proportion of lattice oxygen (O?~) from 9.55% to 45.80%,
indicating the formation of Pb-O through the interaction between Pb(Il) and -OH groups.
Consequently, the proportion of -OH dropped from 53.65% to 47.14%, suggesting that
—-OH on MnFe@SBA played a crucial role in Pb(Il) adsorption [50]. Due to the energy
overlap between Sb 3d and O 1s, there was a shift in the peak positions of O>~, -OH, and
H;0, leading to an overlap between the -OH peak and Sb 3ds,;, [51]. The deconvolution
analysis of the Sb 3dj3/, peak revealed a single peak at 540.66 eV corresponding to Sb(V),
indicating that the adsorption process did not alter the valence state of Sb(V) and was thus
straightforward. The relative proportion of Sb 3d3,, was 18.66%, and the proportion of Sb
3ds/, was estimated to be 69.2% of Sb 3d3/, or a calculated value of 12.91%. The initial
ratio of -OH to O?~ in the fresh adsorbent was 2.35, which subsequently declined to 1.15
after the adsorption of Sb(V), indicating the involvement of -OH.

In the high-resolution Mn 2p XPS spectrum (Figure 9c), the relative proportion of
Mn(Il) peak at 641.5 and 652.7 eV increased from 12.43% to 28.89% upon Pb(Il) adsorption.
Concurrently, the proportion of the Mn(IV) peak at 643.2 and 654.5 eV decreased from 50%
to 44.24%. This phenomenon was likely due to the release of Mn(IV) from the interlayer,
which subsequently re-adsorbed onto the surface as Mn(Il) [52]. Analogous alterations were
observed in the XPS spectrum of the Sb(V) adsorbed MnFe@SBA, suggesting that Mn(IV)
was similarly released from the interlayer and adsorbed on the surface as Mn(Il). This
process enhanced the zeta potential and facilitated the formation of a Mn-Sb—-O complex
via coordination with Sb(V) [53].

As illustrated in Figure 9d, following the adsorption of Pb(II) and Sb(V), the relative
proportion of Fe(Il) in the adsorbent increased while the proportion of Fe(Ill) decreased. The
result strongly suggested the occurrence of electron transfer and redox reactions throughout
the process. Figure 9e represents the high-resolution XPS spectrum of Pb 4f, which can
be deconvoluted into two individual peaks at 137.77 and 142.60 eV, corresponding to Pb
4f7 » and Pb 4f5,, respectively. Further, the peaks at 138.50 and 143.20 eV are indicative of
Pb=0 and Pb—O species [54]. These findings can be attributed to the complex interaction
between MnFe@SBA and Pb(II).
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Figure 9. Cont.
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Figure 9. (a) XPS survey spectra for the fresh MnFe@SBA, Pb(II) adsorbed MnFe@SBA (MnFe@SBA-
Pb), and Sb(V) adsorbed MnFe@SBA (MnFe@SBA-Sb). High-resolution XPS spectra for the fresh
MnFe@SBA, MnFe@SBA-Pb, and MnFe@SBA-Sb: (b) O 1s, (c) Mn 2p and (d) Fe 2p. (e) High-
resolution XPS Pb 4f spectra for MnFe@SBA-Pb.

In summary, the adsorption mechanisms of Pb(Il) and Sb(V) onto MnFe@SBA were

found to exhibit similarities and consist of two steps, as illustrated in Figure 10. Initially,
an electrostatic attraction occurred between MnFe@SBA and Pb(II) /Sb(V), which played
a significant role in contributing to the rapid adsorption process. Subsequently, -OH

groups on MnFe@SBA formed the inner-sphere complexes with Pb(Il). In the case of Sb(V)

adsorption, MnFe@SBA enhanced the surface zeta potential via the interlayer release and

re-adsorption of Mn(IV), thereby attracting Sb(V) and forming Sb—-O-Mn complexes.
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2. Ion exchange

1. Electrostatic attraction

Figure 10. Diagram of the potential mechanisms of Sb(V) and Pb(II) adsorption by MnFe@SBA.

3. Chemicals and Methods
3.1. Chemicals

SBA-15 was purchased from Jiangsu Xianfeng Nanomaterial Technology Co., Ltd.
(Nanjing, China). Tetrahydrate manganese chloride (MnCl,-4H,0), sodium hydroxide
(NaOH), and hexahydrate iron chloride (FeCl3-6H,0O) were obtained from Shanghai
Guoyao Chemical Reagent Co., Ltd. (Shanghai, China). All chemicals were of analyt-
ical purity and were used as received without further purification. All solutions were
prepared using ultrapure water produced using an ultrapure water purification system
(Veolia Water Solutions and Technologies, Singapore).

3.2. Synthesis of MnFe@SBA

MnFe@SBA was synthesized using a simple hydrothermal method, as shown in
Figure S2. First, 2 mmol of MnCl,-4H,O and 4 mmol of FeCl3-6H,O were dissolved in a
beaker to form 100 mL of mixed solution. Subsequently, 10 mL of NaOH solution was
added, and the resulting solution was stirred continuously for 10 min. SBA-15 with mass
loads from 0.025 to 0.2 g was then added. After being agitated for 10 min, the solution was
placed into a Teflon-lined stainless-steel autoclave and heated to and held at a temperature
of 100 °C for 24 h. The autoclave was then cooled naturally to room temperature. The
precipitate was collected, washed with deionized water, and dried in an oven at 60 °C for
12 h. The product is referred to hereinafter as MnFe@SBA-x, where x denotes the loading
amount of SBA-15, and the loading capacity of MnFe; O, is maintained at 0.46 g. The pure
MnFe,O4 was synthesized as well without the addition of SBA-15.

3.3. Characterizations

The surface morphologies of the samples were observed using a scanning electron
microscope (MIRA3 LMH, TESCAN Group a.s., Brno, Czech). Elemental analyses of the
adsorbents were performed using energy-dispersive X-ray spectrometry (EDS, One Max
20, UK). X-ray diffraction (XRD) analysis was performed using an X-ray diffractometer
(Rigaku SmartLab SE, Akishima, Japan). Fourier-transform infrared spectroscopy (FTIR)
was performed using an analytical FTIR spectrometer (Thermo Fisher Scientific Nicolet iS50,
Waltham, MA, USA). The BET surface areas and pore size distribution of the N, adsorption—
desorption isotherms were measured using an analytical instrument (Micromeritics ASAP
2460, Norcross, GA, USA). X-ray photoelectron spectroscopy (XPS) spectra were charac-
terized by an XPS spectrometer (AXIS SUPRA+, Shimadzu, Kyoto, Japan). The pH values
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of the solutions were measured using a pHs-3C digital pH meter (Shanghai Precision
Scientific Instruments Co., Ltd., Shanghai, China). The zeta potentials of the adsorbents
were determined using a Zetasizer Nano ZS90 (Malvern Instruments, Malvern, UK).

3.4. Batch Adsorption Experiments

Typically, at room temperature, 10 and 30 mg of MnFe@SBA were dispersed in 100 mL
of Pb(Il) (10 mg/L) and Sb(V) solutions (10 mg/L), respectively. At preset time intervals
spanning 0 to 120 min, 0.5 mL of water sample was extracted and filtered using a syringe
filter membrane (0.22 um) immediately. The concentration of residue Pb(II) and Sb(V)
ions in the solution was determined using atomic absorption spectrophotometry (AA-6300;
Shimadzu, Kyoto, Japan). The removal efficiency and adsorption capacity were computed
using the equations of Q, = W and R = COC;OC" x 100%, respectively [55], where Cy
and C. (mg/L) are the initial and equilibrium concentrations in the solution, respectively; V
(L) is the solution volume; m (g) is the adsorbent mass; Qe (mg/g) is the adsorption capacity
at equilibrium; and R (%) is the removal efficiency. To examine the impact of pH on the
adsorption, a solution containing 10 mg/L Pb(Il) or Sb(V) was adjusted to the desired pH
range using 1 M HCl and NaOH. The interference of commonly coexisting cations (Na*,
K*, Ca?t, Mg2+, Cd?*, Ni?* and Zn?*) and anions (C1~, NO3~, CO3%2~, and PO4>) on the
adsorption was also investigated.

To study the adsorption kinetics, 10 and 30 mg of MnFe@SBA were added to Pb(II)
and Sb(V) solutions with initial concentrations of 5, 10, and 20 mg/L at a constant pH of 6,
respectively. To study the adsorption isotherms, 10 and 30 mg of MnFe@SBA were added
to Pb(II) and Sb(V) solutions with initial concentrations ranging from 10 to 400 mg/L ata
pH of 6, respectively. The adsorption of Pb(II) and Sb(V) using MnFe@SBA at temperatures
of 25, 35, and 45 °C were studied to understand the adsorption thermodynamics.

4. Conclusions

In this work, a novel amorphous MnFe@SBA composite was synthesized through
the in situ growth of MnFe,;O4 on SBA-15 to effectively remove heavy metals (Pb(II) and
Sb(V)) from aqueous solutions. Both MnFe,O, and SBA-15 demonstrated limited adsorp-
tion capacities for Pb(II) and Sb(V). However, by optimizing the material synthesis and
adsorption conditions, the maximum adsorption capacities of MnFe@SBA for Pb(II) and
Sb(V) at 318 K were significantly enhanced to 329.86 mg/g and 260.40 mg/g, respectively.
The adsorption process for both Pb(II) and Sb(V) by MnFe@SBA was found to be endother-
mic and spontaneous. The adsorption of Pb(II) onto MnFe@SBA was well-fitted by the
pseudo-second-order kinetic and Freundlich models, while the adsorption of Sb(V) was
well-described by the pseudo-second-order kinetic and Langmuir models. Mechanistic
studies indicated that the adsorption of Pb(Il) and Sb(V) onto MnFe@SBA involved two
primary steps: electrostatic attraction and complexation. Initially, rapid adsorption oc-
curred due to the electrostatic attraction between MnFe@SBA and metal ions. Subsequently,
—OH groups on MnFe@SBA formed inner-sphere complexes with Pb(II). For Sb(V) adsorp-
tion, MnFe@SBA enhanced its surface zeta potential through the interlayer release and
re-adsorption of Mn(IV), facilitating the formation of Sb-O-Mn complexes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /molecules30030679/s1, Figure S1: Synthesis procedure for amor-
phous MnFe@SBA; Figure S2: Effects of (a) Na*, (b) K*, (c) Ca?*, (d) Mg?*, (e) Cd?, (f) Ni**, (g)
Zn?* on the removal of Pb(I) by MnFe@SBA; Figure S3: Effects of (a) C1~, (b) NO3~, (c) CO3%~, (d)
PO,3~ on the removal of Sb(V) by MnFe@SBA; Table S1: Textural properties of the SBA-15, MnFe, Oy,
and MnFe@SBA composites; Table S2: Peaks information of O 1s, Fe 2p, and Mn 2p; Table S3: Peaks
information of O 1s, Fe 2p, and Mn 2p.
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Abstract: For communities without access to uninterrupted, piped water, household wa-
ter storage (HWS) practices can lead to adverse public health outcomes caused by water
degradation and mosquito proliferation. With over 700,000 deaths caused by vector-borne
diseases annually, the objective of this study was to determine whether water disinfectants,
at concentrations deemed safe for human consumption and beneficial for water treatment,
are effective in reducing the emergence of adult mosquitoes that transmit disease. Lab-
oratory bioassays, designed to resemble the context of treating HWS containers, were
conducted to assess the larvicidal effects of chemicals at concentrations below regulatory
limits for drinking water: silver (20, 40, 80 ug/L Ag), copper (300, 600, 1200 pg/L Cu), and
chlorine (500, 1000, 2000 ug/L free chlorine). The water disinfectants demonstrated the
ability to significantly reduce the population of juvenile Ae. aegypti. Sodium hypochlorite
was found to be the most effective in decreasing the survival rate of late first instar larvae,
while silver nitrate exhibited the highest effectiveness in inhibiting the emergence of late
third instar larvae. Ultimately, this study highlights the potential of an integrated approach
to Water, Sanitation, and Health (WASH) solutions with vector control management.

Keywords: Aedes aegypti; household water storage; vector control management; water
treatment

1. Introduction

Eighty percent of the world’s human population is at risk of contracting one or more
vector-borne diseases (VBDs), which are caused by the spread of viruses, bacteria, and
parasites from infected animals to a human [1,2]. These diseases account for more than
17% of the global burden of infectious diseases. With rising global temperatures driven
by climate change, the risk of VBDs spreading to new regions continues to grow [3-5].
Many VBDs fall under the category of neglected tropical diseases (NTDs) due to their
disproportionate impact on underserved or marginalized populations, particularly commu-
nities lacking access to basic healthcare, clean water, and sanitation [6,7]. In the absence of
accessible vaccines and treatments for many VBDs, vector control management is essential

Water 2025, 17, 348 https://doi.org/10.3390/w17030348
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to reducing the risk of disease transmission by controlling vector populations or disrupting

human-vector contact [8-11]. Effective vector control programs require a deep understand-

ing of the infected animals responsible for spreading disease, which are often blood-sucking
insects [2], with mosquitoes being the most prolific [12]. One of the two most abundant
mosquito species is the Aedes (Stegomyia) aegypti (Linneaus), responsible for transmitting
several arboviral diseases such as Chikungunya, Dengue, Yellow fever, and Zika [2,13,14].
Table 1 highlights key public health data for each of these diseases.

Table 1. Public health information regarding VBDs transmitted by Aedes aegypti.

Vector-Borne
Disease

Common Symptoms

Global Burden

Location of Prevalence

Vaccine for Prevention

Chikungunya
(CHIKV)

Fever, severe joint pain,
joint swelling, muscle
pain [15]

Since 2023, 5+ million
cases have been reported
in last 15 yrs [16]

Detected
in >100 countries as of
2021, circulating mainly
in Africa, Asia, South
America, and regions of
the Pacific Ocean [17].

IXCHIQ (manufactured
by Valenva) [16]

Dengue

High fever
(40 °C/104 °F), severe
headache, pain behind
the eyes, muscle and
joint pains, nausea,
vomiting, swollen
glands, rash [18]

In 2019, age-standardized
incidence rate (ASIR) (A
statistical measurement

that compares the

number of new cases of a

disease in a population to

a standard population.
It’s used to compare
health metrics across
populations with
different age
distributions.) estimated
to be 7.40 per 1000 [19].
An estimated
100-400 million
infections occur each
year [18].

Endemic in
>100 countries in WHO
regions of Africa, the
Americas, the Eastern
Mediterranean,
Southeast Asia and the
Western Pacific. The
Americas, Southeast Asia,
and Western Pacific
regions are most
significantly affected [18].

Dengvaxia®
(CYD-TDV), developed
by Sanofi Pasteur,
Qdenga® (TAK-003),
developed by Takeda
[18].

Yellow Fever

Fever, muscle pain,
headache, loss of
appetite, nausea or
vomiting, jaundice,
dark urine, abdominal
pain [20]

In 2018, estimated
109,000 severe infections
and 51,000 deaths in
Africa and South
America [21].

Thirty-four countries in
Africa and thirteen
countries in Central and
South America are either
endemic for, or have
regions that are endemic
for, yellow fever as of
2023 [20].

YF-VAX®,
manufactured by
Sanofi Pasteur [22]

Zika virus (ZIKV)

Fever, rash, headache,
joint pain,
conjunctivitis (red eye),
muscle pains. Virus can
be passed through sex
and from a pregnant
woman to her fetus [23]

In 2019, ASIR estimated
to be 3.44 per 100,000 [24]

Eighty-nine countries
and territories have
documented evidence of
current or previous
transmission as of
February 2022,
circulating primarily in
the Americas, South Asia,
and the Pacific Islands
[24,25].

No [24].

Understanding the life cycle of the Ae. aegypti (depicted in Figure 1), as well as its

behaviors and habitats, is crucial for developing effective strategies to prevent and control
the spread of these VBDs [9,26-28]. Typically living in tropical and subtropical regions,
Ae. aegypti are found in close association with humans [29]. Jansen et al. cites urbanization,
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socioeconomic factors, building design and constructions features, the quality of water

supply and management, and the quality of other public health infrastructure services as

significant influences shaping the geographic spread of Ae. aegypti [29]. The following

behavioral traits have been observed of adult female Ae. aegypti mosquitoes [9,29-32]:

1.

enter into the

An adult
mosquito
emerges

/ \
|
from the P Previously
pupa infected ;
/ human %
7

They prefer to bite hosts during the daytime, with peak activity occurring between
dawn and dusk.

They feed on humans relative to other vertebrate species, obtaining bloodmeals which
provide the necessary nutrients required for a female mosquito’s egg production
and reproduction.

They feed on several hosts within one reproductive cycle which increases the potential
for the transmission of disease.

They prefer to lay eggs in manmade or artificial containers (e.g., household water
storage containers, plant pots, tires, etc.), which is why they are commonly referred to
as a container-breeding species.

Aedes Aegypti Life Cycle and Disease Transmission

Water storage containers can serve as breeding grounds for Aedes aegypti. These mosquitoes go through
a complete metamorphosis with an egg, larva, pupa, and adult stage. In the adult stage, Ae. aegypti can
spread dengue fever, chikungunya, Zika fever, and yellow fever viruses, among other disease agents.
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Figure 1. Life cycle of Aedes aegypti and its role in disease transmission. Figure created with Biorender.

com.

Ae. aegypti eggs can hatch within minutes after coming into contact with wa-

ter. Eggs also have been observed to remain viable for over a year in dry conditions

(i.e., desiccation-resistant) [33]. As a result, water storage practices play a crucial role in

controlling their breeding.
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Vector control management targets different life stages, including (1) larval and pupal
control, involving the stages at which the living organism is typically aquatic, and (2) adult
control, involving the stage which is responsible for transmitting diseases. Figure 2 depicts
a range of vector control management strategies aimed at different stages of the Ae. aegypti
life cycle. These strategies include chemical methods (spraying chemicals, introducing chem-
icals to water containers), biological methods (release of transgenic vectors with reduced
capacity to transmit disease and/or reproduce), and environmental approaches (environmen-
tal modification, environmental manipulation) [34,35]. When these methods are employed
in combination, it constitutes an integrated vector management approach [35,36]. The control of
Ae. aegypti has primarily relied on the use of chemicals, particularly pyrethroids [37]. This
has led to the onset of mass insect resistance [38—40] through the following four primary
mechanisms: behavioral resistance, reduced penetration/cuticular resistance, metabolic
detoxification, and target site resistance [41]. Thus, while chemicals serve as a useful tool,
they need to be used in moderation within targeted approaches that apply lesser quantities
of chemicals to delay or reduce the rate at which insects build resistance. Insecticides and
larvicides, even at sublethal doses, have been shown to affect the different mechanisms
associated with Ae. aegypti’s ability to reproduce such as their fecundity [42—-44], egg hatch-
ing [44], immature development [44—46], adult longevity [47], sex proportion [48], adult
size [48], and blood feeding [49,50]. One such targeted approach to applying chemicals, as
a component in an integrated management plan, would be to treat water storage containers
in or around the home.

Vector Control Management

Different vector control strategies can be employed in order to manage mosquito proliferation and
transmission of disease. These control measures may differ based on what development stage (egg, larva,
pupa, and adult) is being targeted. An integrated vector management approach may use a variety of vector
control measures simultaneously to increase efficacy of vector mitigation strategy.

Larval and pupal control by | ]
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Examples include the use of 4th 3rd 2nd st %
biological control agents, instar  instar instar  instar C
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Figure 2. Vector control strategies that target different developmental phases of the Aedes aegypti.
Vector control examples (biological, chemical, environmental management, and integrated prac-
tices) [35,51,52]. Figure created with Biorender.com.

In 2020, around one in four people lacked safely managed drinking water in their
homes [53]. For regions experiencing water shortages and water stress, particularly within
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communities without access to uninterrupted and reliable piped water connections [54,55],
water storage within or around the home is a common coping strategy [56,57]; however,
unsafe water storage practices, such as those illustrated in Figure 3, creates ideal breeding
grounds for mosquitoes, leading to their proliferation [29,30,58-62] and consequently in-
creasing the risk of contracting VBDs [60]. For this reason, it is important to implement
proper water storage and hygiene practices, such as covering and/or treating containers,
to reduce the risk of disease transmission [61]. Chemicals commonly used in HWS con-
tainers include temephos [63-68], diflubenzuron [69-74], pyriproxyfen [75-80], Bacillus
thuringiensis israelensis (Bti) [81-83], Spinosad DT [69,84,85], and various plant oils [86,87].
The Ae. aegypti, among other species, have demonstrated resistance to many of these
common insecticides currently employed in HWS containers, such as temephos, within
the context of large vector-borne disease mitigation efforts [39,64,88-92]. Thus, in this
study, we assess the efficacy of water disinfectants to mitigate larval growth, reduce adult
mosquito emergence, and ensure water being stored is safe for human consumption. Since
clean water access and VBD control are often interconnected, this approach can inform the
design of interventions for water storage containers, such as improved point-of-use water
treatment (POUWT) technologies that can address both issues simultaneously.

T —— O

Figure 3. Water storage containers, such as buckets, drums, or jars, are commonly used to store
and access water for daily use, particularly in settings with limited access to continuous water
supply. Poor water storage practices can result in standing water, providing ideal conditions for
mosquito-breeding sites. Addressing these issues typically falls under the umbrella of environmental
management in integrated vector management. Photos captured by Sydney Turner in in Dzimali,
South Africa, March of 2020, of water storage containers surrounding two different households.
Standard sizes of water storage containers surrounding homes in these images typically range from
50 to 200 L, reflecting common household and community water storage practices in many regions.

This paper examines the larvicidal effects of water disinfectants commonly used in
point-of-use water treatment (POUWT) technologies, on juvenile Ae. aegypti at concen-
trations within drinking water quality guidelines established by the U.S. Environmental
Protection Agency (EPA) [93] and the World Health Organization (WHO) [94-96]. The
study evaluates the effectiveness of sodium hypochlorite, silver nitrate, and copper sul-
fate pentahydrate for mosquito control while ensuring treated water remains safe for
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human consumption. The findings provide insights for practical, integrated public health
strategies that address both water quality and VBDs, enabling communities, governments,
and organizations to implement effective, sustainable, and context-specific solutions. The
study did find that elongated exposure to silver nitrate, copper sulfate pentahydrate, and
sodium hypochlorite at these low concentrations negatively impacted juvenile Ae. aegypti
development. While the goal was to achieve 100% inhibition of emergence, the study was
constrained by the drinking water regulations, thus not permitting the use of chemicals at
concentrations deemed unsafe for human consumption.

2. Materials and Methods

To analyze the efficacy of water disinfectants for mosquito larval source management
of Ae. aegypti, the bioassay experiments in this study were designed to resemble the context
of treating household water storage containers. This section describes the methods used
to culture and rear Ae. aegypti in the laboratory (Section 2.1), select disinfectants for the
bioassays and determine the test concentrations (Section 2.2), and test silver nitrate, copper
sulfate pentahydrate, and sodium hypochlorite against Ae. aegypti larvae (Section 2.3).

2.1. Culturing and Rearing

Ae. aegypti eggs were obtained commercially from Benzon Research, Inc. (Carlisle,
PA, USA). The colony, derived from the USDA “Gainesville” strain, has been continuously
colonized at Benzon Research since 1994. Eggs procured from Benzon were 2-3 weeks old.
The mosquitoes were reared in the Water Quality Laboratory at the University of Virginia
on a 12:12 h light-dark cycle. The Extech RHT20 Humidity and Temperature Datalogger
(Teledyne FLIR LLC, Nashua, NH, USA) was used to monitor the environmental conditions.
The Ae. aegypti eggs and larvae were cultured at 27.9 £ 0.2 (82.2 °F) in Sterlite plastic trays
(35.6 x 27.9 x 8.3 cm) containing deionized (DI) water. The larvae were fed daily with
ground larval food, a 3:1 mixture of liver powder-brewer’s yeast (MP Biomedicals™, Solon,
Ohio, USA). Five grams of this mixture was added to 400 mL water. The DI water was
deoxygenated by adding 1/8 oz of the food slurry to the rearing trays. Twenty-four hours
later, eggs attached to strips of paper were submerged into the trays. Larvae of an intended
instar were collected for each experiment. No food was added to rearing trays on the day
of the hatch. The larvae were fed 0.25, 0.5, and 1 oz on the first three days post hatching,
respectively. After day 3, larvae feed between 1 and 1.5 0z/day until pupation.

2.2. Water Treatment Disinfectants

Ae. aegyptilarvae were assessed against varying concentrations of silver nitrate, copper
sulfate pentahydrate, and sodium hypochlorite. These disinfectants were selected for this
study due to their widespread use in water treatment processes, particularly in point-
of-use water treatment (POUWT) technologies commonly employed in resource-limited
settings [97]. Chlorine, particularly in the form of sodium or calcium hypochlorite, is one
of the most widely used disinfectants in water treatment processes worldwide due to its
strong oxidizing properties which allow it to eliminate a broad range of common water-
borne pathogens such as Escherichia coli, Legionella, Salmonella Typhi, Shigella, adenoviruses,
norovirus, and rotaviruses [97-99]. While cost effectiveness and availability make chlorine
an attractive option for water treatment interventions, the taste and odor of chlorine has
made it less culturally relevant in certain contexts [100,101], as well as its production of
harmful disinfection byproducts at high concentrations [102]. Thus, silver and copper have
gained traction as effective alternatives in water treatment applications [97,103-113]. Silver
has become increasingly prominent as a disinfecting agent in water purification systems
because of its high efficacy against killing Gram-negative bacteria at very low concentra-
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tions, as well as its minimal impact on the taste or odor of treated water [94,114,115]. While
copper has been observed in many studies to be less potent than silver at similar concentra-
tions, it has been demonstrated as effective against both Gram-negative and Gram-positive
bacteria, copper’s higher drinking water quality guideline allows for greater flexibility
in dosing and copper is approximately ten times less expensive than silver [97,113,116].
Established microbial efficacy ranges reported in previous laboratory and field studies for
chlorine, silver, and copper provided the rationale for testing these water disinfectants at
similar ranges for larvicidal efficacy.

The concentrations of disinfectants used in this study were selected based on es-
tablished drinking water quality guidelines (DWQGs) set by public health agencies: the
WHO [94-96] and the US EPA [93]. The DQWG values, reported in Table 2, served as the
reference points for the creation of a range of concentrations to test each disinfectant that
would maintain safety for human consumption when applied in the context of household
water storage containers. For free chlorine, 2 mg/L was selected as the upper boundary
condition as it aligns with the WHO guideline for POUWT contexts [117]. The WHO
DWQG was chosen over the EPA’s maximum contaminant level goal (MCLG: the level of a
contaminant in drinking water below which there is no known or expected risk to health)
of 4 mg/L [93] as it is more conservative, ensuring broader applicability across diverse
global contexts, including taste and odor thresholds. The EPA’s MCLG of 1.3 mg/L for
copper [93] was selected as the upper boundary instead of the higher 2 mg/L guideline
set by the WHO [95]. For silver, both the EPA and WHO DWQG align on a threshold of
100 pg/L, which was used as the upper boundary [93,96].

Table 2. Drinking water quality guidelines for disinfectants (silver, copper, and chlorine) and the low,
medium, and high concentrations tested in larvicidal bioassays.

Concentrations Tested (ug/L)

Disinfectant Drinking Water Quality : "
Guideline (DWQG) High Mid Low
(80-95% of DWQG)  (40-50% of DWQG)  (20-25% of DWQG)
Silver (Ag): AgNO3 EPA and WHO: 100 pug/L 20 40 80
. EPA: 1300 pug/L

Copper (Cu): CuSO4.5H,O0 WHO: 2000 g /L 300 600 1200

EPA: 4000 ng/L(EPA)

WHO: 2000 ug/L free

Chlorine (OC1~ /HOCI): chlorine dose for clear
NaOCl water (<10 NTU) and 500 1000 2000

4000 pg/L for turbid water
(>10 NTU) for POUWT

To avoid potential health effects associated with concentrations exceeding recom-
mended DWQG for consumption (e.g., high levels of chlorine may cause eye and nose
irritation and stomach discomfort) and to address social acceptability factors (e.g., chlorine
taste thresholds in different populations, cost implications), a range of concentrations were
tested, none of which were directly at the uppermost boundary identified from reviewing
DWQG set by public health organizations. The concentration ranges selected for this study
represent high-, mid-, and low-range dosing for water treatment. A mid-range concentra-
tion was chosen at approximately 40-50% of the DWQG. The lower range was determined
by halving the selected mid-range value, which resulted in about 20-25% of the DWQG
value, while the higher range was set at double the mid-range value, making it 80-95% of
the DWQG value of the specified disinfectant. For example, the DWQG set by the United
States EPA and WHO for silver is 100 pug/L and the concentrations tested in the present
study represent 20%, 40%, and 80% of that DWQG. This approach aligns with the design
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and operational practices of POUWT technologies, which aim to dose disinfectants at levels
below the maximum DWQG to ensure safety while simultaneously producing sufficient
disinfectant to effectively target microbial disinfection of waterborne pathogens.

2.2.1. Silver Nitrate

The stock solution was made by dissolving 16.99 g of AgNO3; powder (Artcraft
Chemicals, CAS No. 7761-88-8, South Glens Falls, NY, USA) into 1000 mL of DI water. One
milliliter of this 100 mM AgNOj stock solution (10.79 g of silver in 1000 mL) was added
to 1077 mL of DI water to make a 10 mg/L silver solution. Serial dilutions of the stock
solution (10 mg/L to 1 mg/L to 0.1 mg/L) were performed to make test concentrations
of 80 ug/L (high dose), 40 pg/L (mid dose), and 20 pg/L (low dose). Nominal silver
concentrations were confirmed by inductively coupled plasma mass spectrometric analysis
(ICP-MS) using the Agilent 7900 ICP-MS instrument (Agilent, Santa Clara, CA, USA).
Samples for the ICP-MS were prepared by adding 2% trace metal grade nitric acid (HNOs,
Fisher Chemical, Fair Lawn, NJ, USA).

2.2.2. Copper Sulfate Pentahydrate

The 100 mM stock solution was prepared by dissolving 25.22 g of copper sulfate
pentahydrate (CuSO4.5H,0, Alfa Aesar, Thermo Fisher Scientific, CAS No. 7758-99-8,
purity: 99%, Waltham, MA, USA) into 1000 mL of deonized (DI) water. The 100 mM was
diluted to 10 mM by transferring 10 mL of the stock solution into a 100 mL volumetric
flask and filling to the mark with DI water. A 1 mM solution was prepared by transferring
10 mL of the 10 mM solution into another 100 mL volumetric flask and diluted with DI
water. For a 10 uM solution of copper sulfate pentahydrate (equivalent to 2497 ug/L), 1 mL
of the 1 mM solution was transferred into a 1000 mL volumetric flask and diluted to the
mark with DI water. Further serial dilutions were performed to make test concentrations of
1200 pg/L (high dose), 600 ng/L (mid dose), and 300 pg/L (low dose).The copper level was
confirmed using the ICP-MS. Samples for the ICP-MS were prepared by adding 2% HNOs.

2.2.3. Sodium Hypochlorite

Free chlorine is an indicator of the overall chlorine concentration in the water available
for disinfection and lethality. Sodium hypochlorite (NaOCl) is a powerful oxidizing agent
that can react with water to release free chlorine. Free chlorine is in a solution as hypochlor-
ous acid (HOCI) or hypochlorite ion (OCl)~. When sodium hypochlorite is added to water,
the hydrolysis reaction occurs. These processes are represented in the following equations:

NaOCl = Na* + OCI™ 1)

HOCl = H* + OCl~ @)

The dissociation of HOCI in water has an equilibrium constant, K,;, much smaller
than 1, indicating only a small fraction of HOCI dissociates into H" and OCl~, making it a
weak acid.

[H*] [OCL’]

Ke = "roa

=35x10"° €)
where [H"] is the concentration of hydrogen ions, [OCI ] is the concentration of hypochlo-
rite ions, and [HOCI] is the concentration of undissociated hypochlorous acid. Depending
on factors such as pH, temperature, and pressure, the ratio of OCl™ and HOCI will change.
For instance, higher temperatures might slightly increase the dissociation of HOCI in water.
At lower pH, HOCI dominates over OCl™ and is more effective as a disinfectant. Depend-
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ing on the conditions, the resulting mixture of free chlorine, OCl~, and HOCI reacts with
and disinfects microorganisms present in the water, making it safe for consumption or
other uses.

The stock solution of sodium hypochlorite with 10-15% available chlorine was pro-
cured from Sigma-Aldrich (CAS No. 7681-52-9, St. Louis, MO, USA). Serial dilutions were
performed to create a new stock solution at a concentration of 25 mg/L. Further serial
dilutions to make free chlorine test concentrations of 0.5 mg/L (low dose), 1 mg/L (mid
dose), and 2 mg/L (high dose) were performed directly before the start of an experiment.
Concentrations of free chlorine were measured directly, utilizing the USEPA DPD Method
8021 for low-range free chlorine, before and after the addition of larvae, as well as at 4 and
8 h, using a HACH DR6000 spectrophotometer.

2.3. Survival Bioassays: Evaluation of Dose Response to Water Treatment Disinfectants

The main objective of the survival bioassays was to determine the optimum application
of common water disinfectants silver, copper, and chlorine against juvenile Ae. aegypti to
create recommendations for water treatment within household water storage containers
for the purpose of vector control. Each experiment was conducted with three replicates of
each test concentration and control. Each set of experiments was performed in triplicate on
different days, using fresh solutions and batches of larvae each time to counter confounders
in the bioassay. The resulting data, which included counts of larvae, pupae, and adult
mosquitoes in each container, were subject to statistical analysis.

2.3.1. Experimental Setup

Experimental methods for the laboratory study were influenced primarily by WHO’s
Guidelines for laboratory and field testing of mosquito larvicides [118]. Per test concentration,
25 larvae were placed in aliquots of 200 mL prepared solution within a 250 mL beaker
(3 replicates) for bioassays. Control beakers (three replicates) were filled with DI water.
The larvae were transferred to test beakers by means of disposable transfer pipettes. The
test beakers were held at the same environmental conditions described in Section 2.1:
27.9 £ 0.2 °C, photoperiod of 12L:12D.

Larval activity (surviving larvae, the emerging pupae, and adult mosquitoes) was
recorded in both treated and control beakers. Observations were made every 24 h until
completion of adult emergence in all treatment groups or until the experiment reached
day 16 post exposure. Test and control beakers were covered with netting to prevent
successfully emerged adults from escaping. The number of successfully emerged adults
were confirmed by observations of the empty pupal cases left in the solution in the instance
that an adult mosquito may have escaped. The water disinfectant’s inhibitory effect on
mosquito emergence was indicated by the observation of adult mosquitoes that failed
to fully separate from their pupal cases and the presence of moribund or dead larvae
and pupae. Larvae were considered moribund or dead when they did not move when
their aquatic environment was disturbed and, furthermore, could not be induced to move
even after being probed. Larvae matching this description were counted as dead larvae
for calculating survival. To calculate mortality, any larvae that successfully completed
their metamorphosis into adult mosquitoes were considered alive for the duration of
the experiment.

This study examined two distinct larval stages: late third instar larvae and late first
instar larvae. By testing these stages, the study aimed to illustrate two potential scenarios
within the context of household water storage:

1. A mosquito deposits eggs in a water storage container, resulting in newly hatched
larvae being exposed to a freshly applied disinfectant. This scenario evaluates whether
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a POUWT technology introduced into the water storage container can effectively
reduce the survival and emergence of newly hatched larvae.

2. Larvae are already present in the source water supplying the household water storage
(HWS) system, allowing them to develop further before encountering the water
storage container and disinfectant.

The older instar experiments took place over 16 days (when the control larvae reached
full emergence and larvae in the treatment groups either emerged, died, or were moribund).
If adult emergence in the control was less than 80%, the test was discarded and repeated.
For the younger instar experiments, larvicidal data were collected for 3 days.

The older larvae were fed after observations on day 4, and the younger instar larvae
were fed after observations on day 2. Two drops of the slurry were added per test beaker at
each feeding, which occurred every other day until the experiment was terminated. While
delaying the feeding, as described above, is suboptimal for typical lab-grown Ae. aegypti
growth rates as observed in the literature, this particular food regiment was chosen for
this particular study for two main reasons: (1) to simulate the scenario when the water
within the household water storage container has been disinfected /safe to drink, and (2) to
decrease the confounding variable of the water treatment disinfectant interacting with the
food slurry (e.g., volatility of the chlorine, interactions between silver or copper ions and
brewer’s yeast or liver powder that could affect toxicity).

2.3.2. Data Analysis

Larvicidal activity was calculated using the WHO's bioassay protocol [118] and meth-
ods established in Ngonzi et al. [119]. Data from all replicates in an experiment were pooled
for analysis. Where the emergence was between 80% and 95%, mortality was calculated
using Abbott’s (1925) formula [120].

Survival (%) = 100 — ((C — T)/C % 100) 4)

where C = percentage survival in the untreated control and T = percentage survival in the
treated sample. Larvae that developed into successfully emerging adults was expressed in
terms of emergence:

Emergence (%) = 100 — ((C — T)/C * 100) (5)

where C = percentage emergence in the untreated control and T = percentage emergence in
the treated sample. Inhibition of emergence (IE) was calculated on the basis of the number
of larvae exposed. IE% is calculated using the following formula:

Inhibition of Emergence (IE%) =100 — (T * 100)/C 6)

where T = percentage emergence in treated batches and C = percentage emergence in the
control. Abbot’s correction was also applied when appropriate according to the WHO
guidelines for laboratory testing of mosquito larvicides [118].

All statistical analyses were performed using R (version 4.2.2) and RStudio (2022.07.2
Build 576). To assess the dose response of silver, copper, and chlorine on the number of
larvae, pupae, and emerged adult mosquitoes, the sample mean, standard deviation (SD),
and standard error of mean (SEM) were calculated on the observed data.

Probit analysis, a method first published in Science by Chester Ittner Bliss in 1934 [121]
and then popularized by the work of Finney [122], is commonly used in toxicology in order
to analyze the relationship between a dose and a response [123]. To investigate the impact of
the treatments on the probability that a larva survives and/or has emerged, a mixed-effect
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probit regression model was fit to the data in R. The response variable was the classification
of percent survival or percent emergence, while the independent variables were time (days),
dosage, and their interaction. A natural spline with two degrees of freedom was applied
to time to account for non-linearity in the rate of change per day. Each experiment was
treated as a random effect. The function glmer (which stands for “generalized linear mixed
effects regression”), from the Ime4 package, was employed to produce predictive models
for each of the treatments. The function emmeans (which stands for “estimated marginal
means”) was used to perform pairwise comparisons of the estimated means.

For the inhibition of emergence predictive model, day 16 post exposure values for the
control were obtained from the emergence model. Bootstrapping was used to generate a
confidence interval using the upper and lower limits of the 95% confidence interval for
emergence. The bootMer (which stands for “bootstrap for mixed effects models”) function
simulated 100 samples based on the bounds of the model.

The probit regression curves presented in the analysis represent the probability of the
binary response variable taking on the value of 1 (“alive” or “has emerged”) as a function
of the predictor variables with a 95% confidence interval. Thus, the probit regression model
predicts the probability of survival or emergence for the juvenile Ae. aegypti over the course
of the experiment. Within the analysis in this paper, extrapolation of the inhibition of
emergence model beyond the experimental range of this study was performed to estimate
the conditions required to achieve a predicted 100% inhibition of emergence by day 16.
This estimation was used to assess whether the required concentration would remain
within drinking water quality guidelines. Further experimentation would be necessary
to validate these predictions and confirm whether 100% inhibition can be achieved under
these conditions.

3. Results and Discussion

Within this study, testing larvae at different life stages allowed the researchers to un-
derstand if susceptibility of the larvae to the water disinfectants’ effects was dependent on
the age of the larvae as reflected in previous studies [124-126]. For older instar experiments,
survival and emergence data are presented over a 16-day post exposure period. For the
younger larvae, results reflect survival over the course of 72 h of exposure to the treatments.

3.1. Late Third Instar Experiments

This section reports the survival and emergence results for the experiments conducted
on late third instar Ae. aegypti utilizing silver nitrate, copper sulfate pentahydrate, and
sodium hypochlorite treatments. Observed data (summarized in Table 3) serve as input
for probit regression models. Observed data results are expressed in terms of Percentage
Mean =+ SEM, and the model data results (summarized in Table 4) are expressed in terms of
Predicted Probability Mean [Upper 95% Confidence Interval, Lower 95% Confidence Interval].

3.1.1. Silver Nitrate Exposure to Older Instar

Introducing silver nitrate into the aquatic environment of juvenile Ae. aegypti neg-
atively impacted their growth and development at all concentrations tested (20, 40, and
80 ug/L Ag) when compared to the growth and development of the control larvae by
the end of the experimental period (Peontrol < 0.001). Within the environmental condi-
tions tested, silver nitrate treatment shows great potential to inhibit emergence. The data
reflected a dose-response relationship: 80 pg/L achieved the highest inhibition of emer-
gence of 88.66 £ 5.70% on day 16 of exposure, followed by 40 pg/L at 81.56 =+ 3.39% and
20 ug/L at 72.40 & 4.13%. Emergence and survival values are comparable, suggesting that
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most of the larvae that survived the treatment emerged into adult mosquitoes during the
experimental period.

Table 3. Observed data for silver nitrate (AgNOj3) treatments of 20, 40, and 80 ug/L; copper sulfate
pentahydrate (CuSO4.5H,0) treatments of 300, 600, and 1200 pg/L; and for sodium hypochlorite
(NaOCl) treatments of 0.5, 1, and 2 mg/L free chlorine (OCI~ /HOCI). Standard deviation (St. dev)
and standard error of mean (SEM) is presented with the mean percentage survival, emergence

percentage, and inhibition of emergence (IE) percentage of older instar Ae. aegypti larvae on day

16 post exposure. Data are corrected with Abbot’s formula (1925).

Observed Data

Silver Treatment 20 ug/L Ag 40 ug/L Ag 80 ug/L Ag Control
Variable Mean St.Dev. SEM Mean St.Dev. SEM Mean St.Dev. SEM Mean St.Dev  SEM
Survival (%) 26.85 6.25 3.61 17.09 4.58 2.64 10.75 8.64 499 9111 0.77 0.44
Emergence (%) 25.01 6.44 372 16.69 5.24 3.02 1029 8.94 516  90.67 1.33 0.77
IE (%) 72.40 7.16 413 8156 5.86 339 88.66 9.87 5.70
Copper Treatment 300 pg/L Cu 600 pg/L Cu 1200 pg/L Cu Control
Variable Mean St.Devn. SEM Mean St.Dev. SEM Mean St.Dev. SEM Mean St.Dev  SEM
Survival (%) 42.55 7.13 412 25.80 10.91 6.30 1192 7.50 433 89.78 0.77 0.44
Emergence (%) 40.30 5.38 311 2488 9.94 574 1144 7.51 434 8933 0.00 0.00
IE (%) 54.89 6.02 348 7215 11.12 642 8719 8.41 4.86
%:L‘;::;;t 500 pg/L Free C1 1000 pug/L Free Cl 2000 pg/L Free Cl Control
Variable Mean St.Dev. SEM Mean St.Dev. SEM Mean St.Dev. SEM Mean St.Dev  SEM
Survival (%) 58.40 21.88 12.63  24.75 12.85 742 17.39 14.70 849  90.67 2.67 1.54
Emergence (%) 56.53 20.75 11.98 24.98 12.99 750 17.59 14.95 8.63  89.78 2.78 1.60
IE (%) 3744 21.35 12.32 7246 13.77 795  80.65 16.04 9.26

Table 4. Predicted mean probability of survival and predicted probability of emergence of older

instar Aedes aegypti on day 16 after contact with silver nitrate (AgNO3) treatments of 20, 40, and 80

ng/L; copper sulfate pentahydrate (CuSO4.5H,0) treatments of 300, 600, and 1200 pg/L; and for

sodium hypochlorite (NaOCl) treatments of 500, 1000, and 2000 pg/L free chlorine (OC1~ /HOCI).

Modeled inhibition of emergence (IE) percentage produced with the probit regression model for

emergence. Data are corrected with Abbot’s formula (1925).

Probit Regression Model

Silver Treatment 20 ug/L Ag 40 ug/L Ag 80 ug/L Ag Control
Survival (%) 23.57[18.10, 28.57] 15.91 [11.49, 20.01] 11.21[8.25, 14.29] 91.39 [87.75, 94.15]
Emergence (%) 21.04 [15.48, 29.37] 14.10 [8.79, 20.55] 8.20 [4.81, 11.96] 92.84 [88.22,95.93]
IE (%) 78.96 [71.87, 85.19] 85.90 [78.13, 90.51] 91.80 [86.72, 94.84]
Copper Treatment 300 ug/L Cu 600 ug/L Cu 1200 pg/L Cu Control
Survival (%) 42.56 [34.02, 53.57] 27.50[19.17, 37.88] 12.52 [7.05, 20.42] 90.52 [84.18, 94.76]
Emergence (%) 42.65 [36.46, 49.15] 24.43[18.71, 30.17] 11.77 [7.96, 15.68] 93.36 [90.36, 95.58]
IE (%) 57.35 [49.48, 64.47] 75.57 [70.91, 82.82] 88.23 [84.47, 91.90]
Chlorine Treatment 500 ug/L Free Cl 1000 pug/L Free Cl 2000 pug/L Free Cl Control
Survival (%) 57.53 [8.14, 17.24] 19.77 [14.32, 26.56] 12.19 [7.64, 18.30] 91.63 [86.98, 94.90]
Emergence (%) 58.34 [45.76, 69.53] 21.57[14.00, 34.51] 13.73 [7.55,21.99] 92.85 [86.58, 96.58]
IE (%) 41.66 [31.12, 54.55] 78.43 [67.94, 86.38] 86.27 [79.95, 92.99]
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Figure 4 depicts the experimental data for survival with curves fitted by probit regres-
sion overlaid, illustrating the relationship between the model and observed experimental
data. The probit regression curves for probability of survival across the different treatments
are plotted together on a single graph in Figure 5. The model predicted that 11.21% [8.25,
14.29] of the juvenile Ae. aegypti treated with 80 ug/L survived by day 16, followed by
15.91% [11.49, 20.01] at 40 pug/L, and 23.57% [18.10, 28.57] at 20 ug/L.

Predicted probabilities of survival

Ag (20 ppb) Ag (40 ppb)
1.00

0.75
0.50

0.25

0.00
0 4 8 12 16 0 4 8 12 16

survival

Ag (80 ppb) Control (DI Water Only)

1.00 : N

0.75

0.50
0.25

0.00

Figure 4. The predicted probabilities of survival of older instar Ae. aegypti during the experimental
period for larvae treated with silver nitrate (20, 40, and 80 pg/L) and controls. The shaded areas
represent the 95% confidence interval.

As seen in Figure 5, there is a clear indication that the final proportion of individuals
that have emerged into adult mosquitoes by day 16 in the treatment groups is significantly
lower than that of the control (pcnr1-20ag < 0.001, penit40ag < 0.001, penri-soag < 0.001).
The visual interpretation of the model shows separation between all treatment groups from
the control by day 7, with the first four days of the experiment characterized by minimal
emergence in the controls. While the predicted probability of emergence for the controls by
day 16 was 92.84% [88.22, 95.91], the emergence predicted for larvae in water containing
20, 40, and 80 ug/L Ag was 21.04% [15.48, 29.37], 14.10% [8.79, 20.55], and 8.20% [4.81,
11.96], respectively. In the model, the 20 pug/L and 40 ug/L Ag treatments were found to
be significantly different [pspag20ag = 0.032] for the predicted probability that a larva has
emerged by day 16.

While the ultimate objective of vector control is to achieve a 100% inhibition of emer-
gence (IE% = 100%), excessive use of disinfectants beyond what is necessary to achieve this
goal may lead to diminishing returns in terms of cost-effectiveness and human health; thus,
it is important to balance the concentration of the chemical used with the desired outcome.
Depicted in Figure 6, extrapolation of the IE% model outside of this study’s experimental
range suggests that 100% inhibition of emergence on day 16 would occur at a concentration
of 117.32. png/L Ag, which is slightly greater than the drinking water quality guideline.
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A) Predicted probabilities of survival
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Figure 5. Predicted probabilities of (A) survival of Ae. aegypti larvae exposed to 20, 40, and 80 nug/L
of silver nitrate and (B) emergence of Ae. aegypti larvae into adult mosquitoes following exposure to
these varying concentrations of silver nitrate. Shaded areas indicate the 95% confidence interval.
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Figure 6. The modeled inhibition of emergence of Ae. aegypti larvae on day 16 of exposure to
silver nitrate, with concentrations of 20, 40, and 80 pg/L Ag. Model error bars represent a 95%
confidence interval.

To validate this prediction, more experiments would need to be conducted within a
wider range of silver concentrations, including those concentrations not safe for human
consumption, to validate whether linear regression is the most appropriate model for this
relationship between concentration of the larvicide and percent inhibition of emergence.
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Prolonged exposure of the larvae to higher concentrations of the water disinfectant may
lead to compound effects (e.g., threshold toxicity concentration reached for the larvae or
cumulative developmental effects over the duration of the experiment) that may cause the
relationship to be more non-linear in fit.

3.1.2. Copper Sulfate Pentahydrate Exposure to Older Instar

All copper concentrations tested (300, 600, and 1200 pg/L Cu) resulted in decreased
survival and emergence of juvenile Ae. aegypti compared to the control group by the end
of the experimental period (Peontrol < 0.001), as reported in Table 3. The control group
exhibited a survival and emergence of roughly 90%, while those that came into contact
with 300 pg/L Cu had a survival and emergence of only 42.55 £ 4.12% and 40.30 £ 5.38%,
respectively. Increasing the dose to 1200 nug/L resulted in a more drastic reduction in
both the emergence and survival of the Ae. aegypti, with on average 11.44 + 4.34% having
emerged by day 16 and 11.92 £ 4.33% probability of survival. A dose response is reflected
within the inhibition of emergence data, with 300, 600, and 1200 ug/L Cu, resulting in IE%
on day 16 of 54.89 =+ 3.48%, 72.15 & 6.42%, and 87.19 £ 4.86%, respectively.

The probit model for the predicted probability of survival of juvenile Ae. aegypti
in the presence of different concentrations of copper sulfate pentahydrate and the pre-
dicted probability that a larva has emerged is illustrated in Figure 7. When compared
to the control group on day 16, the predicted survival and emergence of Ae. aegypti
exposed to copper treatments was significantly lower at all concentrations tested
(Pentri-soocu < 0.001, pentrieoocu < 0.001, pentri-1200cu < 0.001). As was observed with silver
nitrate, a dose response is evident in emergence with copper sulfate (psoocu-300cu < 0.001,
P1200Cu—s00cu < 0.001, p120ocu-300cu < 0.001).

The probit regression model was applied to create a model for inhibition of emergence,
depicted in Figure 8. At the conclusion of the experimental period, this model predicts that
1200 pg/L concentration results in an 88.23% [84.47, 91.90] inhibition of emergence, which
is roughly 1.5x more effective than the 300 ng/L treatment (IE%: 57.35% [49.48, 64.47]);
however, the concentration is four times greater. From the linear regression model which
establishes a relationship between concentration of copper and percentage inhibition of
emergence, and through extrapolation, it is predicted that 100% inhibition of emergence
could potentially occur at roughly 1500 pg/L Cu. This concentration is over the drinking
water quality standard set by the EPA, but does not surpass the guideline set by the WHO.
The linear regression line appears to underestimate the inhibition of emergence potential
of the 600 ng/L Cu treatment, which may indicate that there is a non-linear relationship
between the concentration of the water disinfectant and percent inhibition of emergence at
these low concentrations after a prolonged exposure to the treatment.

3.1.3. Sodium Hypochlorite Exposure to Older Instar

The results indicate that all concentrations of free chlorine tested (500, 1000, and
2000 pg/L) adversely affected the development and survival of the Ae. aegypti when com-
pared to the control group (pcntr-s00c1 < 0-001, pentri-1000c1 < 0-001, pentri-2000c1 < 0.001), as
reported in Table 3. The control group survival and emergence were both near 90% by day
16, while the treatment groups of 500, 1000, and 2000 pg/L free chlorine caused survival to
drop down to 58.40 £ 12.63%, 24.75 &= 7.42%, and 17.39 + 8.49%, respectively. Inhibition of
emergence for free chlorine concentrations on day 16 for 500, 1000, and 2000 pg/L were
37.44 4+ 12.32%, 72.46 £ 7.95%, and 80.65 + 9.26, respectively.
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Figure 7. Predicted probabilities (A) of survival and (B) that Ae. aegypti larvae have emerged into
adult mosquitoes after being exposed to copper sulfate pentahydrate at concentrations of 300, 600,
and 1200 pg/L. Shaded areas indicate the 95% confidence interval.
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Figure 8. The modeled inhibition of emergence of Ae. aegyptilarvae on day 16 of exposure to copper
sulfate pentahydrate, with concentrations of 300, 600, and 1200 ug/L Cu. Observed error bars
represent a 95% confidence interval.

The probit model that predicts the survival of juvenile Ae. aegypti after they have
encountered a single dose of free chlorine of concentration 500, 1000, and 2000 pg/L
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is illustrated in Figure 9. Similar to the response observed with the other two water
disinfectants, a dose response was evident with free chlorine, with predicted survival
probabilities of 57.53% [8.14, 17.24], 19.77% [14.32, 26.56], and 12.19% [7.64, 18.30] at the
end of the observational period for 500, 1000, and 2000 pg/L, respectively. Similarly, the
chlorine treatment decreased the larvae’s ability to reach adulthood (pcpy1-50001 < 0.001,
Pentri-1000cl < 0.001, penti-zoooct < 0.001). As the concentration of free chlorine increased,
the predicted probabilities that a larva has emerged decreased: 58.34% [45.76, 69.53] for
500 pg/L, 21.57% [14.00, 34.51] for 1000 pg/L, and 13.73 [7.55, 21.99] for 2000 ug/L. These
results suggest that chlorine has a dose-dependent effect on the development of Ae. aegypti
(ps00ci-1000c1 < 0-001, pagooci-1000ct = 0-008, pagooci-sooct < 0.001). Depicted in Figure 9, the
model also portrays that while a single dose of 500 pg/L free chlorine reduced emergence,
the treatments of 1000 and 2000 pg/L were roughly twice as effective.
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Figure 9. Predicted probabilities of (A) survival of Ae. aegypti larvae in contact with chlorine and
(B) emergence of Ae. aegypti larvae in contact with chlorine at concentrations of 500, 1000, and
2000 pg/L of free chlorine.

When considering the other treatments tested in this study (silver and copper), there
is greater variability in the chlorine data for larval emergence, as indicated by the larger
standard deviation in the observed data and the wider confidence interval in the model.
Three possible explanations for this variation include the following;:

1. The volatility of chlorine, which makes it less stable compared to silver and copper
during long exposure periods, especially in elevated temperatures that can increase
chlorine evaporation;
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2. Differences in the rate of free chlorine consumption within each beaker, potentially caused
by larvae, external contamination sources, or variations in pH and temperature;

3. The ratio of hypochlorous acid (HOCI) to hypochlorite ion (OCI™), as HOCl is the
more effective disinfectant of the two forms and may also exhibit stronger larvicidal
effects (ratio is influenced by the pH of the solution; higher pH values correspond to
a greater concentration of OC1™).

These factors lead to different contact times and forms of chlorine exposure for the
larvae, depending on the specific environmental conditions in each beaker.

The relationship between free chlorine concentration and the inhibition of Ae. aegypti
emergence is shown in Figure 10. Data extrapolation suggests that a free chlorine concen-
tration of approximately 2.3 mg/L would completely inhibit larval emergence under the
tested environmental conditions. The linear model for inhibition of emergence underesti-
mates the potential for the 1 mg/L free chlorine treatment, indicating that prolonged larval
exposure may not follow a strictly linear relationship.
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Figure 10. The modeled inhibition of emergence of Ae. aegyptilarvae on day 16 of exposure to copper
sulfate, with concentrations of 0.5, 1, and 2 mg/L free chlorine. Observed error bars represent a 95%
confidence interval.

3.2. Younger Instar Experiments

This section reports the results for the experiments conducted on late first instar
Ae. aegypti utilizing silver nitrate, copper sulfate, and sodium hypochlorite treatments.
Each of the following sections will start with observed data (summarized in Table 5),
which will serve as input for probit regression models (represented in Table 6). Significant
differences will then be examined through analysis of the models. Observed data results are
expressed in terms of Percentage Mean 4= SEM, and the model data results are expressed in
terms of Predicted Probability Mean (UCI_95%, LCI_95%).

3.2.1. Silver Nitrate Exposure to Younger Instar

Silver nitrate was effective against first instar Ae. aegpyti, contributing to the observed
57.73 + 7.10%, 36.44 + 11.23%, and 7.95 + 6.41% survival of the larvae after 72 h of
exposure to 20, 40, and 80 ug/L treatments, respectively. Table 5 presents the observed
survival of larvae after 24, 48, and 72 h exposure to the silver nitrate treatments. The probit
regression model was built using the observed data as the input. Table 6 and Figure 11
present the predicted probability of survival models. By 72 h, each of the treatments
performed significantly differently from each other (pgoag-20ag < 0.001, psoag-40ag < 0.001,
Psoag-—20ag < 0.001), with the highest concentration of silver nitrate (80 ug/L) leading to
the greatest mortality.

111



Water 2025, 17, 348

Table 5. Observed data for silver nitrate (AgNO3) treatments of 20, 40, and 80 ug/L, copper sulfate
pentahydrate (CuSO,4.5H;0) treatments of 300, 600, and 1200 ng/L, and sodium hypochlorite (NaOCl)
treatments of 500, 1000, and 2000 ug/L. Standard deviation (St. dev) and standard error of mean
(SEM) is presented with the mean percentage survival of younger instar Ae. aegypti larvae after 24, 48,

and 72 h of exposure. Data are corrected with Abbot’s formula (1925).

Silver Treatment 20 ug/L Ag 40 ug/L Ag 80 ug/L Ag Control
Time (h) Mean St.Dev.  SEM Mean St.Dev.  SEM Mean St.Dev SEM Mean St.Dev  SEM
24 92.78 4.47 258  89.70 1.92 1.11  86.06 7.46 431  99.11 1.54 0.89
48 81.13 11.95 6.90 65.55 2.36 136 5411 15.69 9.06 9422 2.04 1.18
72 57.73 12.30 710  36.44 19.45 1123 7.95 11.10 6.41 8222 2.04 1.18
Copper Treatment 300 pg/L Cu 600 pg/L Cu 1200 ug/L Cu Control
Time (h) Mean St.Dev.  SEM Mean St.Dev. SEM Mean St.Dev SEM Mean St.Dev  SEM
24 82.59 14.96 8.64 7947 14.77 8.53  68.31 24.64 1423 99.11 1.54 0.89
48 57.24 25.06 14.47 49.21 25. 64 14.80 3241 33.08 1910 94.22 2.04 1.18
72 21.85 23.74 13.71 17.71 12.43 718 1281 15.23 879 8222 2.04 1.18
%::g:;it 500 pg/L Free C1 1000 pug/L Free CI 2000 pg/L Free CI Control
Time (h) Mean St.Dev.  SEM Mean St.Dev. SEM Mean St.Dev. SEM Mean St.Dev  SEM
24 76.67 6.55 3.78 7256 12.53 723 3691 11.13 6.43  93.78 5.39 3.11
48 25.67 3.79 219 1472 17.20 993 6.13 5.36 310 81.33 4.00 2.31
72 15.40 1.20 0.69  8.60 11.93 6.89  0.00 0.00 0.00 75.11 3.36 1.94

Table 6. Predicted mean probability of survival (%) of younger instar Aedes aegypti after 24, 48,

and 72 h of exposure to silver nitrate treatments of 20 ug/L, 40 ug/L, and 80 ug/L; copper sulfate

pentahydrate treatments of 300 pug/L, 600 ug/L, and 1200 pg/L; and sodium hypochlorite (NaOCI)

treatments of 500, 1000, and 2000 pg/L. Data corrected by Abbot’s formula (1925).
Silver Treatment 20 ug/L Ag 40 ug/L Ag 80 ug/L Ag Control
t=24h 94.75 [91.50, 96.92] 91.51 [87.19, 94.63] 89.85[85.30, 93.27] 99.24 [97.52, 99.81]
t=48h 79.20 [72.29, 84.97] 63.89 [55.72, 71.47] 50.09 [41.91, 58.26] 94.24190.01, 96.91]
t=72h 58.66 [49.92, 66.99] 36.87 [28.85, 45.52] 8.38 [4.90, 13.45] 82.43 [75.48, 87.98]
Copper Treatment 300 ug/L Cu 600 ug/L Cu 1200 pg/L Cu Control
t=24h 88.71[75.01, 95.97] 85.46 [69.89, 94.42] 74.39 [54.91, 88.25] 99.42 [96.88, 99.93]
t=48h 53.40 [32.80, 73.11] 44.86 [25.47, 65.60] 26.94 [12.57, 46.72] 95.02 [85.93, 98.66]
t=72h 20.67 [8.66, 39.21] 16.82 [6.59, 33.90] 11.38 [3.92, 25.69] 83.63 [66.76, 93.64]
Chlorine Treatment 500 pg/L Free Cl 1000 pug/L Free Cl 2000 pg/L Free CI Control

t=24h 77.29 [71.79, 82.13] 72.55 [66.53, 77.97] 41.02 [35.19, 47.05] 94.55 [91.65, 96.59]
t=48h 25.37 [20.28, 31.05] 14.57 [10.53, 19.56] 3.34[2.02, 5.29] 80.39 [75.26, 84.82]
t=72h 15.24 [11.04, 20.38] 8.92[5.75, 13.23] 0.80 [0.18, 2.87] 75.44 [69.54, 80.66]

3.2.2. Copper Sulfate Pentahydrate Exposure to Younger Instar

The results suggest that copper sulfate pentahydrate was effective in controlling first

instar Ae. aegypti. The larvae’s survival rates after exposure to 300, 600, and 1200 nug/L
treatments for 72 h were 21.85 £ 13.71%, 17.71 £ 7.18%, and 12.81 =+ 8.79%, respectively. The
predicted probability of survival, presented in Figure 12, for first instar Ae. aegypti exposed
to 300, 600, and 1200 pg/L treatments for 72 h were 20.67% [8.66, 39.21], 16.82% [6.59, 33.90],
and 11.38% [3.92, 25.69], respectively. By the end of the experimental period, all treatments
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performed similarly in terms of producing larvicidal effects (PcyTreatments-Control < 0.001;
Peoocu-300cu = 0.744, p1200cu-600cu = 0.430, p120ocu-300cu = 0.122).
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Figure 11. Predicted probabilities of survival of Ae. aegypti larvae in contact with silver nitrate
concentrations of 20, 40, and 80 ug/L Ag.

Treatment

— Control (DI Water Only)
- = Cu (300 ppb)

==+ Cu (600 ppb)

+=+ Cu (1200 ppb)

Survival

Day

Figure 12. Predicted probabilities of survival of Ae. aegypti larvae in contact with copper sulfate
pentahydrate concentrations of 300, 600, and 1200 ug/L Cu.

3.2.3. Sodium Hypochlorite Exposure to Younger Instar

This study finds that sodium hypochlorite shows great efficacy in managing young
Ae. aegypti larvae. After being subjected to treatments of 500, 1000, and 2000 pg/L for 72 h,
the larvae exhibited survival rates of 15.40 £ 0.69%, 8.60 & 6.89%, and 0 £ 0%, respectively.
The survival rates of the larvae following exposure to the sodium hypochlorite treatments
for 24, 48, and 72 h are shown in Table 5. As illustrated in Figure 13, the first instar
Ae. aegypti that were exposed to 500, 1000, and 2000 pg/L free Cl treatments for 72 h have
a predicted probability of survival of 15.24% [11.04, 20.38], 8.92% [5.75, 13.23], and 0.80%
[0.18, 2.87], respectively. While the 500 ug/L and 1000 pug/L free chlorine treatments were
not statistically significant on day 3 (p1000ci_sooct = 0.161), both treatments were statistically
different from the better performance of the 2000 nug/L treatment (p(2000ci-s00ct) < 0.001;
P(2000ci-1000cr) < 0.001).

3.3. Comparing and Contextualizing the Results

To compare differences across water disinfectants, Figure 14 provides a summary of
the model generated IE% data for older instar on day 16. Based on the model output, it was
determined that within the low dosage range, the treatment of 20 ug/L Ag was notably
more effective than both the 300 pug/L Cu treatment and the 500 pg/L free Cl treatment.
The interpretation of the model data also demonstrated that as the concentrations of the
water disinfectants increased into the mid-range and high range, the differences in efficacy
between the various treatments became less pronounced. The analysis also considered
the statistical significance across the treatments in order to determine if significant dose
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responses were occurring. The key findings of this analysis are summarized below for each
of the three disinfectants for the late third instar Ae. aegypti:

e  Silver nitrate treatments: The 80 ug/L Ag treatment was significantly different from
the 20 pg/L treatment, but not significantly different from the 40 ug/L treatment.

o  Copper sulfate pentahydrate treatments: The model found that all copper treatments
were statistically significant from each other.

e  Free chlorine treatments: The 500 pg/L free chlorine treatment was statistically sig-
nificant from the 1000 pg/L and 2000 ug/L treatments; however, the 1000 pg/L and
2000 ng/L treatments were not statistically different from each other.

1.00

0.75 Treatment
T>° — Control (DI Water Only)
2 0.50 - - CI(0.5ppm)
@ o Cl(1 ppm)

0.25 = Cl2ppm)

0.00

0 1 2 3
Day

Figure 13. Predicted probabilities of survival of Ae. aegypti larvae in contact with chlorine at
concentrations of 500, 1000, and 2000 pg/L of free chlorine.
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Figure 14. Summary of predicted probabilities of inhibition of emergence results regarding the
efficacy of water disinfectants as larval control for older instar Ae. aegypti. IE% calculated from the
model generated data from day 16. Error bars represent the 95% confidence interval.

While the study design revealed that the first instar larvae were highly vulnerable to
all of the water disinfectants, the treatment that yielded the best results was 2000 pg/L CI,
with no larvae surviving the 72 h exposure period. Figure 15 displays the summary of the
predicted probability of survival of the late first instar Ae. aegypti after 72 h of exposure
to the water disinfectants. The relatively large error bars representing the 95% confidence
interval in Figure 15 reflect the biological variability inherent in working with live mosquito
larvae, particularly at concentrations that require extended time to achieve lethal effects.
Each batch of Ae. aegypti mosquitoes may exhibit slight differences in susceptibility, as
evidenced by variability seen even in the controls. This can be expected at such young and
vulnerable stages and may suggest that Ae. aegypti egg batches tested were not equally fit
or there were minor inconsistencies in environmental conditions or handling.
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Figure 15. Summary of predicted probability of survival at 72 h regarding the efficacy of water
disinfectants as larval control for younger instar Ae. aegypti. Error bars represent the 95% confi-
dence interval.

The results of this study are consistent with previous research demonstrating that
small aquatic invertebrates (relevant to the egg and larval stages of mosquito development)
experience toxicity to metals silver and copper [127-138] and to various formulations of
chlorine [139-142].

The effectiveness of these water disinfectants as vector control agents is highly de-
pendent on contact time with the larvae and the developmental stage at which the larvae
encounter the disinfectant. This has been observed in other studies examining mosquito
larvae development in metal stressed environments [127,128,135] and chlorinated envi-
ronments [139,140]. For example, a study utilizing household bleach with 5.25% sodium
hypochlorite as the active ingredient found that the lethal dose for first instar Ae. aegypti
larvae in the presence of food was 16 mg/L, whereas the lethal dose for third and fourth
instar larvae jumped up to 250 mg/L [141], illustrating the significant impact of instar age
on treatment efficacy. Building on the concept that age at which mosquito larvae come into
contact with a disinfectant matters, a study that dosed first instar Ae. aegypti larvae with a
copper sulfate treatment of 1250 nug/L observed that most mortality occurred during the
first instar stage. Larvae that reached the second instar were generally able to progress
to the pupal stage, suggesting mosquitoes are particularly sensitive to metal exposure as
first instar. The findings also suggest the concept that surviving larvae rapidly develop
tolerance to metal exposure [127]. In another study examining the effects of copper sulfate
on third instar Ae. aegypti, researchers found that exposure to the disinfectant at concen-
trations of 1500 and 15,000 png/L reduced the survival of Ae. aegypti during the immature
stages, specifically citing that the development of Ae. aegypti was impaired both in the
transition from larvae to pupae and from pupae to adult; however, in that study, the larvae
were exposed to copper sulfate for only 24 h, which may explain why larvicidal effects
were not observed at concentrations below 1500 pg/L [134]. In contrast, the larvicidal
effects presented in this paper reflect the cumulative effects of prolonged exposure to the
disinfectant as the larvae are in contact with the disinfectant during the duration of the
observation period.

Many prior studies investigating the effects of silver, copper, and chlorine on
mosquitoes did not specifically focus on the application of these chemicals in treating
water storage containers for both vector control and drinking water purposes; thus, higher
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concentrations of the chemicals were often used in these studies yielding increases in
larvicidal efficacy in shorter exposure periods [130,131,138,141]. These studies typically
aimed to determine LCsy or LCy values, which represent the concentration of a chemical
required to kill 50% or 90% of the exposed population, respectively, within a period of 24 to
48 h. In contrast, the experiments presented in this paper involved observing older instar
larvae over a 16-day exposure period and younger instar larvae over a 72 h exposure period.
For example, one study found that the LCs( for copper sulfate at 24 h was 33 mg/L for late
third instar Ae. Aegypti, which is over 25 times that of EPA’s drinking water standard for
copper. Within the same study, researchers observed 7% mortality at 3200 pug/L and 1%
mortality at 320 pug/L after 24 h [132]. For comparison, in the experiments described in this
paper, we observed a 6.6 = 4.0% and 5.8 £ 3.2% mortality at 24 h for third instar Ae. aegypti
exposed to 1200 pg/L and 300 pg/L, respectively. The discrepancy in the mortality out-
comes between the two studies can likely be attributed to differences in environmental
conditions, such as the use of tap water versus deionized (DI) water; Ae. aegypti strains;
culturing methods; and feeding protocols.

Studies considering these water disinfectants have also tested various mosquito species
such as the Ae. albopictus, Anopheles (An.) subpictus, An. quadrimaculatus, An. farauti,
Culex (Cx.) quinquefasciatus, and Cx. pipiens [128,130,131,133,136-138,140,142]. Among the
studies considering other species, some included test concentrations of the disinfectants
at levels considered safe for human consumption. In one study, first instar larvae of
Ae. albopictus, Cx. quinquefasciatus, and Cx. pipiens were exposed to copper sulfate at con-
centrations between 1100 and 10,000 ng/L, with Cx. pipiens found to be the most sensitive
to the treatments, highlighting that different mosquito species exhibit varying levels of
sensitivity to the same treatments. Focusing on the most affected species, Cx. pipiens, at
3300 ng/L, 50% of larvae died within 24 h, whereas no significant mortality was observed at
1100 pg/L with the same contact time; however, after 72 h of exposure, approximately 50%
mortality was recorded at 1100 pg/L, and 80% mortality was observed at 3300 pg/L [136].
Comparing these results with our study, at 24 h, approximately 30% mortality was observed
in first instar Ae. aegypti, and at 72 h, roughly 87% mortality was recorded at 1200 pg/L.

The mechanisms of action underlying the developmental effects of silver, copper, and
chlorine treatments on mosquito larvae reveal a complex interplay of physiological and
biochemical disruptions, with many details still largely understudied. Sodium hypochlorite
treatments have been observed to significantly prolong the larval development period,
with adverse effects on the integument (the outer covering of the larvae) and abnormalities
in the siphon (the breathing tube). Many treated larvae exhibited an inability to shed
their exoskeleton, ultimately failing to complete the metamorphosis process, suggesting
that hypochlorite disrupts key developmental processes essential for molting and meta-
morphosis [140]. For copper, one proposed mechanism of action involves its negative
impact on the larval gut microbiota, with some studies suggesting that this can lead to
gut dysfunction, impairing nutrient absorption. This, in turn, could reduce the amount of
energy available for larval development, including molt, metamorphosis, and adult devel-
opment [113,114,120,121]. Other mechanisms of action for the effects of copper on mosquito
larvae include direct toxicity to the larvae, interference with physiological processes such as
respiration or ion transport, or disruption of key enzymes or proteins involved in develop-
ment [143]. The mechanisms of action underlying the effects of silver nitrate on mosquito
larvae are not well understood. While silver’s antimicrobial properties suggest potential
disruptions in cellular processes, specific studies detailing its effects on mosquito larval
development are lacking.
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4. Conclusions

The presence of water storage containers near and within households provides an
opportunity for mosquitoes to breed in close proximity to humans, thus increasing the
risk for the spread of vector-borne diseases. The increase in cases and burden of mosquito-
borne diseases has been exacerbated by the emergence of resistance to common chemical
interventions, such as temephos, currently utilized in large global mosquito mitigation
efforts. As a result, there is a need for innovative and creative approaches to manage and
control mosquito populations, including the treatment of water storage containers. This
research seeks to provide communities, organizations, and governments with guidance
regarding chemical water treatment alternatives that may serve as viable options for
addressing both vector control and water treatment management. The findings of this
laboratory study suggest that using water disinfectants in water storage containers can
serve two purposes simultaneously—making the water safe to drink and preventing the
proliferation of disease-carrying mosquitoes.

In this study, alternative methods for treating water storage containers were examined,
focusing on the use of silver nitrate, copper sulfate pentahydrate, and sodium hypochlorite.
These treatments, tested at concentrations deemed safe for human consumption, were
assessed based on their ability to reduce the survival of juvenile Ae. aegypti and prevent
the emergence of larvae into adult mosquitoes capable of disease transmission. The find-
ings demonstrate that low concentrations of commonly used water disinfectants exhibit
significant larvicidal effects, offering a viable option for treating water storage containers.
While the ideal vector control management approach would involve rapidly and com-
pletely eliminating all larvae, this study represents an initial step toward understanding the
potential for water treatment disinfectants as a viable solution. Future work could explore
the use of these treatments in tandem with other strategies to achieve the ultimate goal of
comprehensive larval elimination.

By addressing two important issues simultaneously, public health projects that in-
corporate this approach may be more appealing to funding agencies and donors who
prioritize a holistic approach to health and environmental concerns. Additionally, the use
of water treatment chemicals for vector control can be seen as a cost-effective strategy for
controlling disease transmission, as it targets the mosquito larvae at the source, which may
be more efficient than other control methods. Other necessary ingredients for a successful
integrated vector management approach include integrated vector and disease surveillance,
education to promote community awareness, social mobilization (e.g., commitment from
governments and community engagement), and a multisectoral approach.
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Abstract: The progressive decline of the coal industry necessitates the development of effective
treatment solutions for acid mine drainage (AMD), which is characterized by high acidity and el-
evated concentrations of heavy metals. This study proposes an innovative approach leveraging
sulfate-reducing bacteria (SRB) acclimated to contaminated anaerobic environments. The research
focused on elucidating the physiological characteristics and optimal growth conditions of SRB,
particularly in relation to the pH level and temperature. The experimental findings reveal that
the SRB exhibited a sulfate removal rate of 88.86% at an optimal temperature of 30 °C. Addition-
ally, SRB gel particles were formulated using sodium alginate (SA) and carboxymethyl cellulose
(CMC), and their performance was assessed under specific conditions (pH =6, C/S=1.5T =30 °C,
CMC = 4.5%, BSNa = 0.4 mol/L, and cross-linking time = 9 h). Under these conditions, the SRB gel
particles demonstrated an enhanced sulfate removal efficiency of 91.6%. Thermal analysis via differ-
ential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) provided further insights
into the stability and properties of the SRB gel spheres. The findings underscore the potential of SRB-
based bioremediation as a sustainable and efficient method for AMD treatment, offering a novel and
environmentally friendly solution to mitigating the adverse effects of environmental contamination.

Keywords: acid mine drainage; sulfate reducing bacteria; sulfate root removal rate; gel particles

1. Introduction

In addition to the decline in the coal industry’s backward production capacity, a
significant number of coal mines have closed. The closure of coal mines has resulted in
a number of environmental issues, with acid mine drainage (AMD) being a significant
concern [1-3]. It is imperative that the issue of effective management of AMD be addressed
with the utmost urgency.

AMD is characterized by strong acidity, high hardness, and a high concentration of
heavy metals [4-6]. Such contamination will not only affect surface water quality but will
also have an impact on groundwater resources. As a consequence of the substantial influx
of groundwater into the goaf water, precious water resources are transformed into mine
wastewater, thereby resulting in a significant waste of groundwater resources [7-9].

Sulfate-reducing bacteria (SRB) are a class of anaerobic microorganisms that metabolize
by using sulfate (5042~) as an electron acceptor. These bacteria are able to survive in anoxic
or anaerobic environments and obtain energy by reducing sulfate to hydrogen sulfide
(H2S). The wide distribution of sulfate-reducing bacteria in nature and their ecological
and industrial importance have made them a focus of research. Recent studies have
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demonstrated that sulfate-reducing bacteria (SRB) can effectively treat acid mine water
through inoculation, with the resulting treatment being referred to as AMD [10-16]. In the
absence of oxygen, SRB reduce the sulfate in AMD to hydrogen sulfide, thereby reducing
the sulfate content. Hydrogen sulfide continues to react with the metal ions in wastewater
to form metal sulfide precipitation, which then removes the metal ions in AMD while
producing alkaline substances to increase the pH level [17-20]. The creation of an optimal
microenvironment for SRB and the immobilization of SRB gel particles are beneficial for
enhancing the efficacy and stability of the treatment process [21-23].

In this study, wastewater samples from an area affected by AMD and the pretreat-
ment process were collected. These samples were then used for the enrichment, culture,
separation, and screening of SRB. A highly efficient strain was developed for the treatment
of sulfate in AMD. Sodium alginate (SA) was employed to immobilize the SRB, while
carboxymethyl cellulose (CMC) was used to enhance the mechanical properties of SA.
This resulted in the formation of SRB gel particles through a cross-linking and embedding
method. Furthermore, the physicochemical properties, electrical conductivity, water loss
rate, and sulfate removal rate of the gel particles were investigated in order to provide
experimental guidance for the advanced treatment of AMD.

2. Results and Discussion

This section may be divided into subheadings. The text should provide a succinct and
accurate account of the experimental outcomes, their interpretation, and the conclusions
that can be drawn from the experiment.

2.1. Preliminary Screening of Sulfate-Reducing Bacteria

The preliminary screening results, as indicated in Table 1 and Figure 1, indicate that
the media of strains 1, 6, 9, and 10 exhibited the fastest blackening, accompanied by a
notable increase in pH at the end of the culture period. This suggests that these four
strains exhibited a pronounced ability to reduce sulfate, and they were therefore selected
for subsequent experiments. The four strains in the aforementioned preliminary screening
were designated as SRB-1, SRB-6, SRB-9, and SRB-10.
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Figure 1. Preliminary screening and pH variations of sulfate-reducing bacteria (SRB) strains.

The results of the aforementioned experimental procedure (Table 2) indicate that the
four strains were all Gram-negative bacteria. All four strains were negative in the V-P test
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and were unable to utilize glucose. However, they were able to utilize sucrose and lactose.
The strains SRB-1, SRB-6, and SRB-10 exhibited positive results in the gelatin liquefaction
experiment, whereas the strain SRB-9 displayed negative results. The four SRB strains
exhibit similarities with those reported by other scholars with regard to their physiological
and biochemical characteristics.

Table 1. Preliminary screening of SRB strains.

Strain Name Fermentation pH Value Blackening Time of Medium
Strain 1 8.71 27
Strain 2 8.60 40
Strain 3 8.03 50
Strain 4 7.89 48
Strain 5 8.52 48
Strain 6 8.88 24
Strain 7 8.60 29
Strain 8 8.21 42
Strain 9 8.74 25

Strain 10 8.82 26

Table 2. Analysis of physiological and biochemical characteristics of SRB strains after prelimi-
nary screening.

i Electron Gelatin Sugar Fermentation Experiment Electron Acceptor
Strain Gra.m Receptor Liquification V-p & P Utilization Experiment
Name Stain E . ¢ E . Test

Xperimen Xperiments Glucose Sucrose Lactose NapSOy Sulfur
SRB-1 - + + - - + + + +
SRB-6 - + + - - + + + +
SRB-9 - + - - - + + + +
SRB-10 - + + - - + + + +
+ = Gram-positive or available; - = Gram-negative or unavailable.

2.2. Growth Curve and SO,>~ Reduction Effect of SRB Strain

The results of the experimental investigation into the ability of four strains to remove
SO42~ are presented in Figure 2. The results demonstrate that SRB-1, SRB-6, SRB-9, and
SRB-10 were capable of reducing SO,2~. Of these, SRB-6 exhibited the greatest reducing ability,
reducing 88.75% of the SO42~ in the medium over a 60 h period. The removal rates of SRB-1,
SRB-9, and SRB-10 were 33.56%, 32.69%, and 46.05%, respectively, under the same culture time.
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Figure 2. Sulfate removal rates for different SRB strains over time.
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As illustrated in Figure 3, the growth curves of the four SRB strains were determined
and analyzed following preliminary screening. The removal rate of SO~ was also evalu-
ated. It was observed that SRB-6 exhibited the shortest time to enter the logarithmic phase
and demonstrated the most effective removal of SO4%~. Consequently, strain 6 was selected
for further investigation.
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Figure 3. Growth characteristic curves of different SRB strains: (a) SRB-1; (b) SRB-6; (c) SRB-9; and
(d) SRB-10.

2.3. Analysis of Physical and Chemical Properties of SRB Strains

The cell morphology, cell size, and movement characteristics of SRB-6 were observed
using scanning electron microscopy. The results are shown in Figure 4.

Through analysis of the morphology and growth characteristics of the selected SRB
strains, it was found that the individuals were rod-shaped, singly arranged non-spores,
and the colonies were black.

The rod-shaped morphology and single arrangement of SRB-6 are typical characteris-
tics of many sulfate-reducing bacteria. These morphological features confer an advantage
in terms of motility and interaction with the surrounding environment. The absence of
spore formation indicates that SRB-6 relies on continuous metabolic activity for survival
rather than entering a dormant state, which is a common strategy employed by other
bacterial species to withstand unfavorable conditions.
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b D

Figure 4. Scanning electron microscopy (SEM) images of SRB strains at different magnifications.

The black coloration of the colonies is a consequence of the production of metal
sulfides as a result of sulfate reduction. When SRB-6 reduces sulfate (SO427) to sulfide
(S§%7), the sulfide can react with metal ions present in the medium, forming black metal
sulfide precipitates. This is a common indicator of active sulfate reduction and is frequently
employed as a qualitative measure of SRB activity in cultures.

Consequently, the observed morphological and growth characteristics are consistent
with the known metabolic functions of SRB-6, particularly its role in sulfate reduction
and the subsequent formation of metal sulfide precipitates. These characteristics are
fundamental to its ecological function and have the potential to be applied in the fields of
bioremediation and bioenergy production.

2.4. The Effect of Different pH Values on the Reduction of SO4>~ by an SRB Strain

The results presented in Figure 5 demonstrate that the removal efficiency of SO42~
exhibited a pronounced dependence on the pH value. This indicates that the pH value is a
crucial factor in determining the activity of an SRB strain. Both excessively low and high
pH values had a detrimental impact on the activity of the SRB strains, thereby affecting
the reduction of SO42~. The results of this experiment demonstrate that when the pH level
was between 6 and 7, the removal rate of SO42~ was closest to 100%. This indicates that
the SRB-6 strain, which was the subject of this experiment, is most suitable for growth and
activity in a pH range from 6 to 7.
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Figure 5. Effect of different pH values on SO42~ removal rate. (The C/S was 1, the concentration of
SO42_ was 1400 mg/L, and the speed was 50 r/min).
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The optimal pH range for the removal of SO42~ by SRB-6 was between 6 and 7. This is
due to the fact that the enzymes involved in the sulfate reduction pathway exhibit optimal
catalytic efficiency within this pH range. Furthermore, the stability and integrity of the
bacterial cell membrane, which is essential for nutrient uptake and waste expulsion, were
maintained best at this pH level. The pH range of 6-7 is conducive to the availability and
solubility of essential nutrients and minerals required for bacterial growth and metabolism.
Furthermore, extreme pH levels can result in the accumulation of toxic compounds that
inhibit bacterial growth. Consequently, the pH range of 67 minimizes the toxic effects,
thereby creating an optimal environment for SRB activity [24-26].

2.5. The Effect of Different Temperatures on the Reduction of SO4>~ by an SRB Strain

The results of the experimental investigation, presented in Figures 6 and 7, demon-
strate that the temperature exerted a significant influence on the growth and metabolic
activity of microorganisms. The rate of removal of SO42~ also varied with the temperature.
At 5 °C, the metabolic activity of the SRB strain was inhibited, resulting in a reduction in the
growth rate and a significantly diminished removal rate of SO42~. In the temperature range
of 10-30 °C, the growth rate of the strain increased with rising temperatures, resulting in
an increased removal rate of SO4%~. At 30 °C, the SRB strain exhibited the highest removal
efficiency for SO4%~.

The optimum temperature for SO42 removal by SRB-6 was 30 °C, because the metabolic
rate of the SRB strains generally increased with the temperature and reached peak effi-
ciency at this point. At 30 °C, the enzymes and cellular processes involved in sulphate
reduction operated at their best. In addition, higher temperatures within this optimum
range enhanced essential cellular functions such as nutrient uptake, energy production, and
waste removal, which are critical for sustained metabolic activity. This temperature also
supported faster bacterial growth and proliferation, resulting in higher biomass amounts
capable of reducing more sulphate.

The removal rates of SO42~ by SRB-6 at 5 °C, 10 °C, 20 °C, and 30 °C were 10.21%,
26.34%, 73.11%, and 88.86%, respectively.
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Figure 6. Residual concentration of sulfate (SO427) at different temperatures over incubation time.
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2.6. Research on SRB Gel Particles
2.6.1. Physical and Chemical Characteristic Analysis

The surface of the SRB gel sphere was smooth, black, and bright, exhibiting a granular
structure that is nearly spherical or ellipsoidal (Figure 8). After being stored at 4 °C for
8 h, the SRB gel sphere underwent slight deformation due to minor water loss, causing a
slight reduction in volume and a shape that remained close to spherical. Further inspection
revealed that the SRB gel spheres had a diameter of approximately 1.5-2.5 mm and surface
holes and contained elements such as carbon (C), oxygen (O), nitrogen (N), phosphorus
(P), and sulfur (S).

Figure 8. Morphological observation of SRB strains under a microscope.

The authors note that the SRB gel spheres exhibited minor deformation following
storage, yet their reusability is a pivotal consideration for practical applications. For
repeated use, it was essential to assess the structural integrity and functional performance
of the SRB gel spheres through multiple cycles of sulfate reduction and recovery. To ensure
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the reusability of the SRB gel spheres, several factors had to be evaluated. Firstly, the
spheres must maintain their shape and avoid significant degradation or deformation after
each use. Secondly, their sulfate reduction capability must remain consistent across multiple
cycles. Thirdly, the presence of essential elements (C, O, N, P, and S) must not diminish
significantly. Finally, the gel spheres’ ability to retain water and prevent excessive drying
out during storage must be monitored to maintain their structural and functional integrity.

This paper presents the results of DSC-TGA of sulfate-reducing bacteria gel spheres,
as illustrated in Figure 9. The provided DSC-TGA analysis offers valuable insights into the
thermal properties and stability of sulfate-reducing bacteria (SRB) gel spheres. The TGA
curve indicates that the SRB gel spheres maintained their weight stability up to approxi-
mately 100 °C, which is indicative of a low moisture content. Between 100 °C and 200 °C,
slight weight loss accompanied by an endothermic peak in the DSC curve suggests the
release of adsorbed water and low molecular weight volatiles. The most significant thermal
event occurred between 200 °C and 400 °C, where major weight loss was accompanied by a
pronounced endothermic peak, indicating the thermal degradation of organic components,
including the bacterial biomass and gel matrix. Following decomposition, beyond 400 °C,
the weight stabilized, and a minor exothermic peak suggests secondary thermal events
such as recrystallization or further chemical transformations of the residual material. This
comprehensive thermal analysis is essential for understanding the thermal behavior and
stability of SRB gel spheres and demonstrates that this potent SRB gel sphere can slowly
dissolve in an aqueous medium, effectively controlling the growth of any microorganisms
in an aquatic environment.
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Figure 9. DSC-TGA of SRB gel spheres.

2.6.2. Conductivity

According to the above results (Figure 10), the conductivity of the SRB gel balls first
increased and the decreased with the increase in CMC density, and when the CMC density
was 4.5%, the conductivity value reached its maximum (2.563 x 10~* s/cm). When the
concentration of CMC was low, the network structure formed by the gel balls was loose
and sparse, which is not conducive to the attachment of PAn, thus making it difficult to
form a conductive channel. Consequently, the gel balls exhibited low conductivity. When
the CMC density was high, a coordinated reaction between the CMC and Fe®* in the gel
balls would occur, resulting in blockage of the channel and hindering the entry of PAn,
thereby reducing the conductivity.
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The results presented in Figure 11 demonstrate that the macromolecules in the gel balls
intertwined with each other to form a uniform and fine pore structure. As the concentration
of BSNa increased, the cross-linked network exhibited a tendency towards greater density.
Following the analysis of the rate of sulfate removal by the gel balls at varying densities
of BSNa, it was determined that at a BSNa density of 0.4 mol/L, the highest conductivity
was 5.62 x 1072 s/cm. However, an excessively high density of BSNa may result in
damage to the structure of PAn, potentially leading to a reduction in conductivity due to
the non-conductive nature of BSNa.
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Figure 11. Influence of sodium benzenesulfonate concentration on electrical conductivity of gel spheres.

2.6.3. Water Loss Rate and Cross-Linking Time

The results demonstrate that an increase in CMC density was associated with a
reduction in the water loss rate of the SRB gel balls. This occurred primarily within the first
hour following the cross-linking process (Figure 12). The experimental results demonstrate
that the water loss rate of the CMC density of 5.5% was significantly lower than those of
the other three densities of samples. This was primarily due to the low water content of the
gel balls themselves, which increased with an increase in the CMC density. Additionally,
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CMC is a hydrophilic substance which reduces the free water lost during the water binding
process. Consequently, the water loss rate of the gel balls was lowest when the CMC density
was 5.5%. Figure 12 illustrates that the degree of cross-linking of the gel balls was essentially
saturated at 8 h, which ensured that the gel balls had a certain hardness. Consequently, the
cross-linking time to ensure a complete and efficient reaction was determined to be 9 h.
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Figure 12. Effect of cross-linking time and sodium benzenesulfonate concentration on weight loss
rate of gel spheres.

2.6.4. The Removal Rate of Sulfate Ions in the Treatment of AMD

In light of the aforementioned determination experiments, SRB-6 was selected as the
experimental bacterium, and the requisite environment was established. This environment
was defined by the following parameters: pH =6, C/S = 1.5, T = 30 °C, CMC = 4.5%,
BSNa = 0.4 mol/L, and a cross-linking time of 9 h. The sulfate-reducing bacteria gel
particles prepared under the conditions of CMC = 4.5% and BSNa = 0.4 mol/L were reacted
with the AMD. The sulfate radical removal rate of the AMD by the immobilized sulfate-
reducing bacteria gel particles was found to reach 91.6%, with a correspondingly positive
treatment effect.

2.7. Microbial Abundance Analysis

Figure 13 illustrates the prevalence of several microbial taxa across different experi-
mental strains. The color of the heatmap indicates the level of microbial abundance. The
abundance of Bacteroides_vadinHA17 remained at 25% in all of the experimental strains,
indicating that this microbial taxon maintains a high level of stability under different ex-
perimental conditions. Carnobacteriaceae demonstrated greater abundance (22%) under the
SRB-6 experimental conditions, in comparison with a relatively lower abundance (20%)
under other conditions. This may be indicative of more favorable conditions for this
taxon in SRB-6. Lentimicrobiaceae exhibited the lowest abundance (10%) under the SRB-9
experimental conditions, while it exhibited relatively high abundance (15%) under the
other conditions. The lowest abundance of Prolixibacteraceae was observed in the SRB-9
experimental conditions (8%), with an increase observed in the SRB-6 conditions (12%).
This may indicate that different conditions have significantly different effects on the growth
of this microorganism. Anaerolineaceae showed the greatest abundance (22%) under the
SRB-9 experimental conditions and slightly lower abundance (18-20%) under the other
conditions. This suggests that the SRB-9 conditions in particular may have facilitated the
growth of this taxon. Desulfobacteraceae also showed the highest abundance (22%) under
the SRB-6 experimental conditions and the lowest abundance (5% and 10%) under the
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SRB-1 and SRB-10 experimental conditions, respectively, reflecting the different effects of
different conditions on this group of microorganisms. Desulfobacteraceae is a key microbial
group representing sulfate-reducing bacteria. These microorganisms play an important
role in wastewater treatment and ecosystems and are effective in AMD degradation and
sulfur cycling. Desulfobacteraceae showed the greatest abundance (22%) under the SRB-6
experimental conditions. This suggests that these conditions may have provided a more
suitable environment to promote the growth of sulfate-reducing bacteria. Possible facilitat-
ing factors include nutrient availability, the environmental pH level, temperature, or other
biochemical conditions. This may indicate that the growth of this microorganism is signifi-
cantly influenced by different conditions. Anaerolineaceae exhibited the greatest abundance
(22%) under the SRB-9 experimental conditions, with a slightly lower (18-20%) abundance
observed under the other conditions. This indicates that the SRB-9 conditions may have
been particularly conducive to the growth of this taxon. Desulfobacteraceae also exhibited
the greatest abundance (22%) under the SRB-6 experimental conditions and the lowest (5%
and 10%) abundance under the SRB-1 and SRB-10 experimental conditions, respectively,
reflecting the differential effects of the various conditions on this group of microorganisms.
Desulfobacteraceae represents a key microbial group, comprising sulfate-reducing bacte-
ria. These microorganisms play a pivotal role in wastewater treatment and ecosystems
and are effective in AMD degradation and sulfur cycling. Desulfobacteraceae exhibited the
greatest abundance (22%) under the SRB-6 experimental conditions. This indicates that
the condition may have provided a more conducive environment for the proliferation of
sulfate-reducing bacteria. It is possible that the facilitating factors include the availability
of nutrients, the environmental pH level, temperature, or other biochemical conditions.
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Figure 13. Heat map of microbial community composition across different experimental strains.
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3. Materials and Methods
3.1. Materials

Yeast extract, sodium lactate, trisodium citrate, resazurim, ascorbic acid, MgSO,-7H,O,
NaySOy4, sodium thioglycolate, sodium alginate (SA), carboxymethyl cellulose (CMC),
aniline (AN), activated carbon (GAC), graphene oxide (GO), sodium benzene sulfonate
(BSNa), and CaCl, were used in this study. All experimental drugs were analytically pure,
and the experimental water was deionized water.

3.2. Preparation of the Materials

It was necessary to collect sludge and contaminated water, which was produced in an
anaerobic environment at the water gushing point of the AMD and in nearby rivers and
wetlands that had been polluted by AMD, as well as in the pretreatment process of AMD.
A total of 20-30 samples were collected from 8-10 sites. The samples were immediately
placed into pre-sterilized glassware, sealed to ensure as anaerobic an environment was
maintained as possible, and then stored in a refrigerator at a temperature of —20 °C for
subsequent analysis.

3.3. Experimental Methods

In this experiment, sludge was anaerobically incubated in a constant temperature
shaker at 35 °C and 150 r/min for 4-6 days. This was followed by inoculation into
modified Postgate medium, which was repeated five times to select the best-growing
SRB suspensions. The suspensions were then incubated by the dilution coating layered
sandwich method, with the objective of isolating small, individual black colonies of various
morphologies, sizes, and colors. Finally, the suspensions were anaerobically cultured.
Three distinct gel particles were prepared at a solid-to-liquid ratio (M/V) of 10% for the
treatment of acid mine wastewater. The adsorption of sulphate was then investigated
under static conditions, with three sets of parallel experiments set up for each group.

3.4. Analytical Method

Determination of the pH level was carried out using a pH meter (PHS-3C; Leici, Shang-
hai, China). The mass concentration of sulfate was determined through ion chromatography
using an ion chromatograph (ICS-5000; Thermo Scientific, Waltham, MA, USA).

DSC (SeikoDSC6100, Chiba, Japan) was used to determine the thermal transition
properties of resistant dextrins. Each sample (3 mg, dry base) was moistened with distilled
water (7 pL) in a DSC dish and equilibrated at 4 °C for 24 h prior to analysis. The DSC
disc was heated at a rate of 5 °C/min in the range of 0-500 °C, with the empty disc as a
reference. A thermal analysis system (EXSTAR-6000; Seiko, Chiba, Japan) was utilized.

This experiment adopted the model of the scanning electron microscope (SEM, HI-
TACHISU8010; Hitachi, Japan) for electron microscopy (SEM) analysis. Scanning electron
microscopy (SEM) employs the use of high-energy electron beams focused into extremely
fine dots which are then scanned point by point on the surface of a sample. This process
allows for the excitation and collection of a diverse range of physical information. The
surface structure features of the tested sample are revealed by the process of receiving,
magnifying, and displaying the aforementioned information [27-29].

4. Conclusions

This study demonstrates that sulfate-reducing bacteria (SRB) gel particles are an
effective type of treatment for acid mine drainage (AMD). The SRB strains were observed
to demonstrate high sulfate removal efficiency under optimal conditions. In particular, the
SRB gel particles, when prepared with sodium alginate (SA) and carboxymethyl cellulose
(CMC), demonstrated sulfate removal rates of up to 91.6% at a pH of six, C/S ratio of 1.5,
temperature of 30 °C, CMC concentration of 4.5%, and BSNa concentration of 0.4 mol/L.
These findings illustrate the potential of SRB gel particles for practical applications in the
bioremediation of AMD.
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Nevertheless, it is essential to address several limitations in future research. Firstly,
the long-term stability and reusability of SRB gel particles must be thoroughly evaluated
under a range of environmental conditions. The slight deformation observed in the SRB gel
spheres after storage indicates the potential for structural integrity to be compromised over
extended periods and repeated use. Furthermore, the scalability of this treatment method
must be evaluated to ascertain its suitability for large-scale industrial applications.

Future research should also investigate the genetic and metabolic pathways of SRB in
order to enhance their sulfate reduction efficiency. An investigation into the interactions
between SRB and other microbial communities in AMD-affected environments could
provide insights into the optimization of treatment conditions. Moreover, the integration of
SRB gel particles with other treatment technologies could enhance the overall effectiveness
and efficiency of AMD remediation.

In conclusion, while the SRB gel particles showed promise for the treatment of age-
related macular degeneration (AMD), it is essential that the limitations and challenges
outlined in this study be addressed through future research and development if their full
potential for practical applications is to be realized.
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Abstract: In the Middle East and North Africa as well as in numerous countries in South America
and Southeast Asia, water scarcity is a real concern. Therefore, water desalination has become a key
solution and an important source of freshwater production. Solar stills are used for water desalination
but they require low depth of sea or brackish water and sufficient solar radiation to evaporate water.
In this investigation, a phytodesalinator is presented for the first time. The halophyte used in this
work is Sesuvium portulacastrum L., a heat-tolerant euhalophyte. The presented phytodesalinator can
replace basic solar stills during cold seasons if there is sufficient sunlight to ensure the transpiration
process in the plant. The euhalophyte S. portulacastrum was tested for its ability to desalinate reject
brine as grown for two subsequent phytodesalination cycles. Several factors were found to affect
the productivity of the phytodesalinator, in particular, solar radiation, phytodesalination duration,
and plant density. Nevertheless, it exhibited an average productivity of 2.44 kg/m?/d and showed
several advantages in comparison with basic solar stills.

Keywords: phytodesalinator; plant; productivity; water; transpiration

1. Introduction

Water scarcity is considered as an imbalance condition that occurs when demands
for freshwater become higher than its availability [1]. Several factors can influence water
scarcity, in particular, population growth and urbanization, individual consumption, pollu-
tion, and climate change [2]. In the Middle East and North Africa as well as in numerous
countries in South America and Southeast Asia, water scarcity is already a real concern [3].

During the last seven decades, water desalination has become a key solution and an
important source of freshwater production [4], in particular, in the Middle East, considered
as the leader of water desalination, which produces 50% of the total desalinated water in
the world for only 2.9% of the world population [3]. The two most common desalination
technologies used to desalinize seawater, brackish water, and contaminated water are
reverse osmosis and thermal-based desalination [5]. However, these two techniques are
expensive, energy consuming, and not environmentally friendly [3,5]. For these reasons,
the use of solar energy in water desalination is considered as a promising alternative [5].

The systems used for water desalination using solar energy are referred to as solar
stills and are grouped into passive and active types [6]. Solar stills are simple and cheap
devices that require only simple maintenance [7]. In addition, they can be developed
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in different ways, and a variety of types have been described in the literature [7]. An
emerging desalination technology using algae has recently been receiving more and more
attention [8].

In the context of water desalination, the term biodesalination is defined “as utilizing
living organisms or biological elements directly or indirectly, mimicking their structures
and mechanisms, borrowing concepts or inspiration from their desalination mechanisms
for the production of sustainable fresh water” [9]. According to this definition, not only the
direct use of organisms is considered as a biodesalination process but also the inspiration
from them or their mimetics. In fact, the use of halophilic organisms in desalination has
been attracting the attention of researchers for several decades, in particular, the use of
halophytes in soil desalination, also called phytodesalination [10].

Sesuvium portulacastrum L. is a euhalophyte or obligate halophyte that requires salt
for optimal growth. It is known for its high salt tolerance [11] and its ability to accumulate
enormous sodium and potassium quantities within its shoots [12]. This halophyte showed
a high phytodesalination capacity by removing high sodium quantities from soil [13,14].
In addition, S. portulacastrum tolerates high temperatures. The aim of the present inves-
tigation is therefore to check whether this euhalophyte can be used in brackish water
phytodesalination by growing it into a solar-still-like phytodesalinator.

2. Materials and Methods
2.1. Description of the Phytodesalinator

The device used in the present work received the Saudi patent number 10822 B1
in 2022. It was designed to function like a phytodesalinator with a base dimension of
100 x 100 cm (Figure 1). The upper part of the device consisted of three straight sides
and one side sloping with the slope of the longitude angle of the experiment site. The
phytodesalinator was almost a closed system; there were only two small holes of 1 cm
diameter in the back side. The phytodesalinator was positioned facing south to ensure the
maximum sun light exposure every day throughout the experiment period. The base of the
device had a slope of 2% towards its front to allow the collection of desalinated water into
a tank. Plants were set into a floating foam board placed on the top of small rectangular
containers filled with 6 L of reject brine each. With such a device, plants were grown in a
closed system during the experiment.

Figure 1. The phytodesalinator used in the phytodesalination experiment with S. portulacastrum
plants inside.
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2.2. Plant Material

S. portulacastrum cuttings were taken from mother plants grown in the garden of
Qassim University. After rooting, obtained seedlings were hydroponically grown for
4 weeks on a fourth-strength Hoagland’s nutrient solution [15]. Thereafter, plants were
transferred into plastic pots (30 cm x 24 cm x 12 cm) containing 6 L of reject brine each.

2.3. Reject Brine Characterization

The reject brine used in this investigation was obtained from a local desalination plant.
It was added with macro- and micronutrients according to fourth-strength Hoagland’s
nutrient solution regardless of their initial concentrations. Two phytodesalination cycles
that lasted 21 and 18 days, respectively, were performed. At the beginning of each cycle,
reject brine samples were taken for EC determination and mineral analysis (Table 1).

Table 1. Na*, K*, Ca**, and Mg** concentrations (mg/L) in brine water at the beginning of each
phytodesalination cycle. LD: low density (1140 plants/m); HD: high density (2900 plants/m).
Numbers following LD and HD indicate the cycle number.

LD1 HD1 LD2 HD2
Na* 2673 + 138 2673 + 138 4300 + 203 4309 + 339
K* 1215 £ 119 1215 £ 119 1735 £ 35 1761 £ 75
Ca** 1006 + 87 1006 £ 87 1514 £ 77 1479 £ 168
Mg** 701 £ 30 701 £ 30 1037 £+ 56 1036 + 96

2.4. Phytodesalination Experiment

The experiment was conducted on Qassim University Campus (26°35'07” N, 43°76/'75"” W)
during the period of 15 January-22 February 2022 under sunlight conditions and did not
need any kind of added energy (average direct normal solar radiation and average air
temperature during the experiment period are given as supplementary data). Two different
plant densities with 3 replicates each were used:

e Low density (LD): 82 plants/container, which corresponds to 1140 plants/m?;
e  High density (HD): 209 plants/container, which corresponds to 2900 plants/m?.

The volume of obtained desalinated water was measured twice a week, and its EC
was measured. At the end of each phytodesalination cycle, the remaining volume of reject
brine and its EC were determined. No mineral analysis was performed for the remaining
reject brine since, at the end of each desalination cycle, crystals appeared in the bottom of
the containers and on the plant roots. In addition, at the beginning of the experiment as
well as at the end of each phytodesalination cycle, plants were washed several times with
distilled water to remove the salt crystals and root-adsorbed salts. Then, samples were
taken for mineral analysis.

2.5. Plant Mineral Analysis

Shoot and root samples were oven-dried at 70 °C until they were a constant weight
then ground to fine powder. After that, aliquots of about 20 mg ground plant material
were digested with 0.5% HNOj. Potassium (K*) and sodium (Na*) concentrations were
determined using a flame photometer apparatus (PFP7, Jenway LTD, Felsted, UK). Calcium
and magnesium were analyzed by an atomic absorption flame emission spectrophotometer
(AA-6200, Shimadzu, Kyoto, Japan).

2.6. Calculation

The following quantities were calculated using the measured data.

Cumulative volumes of desalinated water were calculated by adding the desalinated
water volumes of all collects to each other. The daily productivity was calculated by
dividing the volume of desalinated water obtained in each collect by the time of the collect
(3 or 4 days), then scaled to a desalinating surface (reject brine surface) area of 1 m?2. Each
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cycle started with 6 L brine water per container. At the end of the cycle, the remaining brine
water volume was determined, then subtracted from the initial 6 L, giving the volume of
desalinated water per container. The volume of desalinated water per plant during each
phytodesalination cycle was obtained by dividing the volume of desalinated water in a
given container by the number of plants in that container.

2.7. Statistical Analysis

When appropriate, data were subjected to One-Way ANOVA using IBM SPSS Statistics
25, and means were compared according to Duncan’s multiple-range test at p < 0.05.

3. Results and Discussion
3.1. The First Time a Phytodesalinator Has Been Presented

As far as we know, this is the first time a phytodesalinator has been described in detail
with an evaluation of its productivity. Indeed, the only work that discussed the use of
similar plants (mangroves) was a study of the desalination of seawater carried out in a
greenhouse [16]. However, the system described by this author needed a heat exchanger,
a condenser funnel, and a fan in addition to light sources. A thermal still with Spirulina
algae was also used to improve seawater evaporation and condensation as compared to
a thermal still without algae [17]. The present phytodesalinator beneficiated from the
capacity of halophytes to desalinate brackish water through transpiration as in [16] and
used a euhalophyte instead of algae as in [17]. The used euhalophyte does not need an
added source of carbon as needed by algae. Moreover, the halophyte has the potential to be
used for prolonged periods of time if new brackish water is added to replace the transpired
water amounts.

3.2. Cumulative Desalinated Water and Daily Productivity

The cumulative quantities of desalinated water increased linearly with time during
the experiment (Figure 2). The obtained cumulative quantities were 21.3 and 41.1 kg at the
end of the first and the second phytodesalination cycles, respectively.

First cvcle Second cvcle

4 7 11 14 18 21 25 28 32 35

Days of collect

Figure 2. Cumulative volumes of desalinated water (line) and phytodesalination rate (bars) upon
two cycles of brine water phytodesalination by the halophyte S. portulacastrum plants grown in a
glass solar still.

The phytodesalinator daily productivity (daily average quantities of desalinated wa-
ter per area unit) increased from 1.33 kg/m?/d at the beginning of the experiment to
2.96 kg/m?/d on days 11-14 of the first cycle, then decreased to 2.5 kg/m?/d at the end
of the first cycle (Figure 2). The second cycle showed also the same trend for productivity.
It started with 2.29 kg/ m?/d and finished with 2.82 kg/ m?/d, the highest productiv-
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ity (3.05 kg/m?/d) being recorded on days 32-35 of the experiment (days 11-14 of the
second cycle).

During 39 d, the phytodesalinator used in this experiment produced 41.1 kg desali-
nated water, which corresponds to an average productivity of 2.44 kg/m?/d. To our
knowledge, there is no similar solar still using a halophyte that has been evaluated for
productivity. A floating solar still simulating water uptake by plant roots was recently
presented [5]. These authors compared the productivity of their “bionic floating solar
still” (about 1.5 kg/ m?2/d) to those of four other different floating solar stills and found
it the highest. The daily productivity of the modified basin solar still was water depth
dependent; it increased from 1200 mL/ m?2/d at 5 cm water depth to 1800 mL/ m2/d at
2 cm water depth [18]. A circular, finned, single-basin, dual-slope solar still showed a daily
productivity of 1491.7 mL/m?/d at 10 mm water depth [6].

3.3. Factors That Can Affect Daily Productivity
3.3.1. Plant Species

The choice of plant species that can be used in a phytodesalinator for phytodesalination
of brackish water should be a euhalophyte. In addition, it should be an “includer”; it
should not have salt glands such as Aeluropus littoralis (Willd) Parl [19] or glandular
trichomes like Atriplex halimus L. [20]. Indeed, the existence of salt crystals due to such
salt-secreting structures on the leaf surface may salinize the distillate. In addition, the
chosen plant species should tolerate high temperatures and transpire at a high rate as it will
be subjected to both high salinity and temperature. In the present study, the heat-tolerant
euhalophyte S. portulacastrum was efficient in desalinating reject brine through its high
transpiration rate.

3.3.2. Phytodesalination Duration

During each phytodesalination cycle, the daily productivity of the phytodesalinator
started with a relatively low value, increased to an optimum, then decreased (Figure 2).
The relatively low productivities at the beginning of the first cycle may be explained by
two factors: (i) plant acclimation and (ii) low relative humidity inside the phytodesalinator.
The productivity with which the second cycle started was 73% higher than that of the
first cycle despite the higher reject brine salinity. This means that plants were already
acclimated, and the opening of the phytodesalinator was responsible for the decrease in
daily productivity because of the decline in relative humidity inside the phytodesalinator.
The optimum daily productivity obtained in each phytodesalination cycle was followed by
a decline, indicating that conditions, in particular, reject brine salinity, became increasingly
unfavorable for the halophyte.

3.3.3. Solar Radiation

Figure 3A shows the average direct normal solar radiation (W/ m?) from 6:00 a.m. to
6:00 p.m. during the second cycle.

During this cycle, there were 3 days (days 29, 30, and 31) of low solar radiation (solar
radiation 2) contrary to the remaining days (solar radiation 1). These 3 days coincided with
a decrease in productivity from 2.88 to 1.91 kg/ m?2/d (Figure 3B).

According to the present study; it is evident that solar radiation affected the phytode-
salinator daily productivity through its effect on S. portulacastrum transpiration. Upon
soilless culture under greenhouse conditions, cucumber showed a 4-fold higher diurnal
canopy transpiration rate at high solar radiation (up to 20 MJ/m?/d) than at low solar
radiation (up to 9 MJ/ m?/d) [21]. Nevertheless, it was found that the same solar radiation
levels had different transpiration rates in winter and summer, which may be partially due
to differences in stomatal and aerodynamic conductance and in vapor pressure deficit [22].
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Figure 3. (A) Average direct normal solar radiation (W/ m?) during the experiment. Solar radiation
2 stands for values recorded on days 28-32; Solar radiation 1 stands for values recorded on the
remaining days of the experiment. (B) Phytodesalination rates on days 25-28 and on days 28-32.

3.3.4. Plant Density

The comparison between the cumulative quantities of desalinated water per container
obtained in each phytodesalination cycle with low (LD1 and LD2) and high (HD1 and
HD2) plant densities showed a constant value for low plant density (3.1 kg/container) in
both cycles (Figure 4). As for high plant density, a high value was observed in the first cycle
(4.4 kg /container) followed by a lower one (3.8 kg/container) in the second cycle.
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Figure 4. Effect of plant density on the volume of desalinated water per container during two cycles
of brine water phytodesalination by the halophyte S. portulacastrum plants grown in a glass solar still.
Bars are means of 3 replicates + SE. Bars labeled with at least one similar letter are not significantly
different according to Duncan’s multiple-range test. LD: low density (1140 plants/m?); HD: high
density (2900 plants/ m?). Numbers following LD and HD indicate the cycle number.

Considering the cumulative volumes of desalinated water per plant obtained in each
phytodesalination cycle, it was obvious that, although the total volume of desalinated water
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was higher for HD plants, plants grown in low density were more able to desalinate brine
water (37.3-38.2 g/plant) as compared to plants grown in high density (18.2-21.2 g/plant;

Figure 5).
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Figure 5. Effect of plant density on the volume of desalinated water per plant during two cycles of
brine water phytodesalination by the halophyte S. portulacastrum plants grown in a glass solar still.
Bars are means of 3 replicates + SE. Bars labeled with at least one similar letter are not significantly
different according to Duncan’s multiple-range test. LD: low density (1140 plants/m?); HD: high
density (2900 plants/m?). Numbers following LD and HD indicate the cycle number.

With a simple estimation, it was found that LD exhibited throughout the two cycles
an average productivity of 2.21 kg/m?/d, while HD displayed an average productivity of
2.91 kg/m?/d. The difference between the two values was not high considering the huge
difference in densities, HD being 2.5-fold higher than LD. Consequently, the individual
plant phytodesalination yield was much higher in LD compared to HD (Figure 5). This
can be partially explained by the faster increase in reject brine salinity in HD since the
phytodesalination process was faster at the level of the whole container.

3.4. Reject Brine Salinity after the Two Cycles of Phytodesalination

At the beginning of the experiment and after the addition of nutrients to the reject
brine, EC was about 16 dS/m in both LD and HD containers (Table 2). After the first
phytodesalination cycle, it increased by 61 and 123%, respectively. At the beginning of the
second cycle, desalinated water quantities were replaced by equal quantities of reject brine,
then nutrients were added. The second cycle started with EC values of about 20 dS/m for
both LD and HD containers. These values increased by, respectively, 79 and 145% at the
end of the experiment.

Table 2. Reject brine EC (dS/m) at the beginning and at the end of each phytodesalination cycle. For
each cycle, means (n = 3) followed by at least the same letter are not significantly different according
to Duncan’s multiple-range test at p < 0.05. LD: low density (1140 plants/m?); HD: high density
(2900 plants/m?). Numbers following LD and HD indicate the cycle number.

Initial EC Final EC
First cycle
LD1 16.0a 25.7b
HD1 16.1a 359c¢
Second cycle
LD2 198 A 355B
HD2 203 A 49.8 C
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3.5. Plant Mineral Composition

Plant Na*, K*, Ca*", and Mg*" contents at the beginning of the experiment and
at the end of each phytodesalination cycle are presented in Table 3. It seems that this
halophyte maintained a relatively constant mineral composition during the experiment,
except in the case of its K* content, which increased from 30.2 mg/g DW at the beginning
of the experiment to 51.6 mg/g DW at its end with no significant difference between the
two phytodesalination cycles. Hence, plant tissues were not invaded by salt ions, which
indicated its ability to control ion uptake and transport [23].

Table 3. Na*, K*, Ca**, and Mg** contents (mg/g DW) in shoots of S. portulacastrum plants at the
beginning of the experiment (initial harvest) and at the end of each phytodesalination cycle. In each
row, means (n = 6) followed by at least the same letter are not significantly different according to
Duncan’s multiple-range test at p < 0.05.

Initial Harvest Cycle 1 Harvest Cycle 2 Harvest
Na* 126.2 a 125.1a 120.3 a
K* 30.2a 449b 51.6b
Ca** 25.5ab 229a 313D
Mg*+ 183 a 173 a 16.6 a

3.6. Cost Analysis

The device cost/meter squared was USD 125. The expected device life is about
20 years. It was estimated also that one patch of fresh plants per 3 months costs USD 15.
The plant nutrient solution was estimated to cost USD 10/month. Hence, the total annual
cost could be about USD 0.45/kg of desalinated water. This unit is a prototype, and a lot of
its parts were manually manufactured. If commercially produced, the cost/kg of water is
expected to decrease.

3.7. Advantages of the Phytodesalinator

This device showed relatively high daily productivity. It needs only sunlight, which
is a sustainable energy, but, alternatively, any other source of light can be used. It was
conceived to be used during cold periods when basic solar stills cannot work. It is based
on the process of plant transpiration and not on the process of evaporation. It is a closed
system that does not need any kind of maintenance. It does not require a given water depth.
After harvest, plants can be used for several purposes (ornamental, fodder, dune fixation,
etc.). It is not an expensive device.

4. Conclusions

The presented phytodesalinator is designed to operate in regions with sunny winters
and to replace basic solar stills since it does not require high temperatures for desalination.
Unlike basic solar stills that need to heat water to initiate evaporation, this system maintains
evaporation through a plant’s physiological process (transpiration) as long as the plant is
exposed to light. However, the system’s performance is limited by the plant’s ability to
tolerate heat, making it unsuitable for use under high solar radiation intensity. Despite
several factors influencing its productivity, the phytodesalinator has notable advantages
over basic solar stills. It can function under low-solar-radiation conditions and produces
very little high-salinity water at the end of the desalination cycle compared to traditional
solar stills, which require running water and produce twice the amount of saline water for
each unit of desalinated water. The total annual cost is estimated to be about USD 0.45 per
kilogram of desalinated water, with the cost per kilogram expected to decrease with larger
units. Further research should explore the use of different types of euhalophytes and
various improved designs of this prototype to reduce costs and increase productivity per
unit area.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w16131798 /51, Table S1: Daily weather data during the experiment
collected by Qassim University weather station (N26.351200, E43.766810).
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Abstract: Water scarcity poses a significant challenge for people living in arid areas. Despite the
effectiveness of many bioinspired surfaces in promoting vapor condensation, their water-harvesting
efficiency is insufficient. This is often exacerbated by overheating, which decreases the performance
in terms of the micro-droplet concentration and movement on surfaces. In this study, we used a
spotted amphiphilic surface to enhance the surfaces” water-harvesting efficiency while maintaining
their heat emissivity. Through hydrophilic particle screening and hydrophobic groove modifying, the
coalescence and sliding characteristics of droplets on the amphiphilic surfaces were improved. The
incorporation of boron nitride (BN) nanoparticles further enhanced the surfaces” ability to harvest
energy from condensation. To evaluate the water-harvesting performance of these amphiphilic
surfaces, we utilized a real-time recording water-harvesting platform to identify microscopic weight
changes on the surfaces. Our findings indicated that the inclusion of glass particles in hydrophobic
grooves, combined with 1.0 wt.% BN nanoparticles, enhanced the water-harvesting efficiency of the
amphiphilic surfaces by more than 20%.

Keywords: water harvesting; surface wettability; thermal radiation; amphiphile structure

1. Introduction

Water scarcity is a pressing concern for numerous countries [1-5]. Despite advance-
ments, water harvesting from bioinspired surfaces, such as the back textures of desert
beetles, has shown limited efficiency when used as a supplementary water source. This
primarily arises from the low harvesting efficiency of droplets on amphiphilic surfaces
due to low droplet growth and sliding rates. Improving these rates will require the use of
surfaces with controllable textures and continuous access to energy. Furthermore, the prop-
erties of droplet harvesting under the interactions between droplet sliding and a sur-face’s
thermal properties need to be studied. This would require detecting the vapor condensa-
tion details under humid circumstances to understand the water-harvesting dynamics on
amphiphilic surfaces. These investigations are crucial for advancing our understanding of
water-harvesting technologies to address the challenges posed by water scarcity.

A liquid droplet’s wettability on solid surfaces is its response to multiple forces, such
as surface tension, Laplace pressure, and gravity. The surface polarity and free energy
of solids are vital indicators influencing a droplet’s nucleation efficiency during water
harvesting [6-10]. Wang et al. [11] found that the wettability of different surfaces was due
to droplets sliding with different rhythms. Pogorzelski et al. [12,13] suggested that clean
metal surfaces have a higher surface tension and hydrophilicity, which can improve the
heat exchange efficiency between water vapor and solid surfaces. Song et al. [14] explored
the wettability transformation of 304 steel with different surface roughness values under
different conditions (temperature, pressure, etc.). They showed that roughness dominated
the surface wettability in low-temperature environments (T < 120 °C). However, Zhang
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et al. [15] proposed that rough heterogeneous surfaces caused contact angle hysteresis.
To modify the surface wettability of water-harvesting solids, Zhu et al. [16] proposed a
pattern of micro-square holes on a copper surface to amplify the Cassie-Baxter effect and
transform the surface from hydrophilic to hydrophobic. Khan et al. [17,18] demonstrated
that flash laser scanning changed the wettability of a surface without a chemical process.
Romario et al. [19] produced a superhydrophobic material composed of vertically aligned
carbon nanotubes, which also improved the water-harvesting efficiency. Yan et al. [20] used
dichlorodimethylsilane to modify the surface wettability of SiO, nanoparticles.

To explore the influence of diverse surface wettability properties on water-harvesting
efficiency, Deng et al. [21,22] determined the relationship between the macroscopic thermal
properties of solids and the phase transition efficiency of vapor condensation by analyzing
the nucleation, growth, merging, and removal of condensed droplets on surfaces with
different wettability values. Liu et al. [23] found that the hydrophilicity or hydrophobicity
of inclined surfaces promoted droplet sliding during water harvesting. By constructing
nanostructures on the surface of an aluminum metal mesh to control the surface wettability,
Kang et al. [10] proved that a hydrophilic surface significantly promoted the droplet sliding
efficiency. Especially for surfaces with an active cooling function, a hydrophobic surface
promoted their water-harvesting efficiency in a high-humidity environment.

Many studies have prepared bionic surface structures inspired by special surface
structures, such as the back of desert beetles [24-27], the surface of lotus leaves [28], and
the surface of pitcher plants [29]. These approaches have concentrated condensed droplets
on surfaces [30]. The inflation and migration of droplets can be modified to improve the
water-harvesting efficiency, which is expected to become an important supplemental water
source [31]. Benda et al. [32] prepared an amphiphilic surface called PMMDBAB-PDMS
using UV curing. The PDMS content in the pre-polymers affected the contact angle of the
solid surfaces. Yan [33] fabricated a prototype fog collector to improve the droplet shedding
frequency by capturing mini droplets spontaneously and rapidly passing them through
the pores. Because the chemical properties and morphology of a solid surface greatly affect
the condensation efficiency of the droplets, Huang et al. [34] simulated the condensation
process of droplets on an amphibious surface by using the Lattice-Boltzmann method.
They proposed a micro-nanostructure with a higher condensation efficiency. Sun et al. [35]
proposed a coating and immersion method to prepare a hydrophilic/superhydrophobic
bionic water-harvesting surface and then proved that adjusting the size and distance of the
hydrophilic spots promoted the water-harvesting efficiency. Inspired by the gas trapping
of underwater spiders, Zhang et al. [36] proposed an amphiphilic biological hydrogel
with adjustable wettability. They demonstrated that the amphiphilic mesh had more
water-harvesting advantages than a traditional mesh. Inspired by the water-collecting
structure of cactus spines, Zhang et al. [37] proposed an amphiphilic surface with an
asymmetrical structure. They found that the smooth water-collecting channels promoted
the sliding of coalesced droplets. However, water harvesting is the result of continuous
energy exchange among water vapor, a solid medium, and the environment. Simply
optimizing the surface texture to facilitate droplet movement has a limited impact on the
water-harvesting efficiency overall.

Zhang et al. [38] designed a 3D sandwich structure composed of a hydrophilic hydroxy-
rich cellulose layer, a water-conducting layer, and a hydrophobic layer to obtain a water-
harvesting structure with mycelium filaments that collected water from the air. Nguyen
et al. [39] synthesized a super-amphiphilic microgroove surface with adjustable wettability
using fused deposition modeling (FDM). The super-amphiphilic surface improved the
mobility of water droplets. Overall, although amphibious surfaces are beneficial for water
harvesting, the water-harvesting efficiency, related to the condensation and movement of
droplets, which are influenced by the amphibious surface texture and wettability, requires
further study.

This paper presents a novel approach to enhancing the water-harvesting efficiency
through the development of a new process to construct a spotted amphiphilic surface with
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superior thermal radiation properties. By accelerating the droplet sliding and augmenting
the surface emission power, the water-harvesting ability of an amphiphilic surface was
significantly improved. A new experimental platform, equipped with a self-designed C++
program for automated recognition of minute weight fluctuations caused by droplet move-
ments, was established to investigate the imperceptible process of vapor condensation and
its correlation with the solid surface’s characteristics. Our findings indicate that improving
the surface energy emission of the hydrophobic region, particularly through the addition of
nanoparticles, play a crucial role in enhancing the water-harvesting efficiency in a natural
environment. However, changes to the thermal radiation properties of the hydrophobic
regions may lead to a surface wettability fluctuation. Specifically, the incorporation of
boron nitride (BN) nanoparticles (1.0 wt.%) with Polydimethylsiloxane (PDMS) increased
the droplet mobility on the hydrophilic spots and enhanced the emission power of the
surfaces, thereby promoting water harvesting on spotted amphiphilic surfaces.

2. Theoretical Basis
2.1. Design Rationale 1: Thermal Radiation and Emission Features on Amphiphilic Surfaces

Although amphiphilic surfaces accelerate the vapor concentration and sliding pro-
cesses according to texture optimization, it is difficult to develop an amphiphilic surface that
maintains a constantly high water-harvesting efficiency because the surface temperature
dramatically increases after receiving energy from condensed vapor. Thus, amphiphilic
surfaces must deliver energy by thermal radiation. Therefore, the thermal output efficiency
of the surfaces was vital for their water harvesting, which was determined by the emissivity
of the amphiphilic surfaces according to the Stefan-Boltzmann law [40]:

4
Eamphiphilic = eumphiphilcO'T

where € pipnirc is the emissivity of an amphiphilic surface.

Figure 1 shows that the surfaces received different amounts of energy from conden-
sation and atmospheric radiation under dry and wet conditions. Figure 1a displays that
the thermal radiation input from the hydrophilic region (gray areas) and the hydropho-
bic region (blue area) was dominated by the thermal properties and textures of the dry
surfaces. Then, the hydrophilic and hydrophobic parts, displaying high reflectivity, pre-
vented energy from entering via the ambient atmosphere. The emissivity of the amphiphilic
surfaces followed the equation Eamphiphilie = ehydrophiliefhydrophilie + Shydrophobefhydrophober
where epydropnitie and €pydropnone are the emissivity of the hydrophilic and hydrophobic
surfaces, and fuydrophitie and fryarophove are the area fractions of different substances

(frydrophitie + fhydrophobe = 1) On the surface, respectively.
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Figure 1. Energy interaction between moisture.
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Figure 1b indicates that thermal radiation’s absorption by the hydrophilic region (gray
areas) was prevented by concentrated droplets, and the emissivity of the amphiphilic
surfaces was mainly determined by the hydrophobic region on the wet regions according
to the equation €gpniphitie = Enydrophobe fhydrophove- Meanwhile, the energy received from
condensed vapor on the hydrophilic area was transferred to the hydrophobic area because
the emissivity of the hydrophilic area was diminished by the droplets on its surface.

2.2. Design Rationale 1: Surface Mechanicss

The island-like amphiphilic surfaces in Figure 2a require careful design of both their
surface wettability and droplet mobility to obtain a higher water-harvesting efficiency.
When the surface tension of solids is less than the attracted force among the water molecules,
the coalesced droplets tend to form a spherical shape, as shown in Figure 2b. This surface is
considered non-wettable. When the surface tension of the solids is larger than the molecular
forces, the droplets on the solid surface will show a tendency to expand outwards, as
shown in Figure 2¢c. This surface is considered wettable. Here, we refer to a surface as
“hydrophobic” when 6 > 90° or “hydrophilic” when 0 < 90° [41].

I
®
']
(@]
Hydrophilic ﬁlands
I
@
Hydrophilic Particles
Hydrophobic Droplets
(a)

Figure 2. (a) Diagram of coalesced droplets on amphiphilic surfaces. (b) Diagram of droplets adhered
to hydrophobic surface. (c) Diagram of droplets adhered to hydrophilic surface. (d) Hydrophobic
groove mixed with nanoparticles. (e) Diagram of droplets” status on different hydrophilic islands.

The contact angle of droplets on a solid surface was used to evaluate the surface
wettability and droplet mobility [42]. Figure 2e illustrates the relationship between the
surface texture and droplet mobility. The droplets coalesced on a smaller hydrophilic island
can slide off earlier, as the surrounding hydrophobic grooves prevent the droplets from
spreading [43]. Figure 2d shows a hydrophobic area with mixed nanoparticles to improve
its energy emission abilities [44,45].

3. Results and Discussion
3.1. SEM Results

SEM was used to observe the morphological characteristics of the prepared am-
phiphilic surfaces with 0.5 wt.% and 1.0 wt.% of the nano-admixtures to enhance the
mobility of the droplets in the hydrophobic grooves. The results in Figure 3a,b show that is-
lands were closely surrounded by PDMS solids to form amphiphilic surfaces with different
textures. The EDS results displayed the Ca and Na elements distributed on the amphiphilic
surfaces to indicate the locations of the emerged glass islands. However, the diameters
of the hydrophilic islands on the surface mixed with 0.5 wt.% of the BN nano-admixture
(Figure 3c) were significantly larger than those of the BN 1.0 wt.% mixture (Figure 3d).
This will have affected the water-harvesting efficiency. We measured the parameters of the
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hydrophilic islands and the hydrophobic grooves on the different surfaces using the Nano
Measurer program and obtained their normal distributions.
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Figure 3. (a) SEM image of an amphiphilic surface with an admixture of 0.5 wt.% BN, (b) SEM image
of an amphiphilic surface with an admixture of 1.0 wt.% BN, (¢) SEM image of hydrophilic islands
on an admixture of 0.5 wt.% BN on an amphiphilic surface, (d) SEM image of hydrophilic islands
on an admixture of 1.0 wt.% BN within amphiphilic surface, (e) normal distribution of hydrophilic
island diameters, (f) normal distribution of hydrophobic grooves, (g) EDS results of Na and Ca in
amphiphilic surfaces.

The statistical results (Figure 3e,f) showed that the hydrophilic island size was much
smaller than the hydrophilic particle diameter (100 um) in both cases. Therefore, the
hydrophilic particles could become tightly stuck in the cured PDMS. The size distribution
of the hydrophilic islands of the 0.5 wt.% BN sample was mainly concentrated in the range
of 30-100 um, while the size distribution of the hydrophilic islands of the 1.0 wt.% BN
sample was uniformly distributed in the range of 20-40 um. The former was significantly
smaller than the latter. Although the hydrophobic groove widths of the 0.5 wt.% BN
sample and the 1.0 wt.% BN sample were in the same range, the groove widths of the
former were closer to a normal distribution, while the latter was mainly concentrated at
30 um and 50 pm. Therefore, the latter provided more precise control of the width of the
inlet hydrophobic grooves. We predicted that the structural features on the amphiphilic
surface of the 0.5 wt.% BN sample would negatively impact the droplet sliding and thermal
emissivity when wet.

3.2. AFM Result

The SEM images of the amphiphilic surfaces showed that the morphological features
of the hydrophobic region in the amphiphilic surface were impacted by the cured PVP adhe-
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sive on the pre-templated surface (Figure 4a-1). The roughness of the hydrophobic surface
was significantly reduced after adding 0.5 wt.% BN (Figure 4a-2). The nanoscale morpho-
logical features of the hydrophobic region on the amphiphilic surface were observed using
AFM, which showed that the addition of different proportions of BN (0.5 wt.%, 1.0 wt.%,
and 2.0 wt.%) to the PDMS pre-polymers produced different structures on the amphiphilic
surfaces. The surface structure of the cured pure PDMS pre-polymer (Figure 4b-1) demon-
strated a surface roughness of 10.4 nm and a maximum height difference of 104 nm (Fig-
ure 4c). The hydrophobic surface of PDMS_BN 0.5 wt.% (Figure 4b-2) was the smoothest,
with a surface roughness of only 0.689 nm and the lowest maximum height difference
(5.9 nm). In contrast, the 1.0 wt.% BN surface (Figure 4b-3) was moderately rougher
(6.39 nm), with a maximum height difference of 46.4 nm. The hydrophobic surface of the
PDMS_BN 2.0 wt.% sample (Figure 4b-4) was rougher than all the other surfaces (18.2 nm),
with a maximum height difference of 160.5 nm. We compared the characteristics of contin-
uous height variation for different surfaces by extracting the section profiles in the center
of the sample height map (Figure 4d) and found that PDMS_BN 2.0 wt.% significantly
reinforced the surface topography of the pre-polymerized template. The peak and valley
values of its grooves were significantly higher than those of the original rough PDMS
sample. This was because the pre-polymers of the PDMS_BN 1.0 wt.% and PDMS_BN
0.5 wt.% samples filled the surface nanogrooves of the pre-polymerized templates dur-
ing polymerization, which reduced the surface roughness of the PDMS. The PDMS_BN
0.5 wt.% sample had the most obvious smoothing effect for hydrophobic grooves. Mixing
PDMS with BN increased the smoothness of the cured PDMS surface and intensified the
thermal radiation efficiency of the hydrophobic area, which was more conducive to droplet
sliding and cooling of the surface.

3.3. Static Contact Angle Test and XRD Results

During the preparation of amphiphilic surfaces, any additives (glass particles and BN
nanoparticles) theoretically reduce the degree of polymerization of PDMS, thus affecting
the contact angle. However, when glass beads emerge on the surface, their inherent
hydrophilicity influences the contact angle test results. To test the effect of hydrophilic
particles and BN nanoparticles on the hydrophobic regions (PDMS), an equal amount of
hydrophilic glass beads was mixed into the PDMS. Subsequently, XRD tests and contact
angle tests were performed on the surface. The results showed that although XRD only
detected the influence of BN on the characteristic peaks of PDMS at the PDMS surface, the
internally mixed glass beads also affected the wettability of the hydrophobic regions.

The contact angle test was used to reveal the surface wettability and mobility of
droplets. We randomly chose three points on each sample to test the wettability of the
smooth PDMS surface and the surfaces with different ratios of nanoparticles. This was
performed to evaluate the influence on the surface wettability caused by inserting the
nanoparticles and glass particles. We characterized the static CA of these amphiphilic
surfaces with different volumes of BN nanoparticles using an automated goniometer at
ambient conditions with a 5 mL water droplet. The results in Figure 5a show that the
green columns represent the results for the PDMS composite surfaces prepared by mixing
PDMS with BN admixtures (different ratios), and the blue columns represent the PDMS
composite surfaces prepared by mixing PDMS with BN admixtures (different ratios) and
glass particles (same mass). The wettability test results indicated that nearly all contact
angle of the samples with additives were lower than those of the pure PDMS surface.
However, for the samples without added glass particles, the contact angle tended to
decrease and then increase as the percentage of BN increased from 0.5% to 2%. The contact
angle of the sample with 2.0% BN was very close to the hydrophobicity of the original
PDMS (0.4°). The contact angle trend for the samples with added glass particles (blue
column) was it being significantly higher than that of the original sample (green column).
The wettability of the PDMS mixed surface was already 1.3° higher than that of the original
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PDMS at a BN content of 1.0 wt.%. However, a significant decrease in the contact angle
(100.6°) was observed when the BN content was 2.0 wt.%.
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Figure 4. (a-1) SEM images of hydrophobic grooves on an amphiphilic surface without the nano-
admixture and (a-2) with an admixture of 0.5 wt.% BN. (b-1) AFM images of hydrophobic grooves
on an amphiphilic surface without the nano-admixture and (b-2) with an admixture of 0.5 wt.%
BN. (b-3) SEM images of hydrophobic grooves on an amphiphilic surface with an admixture of
1.0 wt.% BN and (b-4) with an admixture of 2.0 wt.% BN. (c) Statistics of roughness and maxi-
mum altitude difference on amphiphilic surfaces. (d) The surface fluctuation details of 4 lines on
amphiphilic surfaces.

To further investigate the influence of additives on the PDMS surface, we investigated
the crystalline components of the PDMS_BN composite surface using XRD, and the results
are shown in Figure 5b. The sharp peak on the right side represents crystalline BN, and
the height of the crystalline peak increased significantly upon increasing the addition ratio.
The broad peak on the left side is the amorphous peak of PDMS. The amorphous peak
of PDMS_BN 0.5% was significantly weaker than that of the pure PDMS samples, while
the amorphous peak of PDMS_BN 1% was the strongest among all four samples. The
amorphous peak of PDMS_BN 2% had the lowest height among all four samples. The
heights of the crystalline peaks increased and then decreased upon increasing the BN
addition. This was consistent with the trend observed from the contact angle tests.

The results showed that the additives interfered with the crosslinking reaction of the
pre-polymer and increased the hydrophobicity and thermal emissivity of the amphiphilic
surfaces. The inserted hydrophilic particles also affected the surface tension of the PDMS
area. The hydrophobicity of the PDMS on the PDMS_Glass_BN 1.0 wt.% sample was higher
than that of pure PDMS, which increased the mobility of the droplets on the amphiphilic
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surfaces. However, adding excess nanoparticles may expose BN, which may degrade the
hydrophobicity of the PDMS area.
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Figure 5. (a) The static contact angle results for hydrophobic grooves. (b) XRD results of hydropho-
bic grooves.

3.4. Droplet Coalescence Test Results

The experimental samples were placed on a copper plate with a lower temperature to
observe the vapor concentrating and droplet coalescence processes on the amphiphilic sur-
faces. Figure 6a shows that the cold panel is equipped with metal tubes to allow cold water
to flow, maintaining plate cooling and thereby accelerating the water vapor condensation
process on the amphiphilic surface. The water vapor condensation process was observed
and recorded using an optical microscope, which provided important evidence for evaluat-
ing the water vapor concentrating and merging properties on the amphiphilic surfaces.

Digital Camera

Video Recorder

Warmed water

Cold
liquid

Figure 6. (a) Diagram of droplet coalescence test platform. (b-1-b-4) Droplet inflation and coalescence
processes of the amphiphilic surface.

The vapor concentration efficiency and droplet sliding behavior were observed over a
period of 1 h. Initially, before the vapor concentration (Figure 6b-1), there was a distinct
boundary between the hydrophilic and hydrophobic regions of the amphiphilic surface.
Subsequently, as water vapor continuously landed on the surface, no significant difference
in the droplet sizes between the hydrophilic islands and hydrophobic grooves was observed
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at around 4 min into the experiment (Figure 6b-2). However, at approximately 6 min
(Figure 6b-3), it became evident that droplet coalescence on the hydrophilic islands occurred
more frequently than in the hydrophobic region, resulting in larger droplets in the former.
By the 12th minute of the experiment (Figure 6b-4), the droplets on all the hydrophilic
islands had merged into large droplets, with overflow observed on larger islands (X and Y)
and successful coalescence on smaller islands (Z). At this stage, the boundary between the
water islands and the hydrophobic gullies became indistinct, and the main driving force
for droplet movement in this phase was attributed to the hydrophobic region.

3.5. Water-Harvesting Test Results

Figure 7a,c show the maximum weight of the droplets on the samples (bar graph)
before sliding events. The line graph represents the static water contact angles of different
PDMS surfaces and hydrophilic particulates previously reported [13,44,45]. Figure 7a
shows that bigger droplets holding onto the samples was significantly positively corre-
lated with the wettability of the sample surface. Meanwhile, the droplet mass carried
by the surface of sample PDMS(GlassP)_BNwt 1.0% was the largest (0.56293 g), which
also matched the lowest (121°) wettability of the hydrophobic samples. Conversely, the
PDMS(GlassP)_BNwt 0.5% surface carried the smallest droplet (0.38769 g), and the contact
angle of PDMS(GlassP)_BNwt 2% was the smallest of all the samples (100.6°). Figure 7c
reveals that the higher the frequency of the droplet sliding, the better the wettability of
the hydrophilic islands on the amphiphilic surfaces. The highest droplet slippage effi-
ciency (52 times/h) was found on the sample whose hydrophilic island material was glass,
and this sample also displayed the most hydrophilic islands. Apart from hydrophobic
surfaces (42 times/h), the lowest droplet fall-off rating was observed for the amphiphilic
surface with iron particles (48 times/h), which also was the hydrophilic island with the
lowest wettability.

Figure 7b,d show the mean vapor concentration speed (bar graph) for each droplet-
refreshing cycle on different surfaces. The line graph represents the mass of water vapor
collected by different surfaces during the test. Figure 7b shows that the vapor concen-
tration efficiency on the sample surfaces was vital for determining the water-harvesting
efficiency of the amphiphilic surfaces. Moreover, the water-harvesting quantity and vapor
condensation rate on the amphiphilic surfaces were overall higher than those of the purely
hydrophobic samples (2.68 g and 7.73 x 10~* g/s). The surface with the highest water
vapor condensation efficiency was sample PDMS(GlassP)_BNwt 1.0% (12.99 x 10~* g/s),
which also collected the most water (4.2262 g) during the test (1 h). Except for the hydropho-
bic samples, PDMS(GlassP)_BNwt 2% collected the smallest amount of water (3.5764 g),
and its water-harvesting rate was the same as that of the sample PDMS(GlassP) without
the BN admixture (10.97 x 10~ g/s and 11.08 x 10~* g/s). Figure 7d shows a strong
relationship between the condensation vapor concentration and water harvesting on the
amphiphilic surfaces. The water-harvesting mass and vapor landing efficiency of the
amphiphilic surfaces with different hydrophilic island compositions were equally higher
than those of the purely hydrophobic samples (2.68 g and 7.73 x 10~* g/s). When the
hydrophilic/homophobic ratio of the amphiphilic surface was constant, increasing the
wettability dissimilation of the hydrophilic island and hydrophobic grooves improved the
water-harvesting efficiency. Although the composite surface with added tungsten parti-
cles showed the highest water-harvesting efficiency (11.417 x 10~* g/s), the amphiphilic
surface with the highest amount of water harvesting was the one containing added glass
particles (3.5915 g). Apart from the hydrophobic samples, the amphiphilic surface with Fe
particles harvested the smallest amount of water (3.01 g), and it also concentrated vapor at
a lower efficiency than the other two amphiphilic surfaces.
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Figure 7. (a) The results for surface wettability and droplet dragging ability on amphiphilic surfaces
with different volumes of BN nanoparticles. (b) The result of droplets sliding and growing on
amphiphilic surfaces with different volumes of BN nanoparticles. (c) The result of surface wettability
and droplet sliding ability on amphiphilic surfaces with different hydrophilic particles inserted.
(d) The result of droplets sliding and growing on amphiphilic surfaces with different hydrophilic
particles inserted.

4. Materials and Methods

Given these physical insights, we investigated a wide range of nanoparticles and
hydrophilic islands. To design an amphiphilic surface with emerged islands, three engi-
neering criteria must be satisfied. First, the candidate particles must be wettable but not
soluble in water. Second, the hydrophilic particles must be closely connected to an adhesive
until the end of the polymer curing process to produce a surface with emerged islands.
Third, the nano-admixture should be inserted and evenly dispersed in the pre-polymer
liquid and must also maintain its structural stability and high thermal reflectivity and
emissivity. The design principle of such a surface includes the careful selection of a base
admixture and particles, as well as structural design. We investigated several particles
with different surface tension values, including glass [46], iron [13], tungsten [47], and a
different volume of admixtures (BN nanoparticles). These particles can be closely bundled
by selecting an appropriate assembly process. All the candidate particles were divided into
different groups based on their different diameters.

4.1. Design Rationale 3: Amphiphilc Surface Assmbly Method

An island-type amphiphilic water-harvesting surface was prepared using a templating
method proposed to synthesize a water-harvesting surface that imitated a beetle’s back.
The assembly process involved three steps (Figure 8):
(1) Hydrophilic particle pinning: First, PVP semi-solid glue was uniformly applied on
the surface of a glass plate. Then, size-screened hydrophilic particles were sprin-
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kled onto the glass glazing plate, which was put into an oven at 60 °C for 30 min to
obtain prefabricated templates with fixed hydrophilic islands. The diameter range
of the hydrophilic particles was limited to 100-125 um to eliminate the influence
of the amphiphilic surface’s morphology due to the different diameters of the hy-
drophilic particles.

(2) The preparation and solidification of the hydrophobic prepolymer: The PDMS pre-
polymer, crosslinker, diluent, and nanoparticles were mixed at different ratios and
mechanically stirred for 10 min at a low temperature until they formed a homogeneous
dispersion, which was poured onto the prefabricated templates. The samples were
placed into a vacuum-drying oven to perform a two-step solidification process. Firstly,
a vacuum was drawn for 30 min at room temperature. After all of the air bubbles
were removed, the pre-polymer was cured at 85 °C for 30 min. Finally, solid PDMS
composites with an internal amphiphilic structure were obtained.

(3) The purification of the amphiphilic surface: The glass plate applied with solid PDMS
was immersed in alcoholic liquid for two hours until the PVP colloid melted and
separated from the glass plate. Then, the fallen PDMS solid was placed in an ultrasonic
cleaner to clean off the PVP colloid adhered to the PDMS surface to obtain an island-
type amphiphilic surface.

Cooling stirring

I

Molding layer removing

Alternative Prepolymer

Hyd.rophlhc Lighid

particles ®
PVP Glue
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Processing operations

Basg broad Pinning layer

Surface
diagram

(a) Hydrophilic (b) Preparation and solidification of (c) Purification of
particles pinning hydrophobic prepolymer Amphiphilic surface

Phases

Figure 8. The process flow of amphiphilic surface assembling.

4.2. Water-Harvesting Performance Test

Amphiphilic surface samples 50 mm x 50 mm in size were suspended in the water
collection test rig at an inclination angle of 30° to investigate the influence of the wetta-
bility of the hydrophobic grooves and the wettability of the hydrophilic islands for water
harvesting. The results on the vapor concentration efficiency and droplet sliding behavior
were tested for 1 h. Because the water concentration process is slow and affected by the
environment, we designed a water-harvesting performance test platform (Figure 9c) to
determine the vapor concentration and droplet sliding on the amphiphilic surfaces. A
temperature control function (Figure 9b) was added based on its original structure to reduce
the influence of the environmental variables. The stability of the testing environment was
improved by controlling the temperature of the liquid in the nebulizer and the temperature
of the inlet air.

The total mass of the droplets (Gygreesting) collected from the different amphiphilic
surface structures during the test was used to evaluate the growth and movement of the
droplets on amphiphilic surfaces, Gyaroesting = Y1 Gi, where GHarvesting T€presents the
total weight of the droplets dropped per unit of time, and G; represents the mass of the
droplets dropped each time. Water harvesting is a discontinuous process from water vapor
condensation to growth and then to sliding from the surface. The sample weight continues
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to grow during vapor’s concentration on a surface unless a droplet falls off, in which case
the sample weight will drop sharply. These data are detected using an electronic balance
and saved in a computer. The weight of the test sample will periodically increase until the
next droplets fall. We designed a C++17 program (Figure 9a) to distinguish the weight
chain into subsets regarding the weight increasing or decreasing due to the triggers. Then,
we recorded the difference between the first and last data points in the subsets as the mass
of the droplets dropped (G;). Finally, the results of the recorded data were output as a
report following the chronological order of the droplets dropping. The vapor concentration
efficiency during the droplet dropping intervals and the maximum droplets that could
be carried on the surfaces were calculated through data post-processing. This provided
experimental support to provide a comparison of the water vapor concentrations and
sliding efficiency on the amphiphilic surfaces.

Data recorder

Yes
Data Accumulation

+ &
DataSet Character
Storage

(a) (b) (c)

Figure 9. (a) Schedule of C++ program design logic; (b) diagram of water-harvesting platform; (c) set
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plan of water-harvesting platform.

Detailed data on the amphiphilic surfaces, such as their nanostructure and composi-
tion, were obtained using SEM, XRD, and AFM to identify the key factors of the amphiphilic
surfaces that affected their water-harvesting performance.

5. Conclusions

In this study, we systematically screened raw materials and nanoparticles mixed into
PDMS to improve the droplet movements and thermal radiation properties. A comparative
analysis of various amphiphilic surfaces was carried out to evaluate the droplet coalescence
and sliding process to facilitate their water-harvesting efficiency. Our findings highlight the
pivotal role of surfaces’ textures and energy emissive ability in promoting complete water
harvesting on amphiphilic surfaces. We also observed that the mobility of droplets in misty
environments varied according to the surfaces” wettability. Our research also underscores
the significance of the surface tension of hydrophobic grooves, which we modified by
incorporating BN nanoparticles and inserting hydrophilic particles during hydrophobic
groove curing. This adjustment allowed us to increase the contact angle of PDMS, thereby
enhancing the sliding frequency of droplets. Moreover, our investigation revealed that the
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quantity of added nanoparticles had a crucial effect on the thermal emission power of the
amphiphilic surfaces during water-harvesting tests.
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Abstract: While nanoporous graphene oxide (GO) is recognized as one of the most promising
reverse osmosis desalination membranes, limited attention has been paid to controlling desalination
performance through the large GO pores, primarily due to significant ion leakage resulting in the
suboptimal performance of these pores. In this study, we employed a molecular dynamics simulation
approach to demonstrate that Mg?* ions, adhered to carboxylated GO nanopores, can function as
gates, regulating the transport of ions (Na* and C1™) through the porous GO membrane. Specifically,
the presence of divalent cations near a nanopore reduces the concentration of salt ions in the vicinity
of the pore and prolongs their permeation time across the pore. This subsequently leads to a notable
enhancement in salt rejection rates. Additionally, the ion rejection rate increases with more adsorbed
Mg?* ions. However, the presence of the adsorbed Mg?* ions compromises water transport. Here,
we also elucidate the impact of graphene oxidation degree on desalination. Furthermore, we design
an optimal combination of adsorbed Mg?* ion quantity and oxidation degree to achieve high water
flux and salt rejection rates. This work provides valuable insights for developing new nanoporous
graphene oxide membranes for controlled water desalination.

Keywords: graphene oxide membrane; molecular dynamics simulation; water desalination

1. Introduction

Freshwater scarcity has become a widespread issue due to rapid urbanization and
industrialization [1-3]. The ever-increasing demand for freshwater necessitates the cost-
effective purification of seawater, which constitutes 97.5% of the Earth’s water [4,5]. Reverse
osmosis (RO) has been proven to be an efficient method for seawater desalination, char-
acterized by lower energy consumption and capital costs [1,6-8]. Currently, RO accounts
for 70% of the global seawater desalination capacity [9]. Membrane thickness is a critical
factor influencing the quality of the RO water desalination process [4,10]. Traditional RO
membranes have limited water flux, making freshwater production energy-intensive. This
is mainly because commercial RO membranes require adequate crosslinking to achieve
high salt rejection rates, often resulting in relatively thick membranes [11-14]. In the
actual desalination process, using membranes with excellent selectivity and effective pre-
treatment and post-treatment processes is crucial for improving RO water quality [15,16].
Nanoporous graphene membranes have garnered significant interest in the development of
nanostructured materials [10,17-30]. It has been demonstrated that nanoporous graphene
can function as a synthetic water channel, holding great promise for water desalination
due to its remarkable properties. These properties include its high aspect ratio and meager
transport resistance, attributed to its monoatomic thickness [31].

Prior research has shown that the pore diameters of nanoporous graphene membranes
can influence the transport of substances during the water desalination process [10,32]. It has
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been observed that a critical pore diameter exists below which the permeation of salt ions is
effectively blocked [10,32]. While increasing pore size enhances water flux, it simultaneously
reduces salt rejection. In practical applications, most synthesized porous graphene membranes
possess pore sizes larger than this critical threshold [27,33]. Consequently, researchers often
modify the functionalization of the pore periphery or introduce charges to the graphene
surfaces to enhance purification efficiency and ion selectivity [4,24,27,30,34-38]. For exam-
ple, ionizing the functionalization groups on the nanopores’ perimeters can increase water
flux at the expense of reduced salt rejection [35]. Utilizing fluorine functionalization has
proven effective in preventing the passage of Cl~ ions through the membrane, leading to
higher salt rejection rates [38]. Due to various interactions such as electrostatic and cation—
interactions [39], divalent cations can be absorbed onto the surfaces of graphene membranes
or graphene oxide (GO) membranes, which are synthesized by oxidizing pure graphene
membranes. In reference [40], Chen demonstrated precise control of the interlayer spacing of
GO membranes through cationic manipulation. It has been established that GO membranes
with surface cation adsorption can be effectively employed for water desalination. In this
study, we designed a GO membrane with divalent cations (Mg?*) adsorbed on the rim of a
large pore. Without adsorbed Mg?* ions, the GO membrane with a large pore exhibited high
water permeability but low salt rejection, rendering it unsuitable for water desalination. Our
results indicate that the nanoporous graphene membrane with adsorbed Mg?* ions acts as a
gate, effectively controlling the passage of salt ions, including Na™* ions and Cl™~ ions, across
the pore. As a result, such a membrane demonstrates significantly improved salt rejection and
meets the requirements for desalination. Moreover, the water permeability of the large pore
with adsorbed Mg?* ions remains much higher than that of many other nanopores.

Pore diameter, temperature, applied pressure, and the oxidation degree of the GO
membrane are three significant factors influencing water desalination performance. While
extensive research has been conducted on the roles of pore diameter, temperature, and
applied pressure in water desalination [4,26,33,38], there has been a relative lack of detailed
investigation into the impact of the oxidation degree. In this study, we focused on elucidat-
ing the influence of the oxidation degree on the transport of water molecules and salt ions
through the pore. Our results emphasize the importance of maintaining an appropriate
oxidation degree to achieve high water flux and salt rejection rates. Furthermore, we
compared the water desalination performance between pores with and without an Mg?*
cation, revealing that its presence makes the membrane more robust against changes in
oxidation degree.

Recently, molecular dynamics (MD) simulations have proven to be effective in explor-
ing the microscopic desalination mechanism of nanoporous GO membranes, providing
insights and details that are not easily attainable through experimental means. In this study,
we employed MD simulations to investigate the effect of Mg?* cations adsorbed at the
pore’s edge on the desalination behavior of the pore.

2. Results and Discussion
2.1. Salt Rejection Rate

In this section, we begin by using a GO membrane with an oxidation degree of 7%
as a representative case to elucidate how the pore with adsorbed Mg?* ions regulates the
passage of salt ions. One of the critical factors in water desalination is the membrane’s
capability to reject ions as the primary objective of water desalination is the separation
of ions from saline water. We quantify the salt rejection rate as follows to assess the
membrane’s performance in allowing ions to transport through the gated pore [10].

SRNa(c1y = (1 — nna(cty/ NNa(cry) (1)
SRnact = (1 — ninac1/ NNact)

In the above equation, Ny (cjy and Ny, represent the initial numbers of Na* (CI™) ions
and total salt ions (the sum of Na* ions and CI™ ions) in the saltwater side at ¢ = 0 while 1y, (cy)
and 71y,¢; denote the numbers of Na* (C17) ions and total salt ions that have passed through
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the pore at t = t1/, (defined as the time when half of the water molecules in the saltwater side
have transported through the pore [10]). Figure 1 illustrates the salt rejection rates of the GO
membrane with pores adsorbed by zero, one, and two Mg?* ions. Notably, in the absence
of the Mg?* ion, the salt rejection rate is statistically equal to the C1~ ion salt rejection rate.
However, in the presence of Mg?* cation, the Na* rejection rate exceeds the Cl~ rejection rate.
This difference arises primarily from the repulsion of Na* ions from the divalent cations. The
discrepancy between the two salt rejection rates becomes more pronounced as the number
of adsorbed Mg?* ions increases. Both the Cl~ ion salt rejection rate and the Na* ion salt
rejection rate increase when more Mg?* ions are adsorbed by carboxyl groups. Consequently,
the overall salt rejection rate follows the same trend.
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Figure 1. The salt rejection rates of pores with different numbers of adsorbed Mg?* ions. The solid
lines are a guide to the eye.

To illustrate the observed behavior more clearly, we conducted non-equilibrium MD
simulations to analyze the distribution and dynamics of salt ions around the center of
the pore. Figure 2 presents the results, showing the number of salt ions accumulating
in a cylindrical region (more illustration below) as a function of the cylinder height (h).
As depicted in Figure 2, an increase in the number of adsorbed Mg?* ions decreases the
quantity of the Na* ions around the pore. This decrease can be attributed to the electrostatic
repulsion force between the adsorbed Mg?* ions and Na* ions. While the adsorbed Mg?*
ions exert an attractive force on CI~ ions, the quantity of CI~ ions near the pore displays a
slightly nonmonotonic variation with an increased number of adsorbed Mg?* ions. This
phenomenon is partly because the attractive force acting on Cl1~ ions through the Na* ions
gathering near the pore decreases as the number of adsorbed Mg?* ion ions rises. For a more
in-depth investigation into the mechanisms underlying the distribution of salt ions around
the pore and their passage through it at the molecular level, we calculated the potential
of mean force (PMF) of the ions along the z-axis of the simulation box. These calculations
were performed under an applied pressure of 100 MPa, and the results are depicted in
Figure 3. The PMF profiles indicate that the permeation of Na* and Cl~ ions across the
pore is energetically unfavorable, making the spontaneous passage of Na* and Cl~ ions
impossible. When Mg?* ions are adsorbed on the rim of the pore, the free energy barrier for
Na* ions to be transported through the pore increases significantly. This accounts for the
observed decrease in the number of Na* ions around the pore in the presence of adsorbed
Mg?* cations. Notably, the free energy barrier for Cl~ ions remains nearly unchanged in the
presence of Mg?*. The behavior of the PMF profile for CI~ ions clarifies that the adsorption
of Mg?* ions on the pore does not result in the aggregation of CI~ ions inside the pore.
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Figure 2. The number of the Na* ions (a), C1~ ions (b), and salt ions (c) accumulating in a cylindrical
region below and around the centers of the pores with different numbers of adsorbed Mg?* ions as a
function of the height of the cylinder h.
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Figure 3. The PMF of Na* ion (a) and Cl~ ion (b) along the z-axes of GO membranes with different
numbers of adsorbed Mg?* ions. The pore is located at z = 0.

In summary, the analysis of salt ion distribution near the pore and the PMF profiles
strongly suggest that the Mg?* cation adsorbed on the edge of the pore impedes the passage
of Na* ions. Consequently, the Na* ion salt rejection rate increases. However, the slight
change in C1~ ion concentration near the pore is not the primary cause of the increase in the
Cl™ ion salt rejection rate. To further investigate the influence of the dynamics of salt ions
on their transport through the pore, we conducted non-equilibrium MD simulations. The
dynamics of salt ions were examined by calculating the permeation time autocorrelation
function C(f), defined as follows.

Cna(cny® = (Hacn(©)Hna(cpy(0)) / (Hna(cn (0)?)

Cnaci(t) = (Hnaci(t)Hnaci(0)) / (HNaci(0)?) @)

Here, Cna(cyy(t) and Cyci(t) represent the permeation time autocorrelation function of
Na* (Cl7) ions and total salt ions, and Hyycp(t) (Hnaci(t)) is a binary function that equals
1 if one ion is initially located inside the pore at t = 0 and continuously exists above the
center of the pore at any time greater than t and equals 0 otherwise. A water molecule or
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ion within a cylindrical region with a diameter of 1.6 nm and a height of 0.2 nm below and
around the center of the pore is considered to be within the pore [30], also demonstrated
below. This permeation time autocorrelation function (Equation (2)) is a suitable measure
of the permeation probability of ions or water molecules passing through the pore. The
results of the permeation time autocorrelation function C(t) are presented in Figure 4. The
figure shows that the rate of increase in C(f) for ions decreases over simulation time. This
phenomenon arises because, as shown in Table 1, ions have finite residence times inside
the pore. Furthermore, the residence time of ions increases with an increasing number
of adsorbed Mg2+ cations. Therefore, as the number of adsorbed cations increases, the
decrease in the rate of C(t) with time becomes less pronounced. The evolution of C(t) with
time suggests that estimating the permeation probability of ions using C(t) with small time
intervals (f) is more appropriate. Figure 4b demonstrates that the adsorption of Mg?* ions
on the pore significantly hinders the mobility of C1~ ions near the pore center and prolongs
their permeation time through the pore. This dynamic behavior of C1™ ions helps explain
why an increase in the number of adsorbed Mg?* cations contributes to the enhancement
of the Cl~ ion salt rejection rate. It should also be noted that the permeation probability
of Na* ions, similar to Cl~ ions, decreases with increasing adsorbed Mg?* cation quantity.
Extending the permeation time for Na* ions improves the Na* ion salt rejection rate. The
results presented in this section demonstrate that the system can function as a gated system
for controlling and regulating the passage of salt ions through the pore.
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Figure 4. The permeation time autocorrelation function of Na* ion (Cny,(#)) (a), C1~ ion (C(t)) (b), and

salt ion (Cn,cy(f)) (c) in pores with different numbers of adsorbed Mg2+ ions as a function of time f.

Table 1. The residence times of ions and water molecules located in the pores with an oxidization
degree R = 0.07.

Number of Adsorbed Mg?* Tons Na* (ps) Cl— (ps) Water Molecule (ps)
0 Mg?* ions 10.7316 8.1324 3.6078
1 Mg2+ ion 12.2970 8.9998 8.2718
2 Mg2+ ions 21.5172 10.9348 12.4690

2.2. Water Flux

Like the salt rejection rate, water flux is another crucial factor in water desalination
using membrane materials. The water flux was measured by counting the net number of
water molecules passing through the pore during the course of the simulation time [41].
Figure 5 illustrates the results for water flux as a function of the number of adsorbed
Mg?* cations. It is observed that the water flux decreases as the number of adsorbed Mg?*
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cations increases. Nevertheless, as indicated in Table 2, even in the case of a pore with
two adsorbed Mg?* cations, its water permeability still reaches an impressive value of
58.7 L/cm?/day/MPa. This level of water permeability significantly surpasses that of
many other nanopores, including MoS, nanopores, hydrogenated graphene nanopores,
phosphorene, and g-C3Ny4 nanopores. Furthermore, the salt rejection of the pore with two
adsorbed Mg?* cations meets the requirements for desalination purposes. As explained in
Supplementary Materials Section S2, the variation in water flux is attributed to the fact that
the adsorption of Mg?* ions on the pore’s rim can influence the permeation probability of
water molecules passing through the pore.
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Figure 5. The water flux of pores with different numbers of adsorbed Mg?* ions. The solid line is a
guide to the eye.

Table 2. The comparison of the desalination performances of the pore and other RO membranes.

RO Membrane Water Permeability (L/cm?/Day/MPa) Salt Rejection (%)
MoS; nanopore [11] 16 100
Hydrogenated graphene nanopore [10] 39 100
Phosphoerne nanopore [42] 11 100
g-C3Ny nanopore [43] 15 100
Hydroxylated graphene nanopore [10] 66 100
Pore without adsorbed Mg2+ ions (current job) 234 81
Pore with one adsorbed Mg?* ion (current job) 128 88
Pore with two adsorbed Mg?* ions (current job) 59 95

2.3. Effects of the Oxidization Degree on Desalination

Now, let us discuss the influence of the oxidization degree on the transport of water
molecules and salt ions through the pore. Figure 6 presents the salt rejection rate and
water flux of the GO membrane with various numbers of Mg?* ions as a function of the
oxidization degree. As depicted in Figure 6, neither the salt rejection rate nor water flux
exhibits a monotonic variation with oxidization degree. Furthermore, the variation in
the salt rejection rate or water flux becomes smaller as the number of adsorbed Mg?*
cations increases. These results reveal that when the oxidization degree changes, the pore
with adsorbed Mg?* cations exhibits a more robust water desalination performance than
those without adsorbed Mg?* cations. To understand the mechanism behind the effect
of oxidization degree on water desalination performance, we provide the results for all
systems regarding the number of salt ions (water molecules) located inside the pore and
the ion (water molecule) permeation time autocorrelation function C(t = 2 ps) in Figure 7.
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Figure 6. The salt rejection rate (a) and the water flux (b) of the nanoporous GO membranes with different
numbers of adsorbed Mg?* ions and oxidization degree R. The solid lines are a guide to the eye.
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Figure 7. (a—f) show the number of the salt ions (water molecules) located inside the pore and the salt
ion (water molecule) permeation time autocorrelation function at time t = 2 ps for each oxidization
degree R. The figures along the parallel direction represent the pores with 0, 1, and 2 adsorbed
Mg?* ions. The solid lines are a guide to the eye.

In the case of the pore without an Mg?* cation, the salt rejection rate and water flux
exhibited peaks and troughs at R = 0.25 and R = 0.16, respectively, as shown in Figure 6. The
result displayed in Figure 7a reveals that the number of salt ions inside the pore without an
Mg?* cation changes significantly but not monotonically with the oxidization degree. In the
case of R =0.25 (R = 0.16), although the permeation probability of salt ions is the highest (the
second smallest) among the four cases, the number of ions inside the pore is the smallest
(largest). Thus, the substantial difference in the number of ions inside the pore between
R =0.25 and R = 0.16 leads to an extensive range of variation in the salt rejection rate
without adsorbed Mg?* cations. As demonstrated in Figure 7b, the distribution of water
inside the pore is nearly the smallest (the largest) among all the systems when R = 0.16 (R
= 0.25). These results suggest the presence of competitive penetration between salt ions
and water molecules [32]. Although the number of water molecules in the pore is not
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greatly affected by changes in the oxidization degree, the water flux of the pore without
adsorbed Mg?* cations exhibits a significant change with the oxidization degree. This is
mainly because the variation trend of the permeation probability of water with respect to
the oxidization degree is similar to the variation trend of the number of water molecules
inside the pore as the oxidization degree changes. Therefore, both the permeation time of
water molecules and the number of water molecules within the pore play crucial roles in
water desalination. However, the situation is somewhat different when considering the
salt rejection rate of the pore with adsorbed Mg?* cations. The salt rejection rate of the
pore with adsorbed cations is primarily influenced by two significant factors: the number
of salt ions inside the pore and the permeation time of the salt ions. However, since the
oxidization degree of the GO membrane has minimal impact on the number of salt ions
inside the pore and the permeation probability of ions, the salt rejection rate of the pore
with adsorbed Mg?* cations fluctuates within a narrow range. On the other hand, the
water flux of the pore with adsorbed Mg?* cations is co-determined by the permeation
time of water molecules across the pore and the number of water molecules inside the
pore, similar to the case of the pore without adsorbed Mg?* cations. However, due to the
pronounced difference between the change in the number of water molecules inside the
pore and the permeation probability of water molecules with respect to the oxidization
degree, the small variations in either the number of water molecules inside the pore or the
permeation probability of water molecules alone cannot result in a significant change in
the water flux.

2.4. Water Desalination Performance of Another Porous GO Membrane

The pore diameter is a crucial factor in determining the separation performance of
the GO membrane. To investigate the role of the adsorbed divalent cation on the water
desalination performance of the GO membrane with a large pore diameter of 2.15 nm
(as shown in Figure S6), we conducted additional non-equilibrium MD simulations. The
results indicate that the influence of the adsorbed Mg?* cation on the water desalination
performance of the pore with a diameter of 2.15 nm is similar to that of the adsorbed Mg?*
cation observed for the pore with a diameter of 1.29 nm. Further details can be found in
Supplementary Materials Section S3 of the paper.

3. Materials and Methods

Figure 8a illustrates the gated system used in our study. This system consists of two
slabs: one containing a saltwater (NaCl solution) region and the other containing pure
water, separated by a nanoporous GO membrane at z = 0. The two graphene plates are
free to move in the z-direction to control the system’s pressure. The simulation model’s
dimensions are 3.30 x 3.52 x 10.50 nm in the x, y, and z directions, respectively, with
periodic boundary conditions applied in all directions. Without Mg?* cations, the saltwater
portion contains 46 Na* ions, 46 C1~ ions, and 1126 water molecules, resulting in a salt
concentration of 132.8 g /L. This elevated salinity level is advantageous for obtaining precise
statistical results regarding ion permeation through the pore [10,30]. The pure water section
comprises 1120 water molecules.

Given that GO layers predominantly consist of hydroxyl groups [30,44], the GO
membrane utilized in our study features hydroxyl groups on both sides of the graphene
basal plane. Figure 8b shows the placement of a single nanopore at the center of the
GO membrane. The pore diameter, calculated using the formula d = 21/ A/ , measures
1.29 nm [10]. This pore size is sufficiently large to facilitate the transport of salt ions from
saltwater to pure water and can be readily created experimentally [27]. Three carboxyl
groups are also attached to the carbon atoms on the pore’s edge. As oxidized regions
tend to form a continuous network across the GO membrane and consistently coexist
with nanopores in the same area, the hydroxyl groups are distributed in a circular region
surrounding the pore [32]. The oxidation degree of the GO membrane is characterized
by the R = n,, /n, ratio, which ranges from 7% to 34%, where n,, represents the number
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of hydroxyl groups and 7. denotes the number of carbon atoms. Figure 8b provides
top views of the GO membranes. The figure illustrates that the Mg?* ions were initially
positioned near the carboxylic oxygen (double-bonded) sites. Due to the strong electrostatic
interaction between Mg?* ions and carboxylic oxygen, the Mg?* ions consistently remain
near the carboxylic oxygen throughout all MD simulations (for further details, please refer
to Supplementary Materials Section S1). Figure 8b shows that the number of Mg?* ions
adsorbed to the carboxyl groups varies between 1 and 2. Except the counter ions of Na*,
there are another 2 or 4 C1~ ions that should be added to maintain the electroneutrality of
the system with Mg?* ions.

(a)

P=100 MPa

(b)

(0

Figure 8. (a) Side view of the gated system for investigating desalination through the GO membrane.
The yellow and blue balls denote the sodium and chloride ions. (b) Atomistic structure of the
nanoporous GO membrane with a variation in oxygen degree. One or two Mg?* ions are placed
near the carboxylic oxygen. The red, cyan, white, and pink spheres represent the oxygen, carbon,
hydrogen, and magnesium atoms, respectively. (c) The black box in the figure denotes a cutout view
of a cylindrical region with a diameter of 1.6 nm and a height of h below and around the center of the
pore in the GO membrane.
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All MD simulations were conducted using the Gromacs simulation package in the
canonical (NVT) ensemble at a temperature of 300 K, employing a velocity-rescale thermo-
stat for temperature control [45]. The GROMOS53a6 force field was utilized to describe both
the GO membrane and the ions [46,47] while water molecules were represented using the
standard SPC model [48]. The LINCS algorithm was employed to constrain all bonds [49],
and the classical equations of motion were integrated using the leapfrog algorithm with a
time step of 1 fs [50]. The particle mesh Ewald method and Lennard-Jones potential were
implemented to calculate electrostatic interactions and non-bonded interactions between
different particles [51,52]. The cutoff for Lennard—Jones or electrostatic interactions was
set at 1.2 nm. All atoms in the GO membrane, except those belonging to oxidation func-
tional groups, were fixed throughout all simulations to mitigate the impact of mechanical
deformation phenomena on saltwater permeation behavior [10].

Initially, we equilibrated the systems at 300 K while keeping water molecules near
the center of the GO membrane fixed to separate the saltwater and pure water regions.
The pressures on the two graphene plates were maintained at zero during this process.
Following equilibration for 1 ns, as illustrated in Figure 8a, we applied pressures of 100 MPa
and 0 MPa to the left and right graphene plates, respectively to conduct non-equilibrium
MD simulations. Such a significant pressure difference ensures that accurate data for water
flux and salt rejection are acquired within a finite simulation time accessible through MD
simulations [10,26]. The pressure applied to the graphene plate can be calculated using the
moving acceleration rate of the plates as follows [32]:

P=Nma/S 3)

Here, N is the total number of carbon atoms in the plate, m is the mass of a carbon atom,
S is the cross-sectional area, and P is the applied pressure. Throughout the non-equilibrium
simulation, coordinates were saved every 2 ps. To obtain converged quantities for each
system, such as salt rejection and water flux, 10-20 non-equilibrium runs of 5-20 ns were
performed with independent initial configurations.

The PMF was used to provide a semi-quantitative understanding of the energetics for ion
permeation through the pore [30,38]. The PMF was calculated through 10-20 non-equilibrium
simulations. The adaptive biasing forcing algorithm was employed to determine the PMF
as usual [53-55]. The reaction coordinate for the GO membrane was set in the z-direction,
ranging from —10 A to 0 A (center of the membrane pore), preceding the pore.

4. Conclusions

In conclusion, our molecular dynamics simulations demonstrate that the nanoporous
GO membrane adsorbing the Mg?* cation onto the rim of the pore can effectively act as a
gate to control the passage of salt ions across the large pore. This significantly improves the
desalination performance of the nanoporous GO membrane by adsorbing Mg?* cations.
The simulation results reveal that the transport of salt ions (and water molecules) through
the pore is closely correlated with both the distribution of salt ions (and water molecules)
near the center of the pore as well as the salt ion (water molecule) permeation time across
the pore. The Mg?* cations absorbed on the pore reduce the concentration of salt ions
around the center of the pore due to strong repulsive forces between the Na* ions and the
Mg?* cations. Moreover, the increase in the number of adsorbed Mg?* cations increases
the time it takes for salt ions to permeate through the pore, thereby improving the salt
rejection rate. However, the Mg?*-adsorbed pore compromises the passage of water
molecules through the pore. As the divalent cation can be adsorbed on the surface of the
GO membrane very stably owing to their interactions (e.g., the density functional theory
(DFT) calculation results in Supplementary Materials Section S1 disclose that there is strong
interaction between the Mg?* cation and the nanoporous GO membrane), one possible way
to obtain the nanoporous GO membrane with the adsorption of Mg?* cations is to soak the
freestanding nanoporous GO membrane in magnesium-ion water solution for some time
during the membrane fabrication process, similar to previous research [40].
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The role of the oxidation degree on the desalination performance of the nanoporous
GO membrane was also investigated. The mechanisms underlying the variation in the
salt rejection rate and water flux with the oxidation degree were elucidated. The number
of water molecules (ions) near the center of the pore and the permeation time of water
molecules (ions) across the pore are the two key factors influencing water flux (and salt
rejection rate) as the oxidation degree of GO varies. The simulations reveal the presence of
competitive penetration between salt ions and water molecules in the system, which can be
beneficial for the nanoporous GO membrane to achieve high water flux and a perfect salt
rejection rate at certain oxidation degrees. Our work suggests that adsorbed Mg?* cations
on the nanoporous GO membrane offer a promising avenue for optimizing GO membranes
for improved water desalination performance.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules29040827 /s1, Figure S1: The distance between the
Mg?* ion and the carboxylic oxygen of the system; Figure S2: The configuration of the graphene sheet
with one pore and one adsorbed magnesium ion [56-58]; Figure S3: The number of water molecules
accumulating in a cylindrical region; Figure S4: The PMF of a water molecule along the z-axis of
GO membranes with different numbers of adsorbed Mg?* ions; Figure S5: The permeation time
autocorrelation function of water molecules in pores with different numbers of adsorbed Mg?* ions;
Figure S6: Atomistic structure of the GO membrane; Figure S7: The salt rejection rate and the water
flux of the GO membranes with a large pore diameter of 2.15 nm vs. the oxidization degree R.
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Abstract: The tanning industry generates effluents with high chromium content, which require
treatment prior to discharge into the sewage system. This article explores the use of magnetic
magnetite nanoparticles (MNPs) to remove Cr(VI) from aqueous solutions, such as tanning effluents.
The MNPs were synthesized by coprecipitation reaction using the Olea europaea extract as a reducing
agent. Subsequently, they were characterized by dynamic light scattering spectroscopy (DLS),
scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS). MNPs with
irregular morphology and diameters ranging from 73.28 to 162.90 nm were obtained. Cr(VI) removal
was performed using jar test methodology, and its efficiency was evaluated in the laboratory for
different initial Cr(VI) (mg/L) concentration and nanoparticle (g/L) concentration. A kinetic study
was developed and indicated that the equilibrium adsorption mechanism corresponds to a pseudo-
second-order model. Furthermore, the isotherm analysis revealed that chromium adsorption best fits
the Langmuir isotherm. Finally, Cr(VI) removal rates from 85% to 100% were achieved in tanning
and retanning effluents.

Keywords: magnetic nanoparticles; magnetite; olive extract; chromium removal; tanning effluent

1. Introduction

The toxic waste generated makes the tanning industry one of the most polluting
industries [1]. During leather production, different chemical inputs and water volumes
between 50 and 100 L per kg of salted leather are used [2], which generates wastewater
with high concentrations of pollutants, including heavy metals such as chromium, which,
in its hexavalent form (VI), becomes a contaminant due to its high mobility and solubility
in aqueous media, tends to bioaccumulate and has a carcinogenic effect [2,3].

In some cities, such as Arequipa in the Rio Seco Industrial Park (PIRS), tanning
effluents are discharged into a sewage system or river, causing contamination of the
environment and flowing into bodies of water.

These effluents have high concentrations of toxic heavy metals, especially hexavalent
chromium (Cr(VI)). It also stands out that Cr(VI), due to its high toxicity associated with
high mobility and solubility in aqueous media, tends to bioaccumulate, which can lead
to serious effects on human health, such as carcinogenic effects [3]. Nowadays, various
environmental problems can be addressed by nanotechnology. Metal and metal oxide
nanoparticles, due to their more efficient adsorption and reduction capabilities than their
macro or micro counterparts, have shown outstanding properties for adsorption/reduction
of a large number of heavy metal ions, such as Ni2t, Cu?*, Cd?*, Zn?* and Cr*, and
catalytic degradation of some organic pollutants [4,5].

The synthesis of metal and metal oxide nanoparticles has been carried out using
conventional methods and green synthesis. Generally, the conventional methods use toxic
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materials, such as solvents and surfactants, which can accumulate in the environment and
pollute it. This has motivated the research and development of new, more reliable and
sustainable strategies for the synthesis of nanoparticles known as green synthesis [6]. A
feature common to the methods of green synthesis is to reduce the use of toxic inputs in
the production of nanoparticles by replacing them with clean precursors, such as plants,
bacteria, actinomycetes, fungi, yeasts, viruses, among others [7]. Among these precursors,
Moringa oleifera leaves have been used for the removal of lead from an aqueous source,
Catharanthus roseus leaves for the removal of cadmium and chromium, date palm bone
for the degradation of methylene blue and Ipomoea aquatica roots for the adsorption of
methyl violet, among others. The bone of Olea europaea stands out due to its capacity to
act as a biosorbent of heavy metals, as well as the presence of various polyphenols in its
composition, which make it feasible to use it as a reducing agent in the production of
magnetic nanoparticles. The advantages of green synthesis of metal nanoparticles not only
reduce the environmental impact but also exhibit high economic efficiency compared to
some conventional methods. Other advantages include reduction in energy consumption,
reduction in chemical inputs and ease of implementation on a large scale [8].

Among the metal oxide nanoparticles, iron oxides are one of the most applied because
they exist in various forms in nature, such as magnetite (Fe3O4), maghemite (y-Fe,O3)
and hematite (x-Fep,O3). In recent years, different authors have reported the efficiency of
iron-based nanoparticles in the removal of heavy metals, such as Cr(VI), Pb(II), Cd(Il) and
As(III), from aqueous solutions [9]. Magnetite has been shown to be more useful in different
applications [10]. Magnetite structures at the nanoscale, called nanoparticles, have attracted
much interest due to their unique magnetic property known as superparamagnetism;
this property is present in particles with a size of order of magnitude of nanometers,
having a behavior similar to ferromagnetic and ferrimagnetic materials, [10] being the main
characteristic, which allows the MNP to be very efficient in the adsorption of heavy metals,
such as chromium [11]. Aftabtalab et al. [12] discussed Cr(VI) removal from wastewaters
using high adsorption iron oxide (Fe3O4) nanoparticles synthesized by the sol-gel method.
In a more recent article, Hao et al. [13] showed that a green tea extract was successfully
used to prepare iron nanoparticles (nFe) to remove Cr(VI) from aqueous solutions.

Accordingly, this article reports the green synthesis of magnetite (Fe304) nanoparticles
using olive pit extract. In addition, the efficiency of these nanoparticles in Cr(VI) removal
is evaluated by varying the initial Cr(VI) (mg/L) concentration and nanoparticle (g/L)
concentration. The material characteristics of the nanoparticles are also presented, as well
as the adsorption behavior, kinetic and isotherm models.

In general, the present research provides a sustainable alternative to contribute to
solving the problem of the lack of treatment of Cr(VI) loaded effluents from tanneries
before discharge into the environment. The results obtained show that the development
and application of nanoparticles obtained by green synthesis using Olea europaea bone
extract as a reducing agent are an efficient treatment for the adsorption of Cr(VI) from
tanning effluents.

2. Results and Discussion
2.1. Characteristics of the Tanning and Retanning Effluents

The tanning and retanning effluent samples were analyzed in the laboratory. Table 1
shows the physico-chemical characteristics of the samples.

The results indicate that for the retanning effluent, the parameters of pH, total chromium,
hexavalent chromium and total suspended solids exceed the maximum permissible limits
(MPL). In the case of the tanning effluent, the parameters of total chromium, hexavalent
chromium and chemical oxygen demand (COD) exceed the maximum permissible limits
(MPL), with total chromium and hexavalent chromium being the most relevant parameters
in this study. These parameters exceed the MPL by almost 42% in the case of total chromium,
1% for hexavalent chromium in the retanning stage and 258% in the tanning stage.
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Table 1. Characteristics of tanning and retanning effluents.

Stage Type Parameter Value (mg/L) MPL Value (mg/L)
pH 3.567 6.5-9.5
In situ Dissolved oxygen 5.81 -
Temperature 18.7
Retanning 3
Total chromium 1599.14 5
. Hexavalent chromium 4913 0.5
Ex situ
Oils and fats 64.9
Total suspended solids 53951 1000
Total chromium 1610.65 5
Hexavalent chromium 1287.72 0.5
Tanning Ex situ Oils and fats 15.5
Total suspended solids 241 1000
BODS 199 1000
COD 4155

2.2. Favorable Operating Conditions and Validation of the Method for Cr(VI) Quantification
2.2.1. Linearity

To determine the linearity of the method, a calibration plot of concentration vs. ab-
sorbance is presented in Figure 1.

LINEARITY
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Figure 1. Calibration curve.

The R? value obtained from the equation of the line is 0.9953, which is very close to the
value obtained by Pacheco-Portugal [14], whose R? was 0.9964. Similarly, an R? value of
0.9996 was reported by Caflazaca and Ccama [15] in the validation of Cr(VI) in wastewater.

According to international standards (AOAC), values greater than 0.99 are considered
acceptable; therefore, we conclude that our method is linear.
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2.2.2. Precision and Repeatability

To determine the precision and repeatability of the method, the measurement of the
analyte Cr(VI) was performed in triplicate under the same working conditions and with
the same instrument. The results are shown in Table 2.

Table 2. Precision test results.

Concentration (mg/L) Absorbance Cf (mg/L)
0.6 0.18 0.6947705
0.6 0.181 0.7054429
0.6 0.177 0.6627535
0.6 0.179 0.6840982
0.6 0.181 0.7054429
0.6 0.179 0.6840982
Average 0.689
Standard deviation 0.0162
RSD % 0.023

According to the ICH validation method, the acceptance criterion for repeatability
and precision is that the %RSD is less than 2%; therefore, comparing this criterion with our
results, it is concluded that the method is precise and accurate. The RSD value obtained is
0.023%, which is below 2%.

2.2.3. Detection Limit (LOD) and Limit of Quantification (LOQ)

The detection limit allows finding the lowest concentration, which can be detected
with statistical significance using the analytical procedure studied.

The results obtained with the calculated values for both the limit of detection and the
limit of quantification are shown in Table 3.

Table 3. Results of target readings.

Targets X Y
1 0.2 0.131
2 0.4 0.154
3 0.6 0.174
4 0.8 0.192
5 1 0.206
6 1.2 0.228
Average 0.7 0.181
Standard deviation 0.374 0.035
Typical error xy 0.0027
LOD (mg/L) 0.0528
LOQ (mg/L) 0.1760

Based on the results obtained, shown in the table above, it is established that the
method can be used for samples whose Cr(VI) concentration is above 0.0528 mg/L and
quantifies samples whose concentration is equal to or greater than 0.1760 mg/L.

2.2.4. Accuracy

The accuracy was determined by calculating the percentage of recovery (% R); the
results obtained are shown in Table 4.
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Table 4. Results of the readings for the recovery percentage.

Concentration (mg/L) Absorbance Average

0.174

0.6 0.174 0.174
0.174
0.173

0.6 0.173 0.173
0.173
0.171

0.6 0.171 0.171
0.172

Average absorbance 0.173

According to the ICH validation method, the acceptance criterion for accuracy is
95% < Percent Recovery < 103%; therefore, it is considered that the validated analytical
method is accurate, since the recovery percentage of 102.949 is within the range of the
acceptance criterion.

2.3. Characteristics of the Magnetite Nanoparticles (MNPs)

Dynamic light scattering (DLS) is a hydrodynamic technique, which provides insight
into the particle size distribution in a liquid system. The measurement is based on the
detection of variations in the intensity of light scattered by particle scattering. The DLS
results revealed that most of the MNPs had a size of 161.8 nm, corresponding to 98.5% of
the total population, while a smaller population, corresponding to 1.5%, presented a size of
5362 nm.

The characterization of nanoparticles using SEM (Figures 2 and 3) showed that the
nanoparticles exhibit sizes within the range of 73.28-162.9 nm and an irregular shape pre-
senting agglomerations (Figure 3). This is due to the synthesis method of the nanoparticles
using plant extract, which is a mixture of reducing and stabilizing agents with complex
chemistry, producing heterogeneous MNPs and not homogeneous, as is the case when
using chemical agents [16]. Such heterogeneity is an advantage, given that it facilitates
the adsorption process by providing active sites for physical exchanges and chemical reac-
tions, as discussed by Es’haghi et al. [17], who synthesized indefinitely shaped and highly
agglomerated magnetic iron nanoparticles coated with olive oil.

Our results show that, although the particle diameter found with DLS is within the
range measured by SEM, the difference in the measurements can be attributed to the
formation of a hydrodynamic radius characteristic of dilute solutions, such as those used
for DLS characterization, while for SEM, the sample used is completely dry, which allows
for a much more accurate measurement.

Figure 4 shows the EDS spectrogram of the nanoparticles. The presence of elemental
iron with an atomic percentage of 9.4% can be observed, corresponding to the intense
peak between 6 keV and 7 keV. The presence of oxygen is also detected with an atomic
percentage of 43.72%, corresponding to the most intense peak between 0 keV and 1 keV,
suggesting the oxidation of nanoparticles due to their exposure to water or air. Peaks of
trace element contamination are also observed, attributed to the sample holder.
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Figure 2. SEM image of the magnetite nanoparticles (MNPs) at 138.78 K magnification.

Pa R1
Pa1=1629 nm
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WD =14.5mm Mag= 50.69 KX Time :15:19:40

Figure 3. SEM image of the magnetite nanoparticles (MNPs) at 50.69 K magnification.
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Figure 4. EDS spectrum of magnetite nanoparticles (MNPs).

2.4. Removal Efficiency of Cr(VI)

After the experiments, it was observed that the optimal operating pH was pH = 2,
which achieved a removal percentage of 100%, while with a basic pH, only 30% removal
was achieved. These findings corroborate those obtained by Fazlzadeh et al. [18] and Assi
et al. [19] and can be attributed to the fact that pH determines the adsorption of metal ions,
since it modifies the surface charge of the sorbent; therefore, it modifies the stability of
hexavalent chromium, causing its reduction and turning it to trivalent chromium.

The equilibrium time at which the adsorption process became constant was 30 min,
where the removal percentage was 100%, remaining constant and registering a stagnation
in the adsorption process.

The optimum agitation speed was 140 rpm, and a removal of 90% was obtained. This
was the maximum value reached with the jar equipment used, indicating that the higher
the agitation speed, the higher the percentage of Cr(VI) removal.

With the adsorption process using jar tests, removal percentages of 100% for the initial
concentration of Cr(VI) of 10 mg/L and 20 mg/L were reached. On the other hand, for
50 mg/L, percentages of only up to 75% were reached due to the saturation of the MNPs,
which reached their highest performance with concentrations of up to 20 mg/L. The most
efficient combinations were obtained with initial concentrations of Cr(VI) of 10 mg/L and
20 mg/L and a nanoparticle concentration of 1 g/L. These values are in accordance with
the values obtained by Hao, Li, Zhang and Jiao [13], who achieved a removal efficiency
of 91.6%.

The effect of a factor can be defined as the observed change in the response variable
(% removal) due to the change in the level of that factor. It should be noted that the main
effects are the changes in the mean value of the response variable, which is due to the
individual action of each factor. Based on the Pareto diagram obtained using the OriginLab
program, it can be evidenced that the initial concentration of Cr(VI) is a limiting factor for
the nanoparticles, since these will saturate faster, thus limiting their adsorption capacity
when the initial concentration of the pollutant increases. However, the statistical analysis
also allowed us to determine that the performance of MNP in contaminant removal has a
relationship directly proportional to MNP concentration.

In relation to the percentage of Cr(VI) removal from tanning and retanning effluents,
filtration was initially carried out before the removal process using magnetite nanoparticles
to eliminate suspended solids in the tanning effluent sample. The results obtained from the
process showed a removal of 85% and 100% for the tanning and retanning effluents, respec-
tively, since the tanning sample showed a higher initial Cr(VI) concentration. Following the
adsorption process, the nanoparticles were recovered with a magnet to be characterized
by EDS and to determine their final composition, obtaining mainly iron with a presence
of 76.35%.
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2.5. Isothermal Models
2.5.1. Langmuir Isotherm

The Langmuir and Freundlich adsorption isotherm models were used to evaluate the
experimental data of the adsorption equilibrium of dichromate ion adsorption using MNPs.
Figure 4 shows the graph of the experimental values of the specific adsorption (Ceq/qe) as
a function of the concentration of the metal ion in equilibrium (Cq) and the linear form of
the Langmuir equation. These results show an R? of 0.9194, representing the dispersion
around the regression line, indicating that the phenomenon has monolayer adsorption, as
shown in Figure 5.
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Figure 5. Langmuir isotherm.

The linearization of the isotherm using the Langmuir equation comes from the clear-
ance of the equation; it is based on relating the values of C. and Ce/qe in a linear regression
of these points in order to obtain the slope and the intercept, which will allow us to find

the values of gmax and b.
C_ 1 1. o
qe quax qmax
where Ce: adsorbate Cr(VI) equilibrium concentration in solution (mg/L); b: constant refer-
ring to the adsorption affinity between the adsorbent (nanoparticle) and adsorbate Cr(VI);
Jmax: the maximum amount of sorbate Cr(VI) per unit mass of adsorbent (nanoparticulate)
to complete the monolayer (mg/g).
In Table 5, the value of the equilibrium parameter (Ry ) indicates the type of isotherm.

Table 5. Values of the equilibrium parameter (R} ) derived from the Langmuir model.

Ry, Value Type of Isotherm
Rp>1 Unfavorable
Rp=1 Linear

0<Rp <1 Favorable
Ry =0 Irreversible

To calculate the value of q max, which is the inverse of the slope, the following result
is obtained: 1.226 y b = 0.709. To calculate Ry, each Cy concentration value of 0, 10, 20, 50

and 80 is replaced:
1

Ry = ———
L™ 14pCy @)
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Ry, values in Table 5, where the types of isotherms are found.

According to Table 6, the Ry, values are less than zero, except for Cy of 0 mg/L, with
an average Ry, of 0.2468, which indicates that the absorption is favorable compared to the

Table 6. Results of Ry, to determine the type of isotherm.

Cp mg/L b RL Average Ry,
0 1
10 0.124
20 0.709 0.066 0.2468
50 0.027
80 0.017

2.5.2. Freundlich Isotherm

Figure 6 shows the plot of log(qe) as a function of log(C.) and the linear form of
the Freundlich equation. These results show an R? of 0.5621, which represents or gives
indications of multi-layer adsorption.

q. = K+ CL/m, 3)

where Ce: the Cr(VI) concentration at equilibrium in (mg/L); K¢: the Freundlich counter,
which is related to the incorporation of all factors affecting adsorption capacity (it is a
parameter known to be related to bond strength and adsorption, as well as adsorbent
capacity); n: an indication of favorability of metal adsorption by the nanoparticles.
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Figure 6. Freundlich isotherm.

Linearization using Freundlich’s method focuses on relating the values of log(C.) and
log(qe) in a linear regression of these points in order to obtain the slope and the intercept,
which will allow us to obtain the values of K¢ and n.

1
log(q,) = log(K) + — +log(Ce), @
The values of K¢ and 1/h are obtained from the intercept and the slope, resulting

from plotting log(qe) vs. log(Ce). The constant “n” is an indication of metal adsorption
favorability by the nanoparticles.
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The value 1/n is the slope related to surface heterogeneity and bond distribution. It is
dimensionless and is related to the intensity of adsorption. In general, in systems following
the Freundlich isotherm, adsorption occurs with the formation of multi-layers instead of
only a monolayer, which is the case in the Langmuir isotherm.

To calculate the values of 1/n and K, the Freundlich equation is cleared with the
values of the linear regression found. To calculate the value of Ky, the antilogarithm of the
intercept value is used.

Log(K;) = 0.9018
K¢ =7.967
n = 0.1698

The Langmuir isotherm model was obtained by graphing Ce/qe vs. Ce, resulting in an
equation Y = 0.815X + 1.1498 with a correlation coefficient R? = 0.9194, while the Freundlich
model was obtained by graphing log(qge) vs. log(Ce), as shown in Figure 5, obtaining an
equation Y = 5.889X + 1.9481 with a correlation coefficient R? = 0.5621. When comparing
the correlation coefficients (R? = 0.0.9194 vs. R? = 0.5621), it is observed that the Langmuir
model shows a better fit with the data, since it has the highest value. This means that
our process is limited to monolayer adsorption, and there is no interaction between the
adsorbed particles.

The gmax value was 1.226 mg/g. This determined the number of moles of solute
required to form a monolayer on the surface of the sorbent. While the value of b was
0.709—which indicates that the adsorption of Chromium (VI) is favorable, since increasing
the value of variable b causes the adsorption strength to increase proportionally—this
result was similar to that obtained by Cafiazaca and Ccama [15], who obtained in their
adsorption process of Cr(VI), using zerovalent nanoparticles, a fit of their data with the
Langmuir isotherm with a value of b of 1.061.

Table 7 shows the parameters of the Langmuir and Freundlich models for the Cr(VI)
adsorption equilibrium using the MNPs.

Table 7. Parameters of the isothermal models.

2

Langmuir max (Mg/8) b R
1.226 0.709 0.9194

K 1—nL 2

Freundlich i (mg n-ln/g) n R
7.0153 0.1698 0.5621

The results obtained show that the Langmuir model is the one, which best fits our data,
presenting a coefficient of determination R? of 0.9194, higher than that obtained for the
Freundlich isotherm, whose R? is 0.5621. The value of Jmax Was 1.226 mg/g, determining
the number of moles of solute required to form a monolayer on the surface of the absorbent.
We also observed that the value of b was 0.709, which indicates that the adsorption of
chromium (VI) is favorable, since an increase in the value of variable b allows for the
adsorption strength to increase proportionally. To evaluate adsorption according to the
shape of the isotherm, the equilibrium parameter or Langmuir parameter (Ry) is used,
which must be calculated in the amplitude of the initial concentrations (Cy) of the process.

1

Y ©

RL

Cy is considered as the reference concentration for equilibrium, such that Ce < Cy in

the range of Ce concentrations. In addition, Ce and Cp must satisfy the Langmuir equation.
The values taken by Ry, are less than zero, except for Cy of 0 mg/L, with an average Ry

value = 0.2468, which indicates that the adsorption is favorable compared to the values
of RL'
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2.6. Kinetics

The application of the kinetic models to the experimental data of the adsorption of
the metal ion as a function of time allowed us to evaluate which of the proposed models
best describes the kinetics and the limiting step in the adsorption of the metal ion on the
adsorbent. These are shown in Tables 8 and 9.

Table 8. Absorbance vs. time results.

. . Absorbance (nm) Concentration (mg/L)
Time (min)
R1 R2 R3 R1 R2 R3

0 1.722 1.722 1.504 17.1515 17.1515 14.8250

5 0.596 0.956 0.956 5.1345 8.9765 8.9765
10 0.360 0.566 0.360 2.6158 4.8143 2.6158
20 0.054 0.262 0.262 0.0000 1.5699 1.5699
30 0.061 0.083 0.061 0.0000 0.0000 0.0000
60 0.041 0.043 0.043 0.0000 0.0000 0.0000
90 0.034 0.034 0.036 0.0000 0.0000 0.0000
120 0.033 0.035 0.032 0.0000 0.0000 0.0000
150 0.036 0.034 0.032 0.0000 0.0000 0.0000
180 0.033 0.034 0.031 0.0000 0.0000 0.0000
210 0.031 0.032 0.032 0.0000 0.0000 0.0000

Table 9. Adsorption capacity (QE) (mg/g) depending on residence time.

Time (min) Cr(VI) Concentration (mg/L) Adsorption Capacity (QE)

R1 R2 R3 Average (mg/g)

0 17.1515 17.1515 14.8250 16.3760 0
5 5.1345 8.9765 8.9765 7.6958 0.2604
10 2.6158 4.8143 2.6158 3.3486 0.3908
20 —0.6499 1.5699 1.5699 0.8300 0.4664
30 0.0000 0.0000 0.0000 0.0000 0.4913
60 0.0000 0.0000 0.0000 0.0000 0.4913
90 0.0000 0.0000 0.0000 0.0000 0.4913
120 0.0000 0.0000 0.0000 0.0000 0.4913
150 0.0000 0.0000 0.0000 0.0000 0.4913
180 0.0000 0.0000 0.0000 0.0000 0.4913
210 0.0000 0.0000 0.0000 0.0000 0.4913

Figure 7 shows the results of the change in Cr(VI) concentration as the contact time
with the magnetic nanoparticles increases. It can be seen that the equilibrium time was
reached after 30 min, where the chromium concentration was 0 mg/L and remained
constant from that moment on.

Figures 8 and 9 show the application of the pseudo-first-order models and the appli-
cation of the pseudo-second-order model to the experimental data of Cr(VI) adsorption
kinetics using MNP, respectively.

The results show that, for the pseudo-first-order model, the R? value is 0.9792, while
for the pseudo-second-order model, the value of the coefficient of determination R? is
0.9907. This indicates that the experimental data obtained fit the pseudo-second-order
kinetic model better; therefore, it is preferable to have a chemisorption process, where the
rate limiter of the adsorption process is the same reaction and adsorption and not a mass
transfer of the metal ion from within the solution to the surface of the nanoparticle.

Table 10 shows the parameters of the pseudo-first-order and pseudo-second-order
models. As can be noted, the adsorption velocity for the pseudo-second-order mechanism
(Ky) is higher than that obtained in the pseudo-first-order model (Kj).
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Figure 9. Pseudo-second-order kinetic model.
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Table 10. Parameters of the kinetic model.

Kinetic Model
Pseudo First Order Pseudo Second Order
Qe, Mg/g Ky, m~! R? Qe, Mg/g K, mg~'min~! R?
0.2536 0.2227 0.9792 0.6652 0.1962 0.9907

3. Experimental Procedure

The collection and characterization of the tanning and retanning effluents prior to
their discharge into the sewage system were carried out in situ and ex situ (see Section 2.1).

3.1. Effluent Characterization

The collection of effluent samples from the tanning stage was carried out at the Isidro
Viza tannery located in the Rio Seco Industrial Park, following the Manual for Inspectors:
Industrial Effluent Control [20]. Samples were collected before effluent discharge to the sewer
and placed in previously sterilized PVC bottles for transport in a thermal container (cooler)
(away from sunlight) at a temperature of 4 °C using ice (or ice pack).

In situ measurements of pH, dissolved oxygen, conductivity and temperature were
performed using a portable multi-parameter WTW Model 3620.

Quantification of ex situ parameters was performed using the international standard
methodology for waters and effluents APHA-AWWA-WEF 2017. The parameters of total
suspended solids, hexavalent chromium, total chromium, oils and fats, chemical oxygen
demand (COD) and biological oxygen demand (BOD) were measured using the meth-
ods included in the Standard Methods for the Examination of Water and Wastewater.23rd Ed.
2017 [21].

3.2. Preparation of the Olive Pit Extract

For the preparation and determination of the total phenolic content of Olea europaea
bone extract, 500 g of olive pits was washed and dried and then crushed. Then, 10 g of
the crushed biological material was added to a 1:1 solution of alcohol and water and left
to stand for 24 h at room temperature. The resulting solution was filtered using slow
filter paper, and the alcohol was eliminated by phase separation using a rotary evaporator.
The final extract obtained was used for the determination of phenolic concentration using
standard methods of the American Public Health Association.

3.3. Synthesis of Magnetite (Fe3O4) Nanoparticles

In a beaker, 0.07 mL of 40% ferric chloride was mixed with 50 mL of ultrapure water
and 0.07 g of ferrous sulfate hepta-hydrate. The mixture was stirred at 200 rpm using a
shaker (model MS-H280-PRO) at room temperature for 20 min. Subsequently, this solution
was brought to pH = 12 by slowly adding 2M sodium hydroxide (NaOH); then, the
solution was brought to a temperature of 80 °C, raising the temperature of the shaker. The
temperature was controlled with the help of a thermometer. Forty milliliters of phenolic
extract was added to the solution and left in constant agitation at 200 rpm for 2 h. Then, the
solution was subjected to an ultrasound field at a temperature of 70 °C for 20 min. Finally,
the nanoparticles were washed 2 times in a centrifuge at a revolution of 40 rpm for 10 min
using ethyl alcohol and dried at 70 °C for 8 h in an oven. The dried nanoparticles were
crushed with a mortar and pestle and stored for batch characterization and adsorption
experiments.

3.4. Characterization of the Produced Nanoparticles

The synthesized nanoparticles were characterized using different techniques. The size
of the nanoparticles in solution was evaluated by dynamic light scattering spectroscopy
(DLS), using the DLS-Zetasizer Malvern ZS 90. To carry out the analysis, the dry nanoparti-
cles were ground using a mortar until obtaining a very fine powder; of this powder, 0.002 g
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was taken in a test tube with 10 mL of deionized water, and then, it was dispersed by
sonicating the mixture for 3 min. To record the measurement, a drop of the dispersion was
taken and placed in a cuvette, adding 1.5 mL of deionized water; the ready cuvette was
placed in the sample holder of the equipment, and a reading was taken.

The morphology and size distribution of the nanoparticles were determined by scan-
ning electron microscopy (SEM), using the ZEISS EVO LS10 scanning electron microscope.
For the analysis, the nanoparticles were dried and crushed into a fine powder for reading.
The nanoparticles were placed on the sample holder using carbon tape. The elemental
composition of the nanoparticles was determined by energy dispersive spectroscopy (EDS),
using Hitachi equipment (model SU-8230).

3.5. Favorable Operating Conditions and Validation of the Method for Cr(VI) Quantification

For the quantification of hexavalent chromium, the colorimetric method was used,
using a UV-VIS spectrophotometer.

3.5.1. Validation of Diphenyl Carbazide

The following solutions were prepared for validation. Chromium stock solution:
Potassium dichromate (K,Cr,O7) was dried for 1 h in a desiccator to constant weight.
Then, 0.071 g of potassium dichromate was weighed, placed in a vial and filled up to
the mark with 250 mL of distilled water. This solution was brought to pH =2 by adding
37.5 mL of 0.5% sulfuric acid for preservation. One milliliter of the solution contained
one-tenth milligram of Cr(VI). 1.5-Diphenylcarbazide solution 0.5% (m/v): 125 mg of 1.5-
Diphenylcarbazide was weighed and then dissolved in 25 mL of acetone. Sulfuric acid
solution 1:1 or 50% for the method: 25 mL of concentrated sulfuric acid was taken and
filled up to the mark in a 50 mL flask with distilled water. N sulfuric acid solution for pH
adjustment: 0.275 mL was taken—taking into account the concentration and purity of the
acid—to finally attain a final volume of 200 mL.

Subsequently, the 100 ppm Cr(VI) standard solution was prepared using 1.5-Diphenylc-
arbazide (known concentration of Cr(VI)) by placing 100 uL of HySO4 50% and 200 pL of
diphenyl carbazide in a 10 mL flask, which was filled up to the mark with distilled water.
Finally, spectrophotometric scanning was performed at 540 nm of the Cr(VI) solution at a
concentration of 10 mg/L.

3.5.2. Linearity

An absorbance vs. concentration calibration curve was constructed using 7 chromium
concentrations: 0.0, 0.2, 0.4, 0.6, 0.8, 1.0 and 1.2 mg/L. Each point was evaluated in
triplicate; the data were statistically processed with the linear regression test. Linear
correlation coefficient (R), the coefficient of determination (R?), intercept (a) and slope (b)
were determined with 95% confidence.

3.5.3. Accuracy and Repeatability

Six measurements of 0.6 mg/L chromium concentration were recorded under the
same conditions (operator, apparatus, laboratory and short time interval). In a 25 mL vial,
174 mL of chromium stock solution was used. Afterward, 2500 pL of the previous solution,
250 pL of 0.1 N sulfuric acid and 500 uL of the 1.5-Diphenyl carbazide solution were mixed
in a 25 mL vial. See Table 11.

3.5.4. Limit of Detection (LOD) and Limit of Quantification (LQO)

Eight blank readings (containing all reagents, except the chromium (VI) standard)
were performed on the same day. The average and standard deviation of the results were
then calculated. In addition, the slope found in the calibration curve used for the linearity

of the method was used.

_ Ybl+3DShl 1

LOD (6)

5
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Ybl + 10DSbl " 1

vn'’
where DSbl: standard deviation of targets; Ybl: average of blank readings; m: slope of the
calibration curve; n: data number.

LOQ = (7)

Table 11. Chromium concentration.

Chromium Concentration (mL) Cr(VI) Stock Solution (mL) H,0 (mL)
0.0 0.000 10.00
0.2 0.023 9.977
0.4 0.046 9.954
0.6 0.070 9.930
0.8 0.093 9.907
1.0 0.116 9.884
1.2 0.139 9.861

3.5.5. Accuracy

The percentage recovery of the average absolute analyte was analyzed; three measure-
ments were performed in triplicate at a concentration of 0.6 mg/L of chromium (VI).

3.6. Adsorption Experiments
3.6.1. Synthetic Solutions

The adsorption efficiency of the produced magnetite nanoparticles was evaluated
in jar tests using synthetic solutions and tanning and retanning effluents. The operating
conditions, such as pH, equilibrium time and agitation speed, were optimized. For the
adsorption process using synthetic solutions, different initial Cr(VI) concentrations (10,
20 and 50 mg/L) and different nanoparticle concentrations (0.5-1 and 2 g/L) were used.
In 50 mL beakers, volumes of 30 mL of the synthetic solutions were placed, and then,
different concentrations of nanoparticles were added. The samples were taken to the jar
equipment under the optimized operating conditions: pH = 2, equilibrium time = 30 min,
speed = 140 rpm. After the adsorption process, 0.1 mL aliquots were taken and filtered
to remove the nanoparticles from the solution. Finally, 4 aliquots were read using the
diphenyl carbazide colorimetric method to determine the final Cr(VI) concentration.

3.6.2. Tanning and Retanning Effluents

Initially, for the adsorption process with tanning and retanning effluents, the samples
were filtered under vacuum in order to eliminate particles or other suspended materials.
Subsequently, three aliquots of the filtered samples of 30 mL each were taken and placed
in beakers to carry out the adsorption process in triplicate using optimized nanoparticle
concentrations and operating conditions. Aliquots of 0.1 mL were taken from the final solu-
tions and filtered using a nanopore (1-100 nm) to finally quantify the Cr(VI) concentration
by spectrophotometry using the diphenyl carbazide method. Based on the final Cr(VI)
concentrations found in the tanning and retanning effluents, the Cr(VI) removal percentage
was calculated for each of the treated effluents.

3.6.3. Thermodynamic Study

In order to obtain the isotherms, synthetic chromium solutions (0, 10, 20, 20, 50 and
80 mg/L) were put in contact with 0.03 g of MNPs. Each one of these solutions, together
with the concentration of MNPs, was placed in beakers and left in agitation for 30 min
at pH = 2 until reaching equilibrium; experiments were carried out in triplicate in order
to quantify the error. The results obtained from the readings of the five concentrations
of Cr(VI) placed in contact with the concentration of MNPs, in triplicate, were used to
perform the linearization of the Langmuir and Freundlich isotherm models.
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The Langmuir isotherm was modeled according to the following equation:

Cexb

e = Gmax (T 4 bx Cy)’ ®)

where qe represents the amount of adsorbate on the surface at equilibrium (mg/g); Ce rep-
resents the equilibrium concentration of adsorbate (Cr(VI)) in solution (mg/L); b represents
the constant, referring to the adsorption affinity between the nanoparticle and Cr(VI); and
Jmax represents the maximum amount of Cr(VI) per unit mass of nanoparticle to complete
the monolayer (mg/g). The numerical values of gmax and b are obtained from the slope
and intercept, respectively, of the linear form of the isotherm.

The Freundlich isotherm was modeled with the following equation:

log(q,) = log(Kf) + %IOg(Ce) ©)

where qe represents the adsorption capacity of magnetite nanoparticles at equilibrium
(mg/g); Ce represents the Cr(VI) concentration at equilibrium (in mg/L); and K¢ is the
Freundlich counter, which is related to the incorporation of all factors affecting adsorp-
tion capacity.

3.7. Kinetic Study

The adsorption kinetics of Cr (VI) metal ion can be influenced by the adsorption
reaction and mass transfer. In order to identify the controlling mechanism in the adsorption
rate of Cr (VI), the experimental data obtained from the equilibrium time were linearized
to pseudo-first-order and pseudo-second-order models. The coefficient of determination
R? is the parameter, which indicates the best model, and it is obtained from the equation of
the line. The highest R? determines the model, which best fits the adsorption process.

4. Conclusions

The employment of green synthesis achieved magnetic nanoparticles with a diameter
between 73.28 and 162.9 nm. It was also observed that the adsorption process was mono-
layer, which corresponded to the Langmuir isotherm. The optimum removal results were
obtained at pH = 2 and agitation speed = 140 rpm for a contact time = 30 min. Finally, the
removal percentage achieved in the tanning effluent was 79.13%, while in the retanning
effluent, a value close to 100% removal was reached. Overall, these results demonstrate the
efficiency of the proposed method, positioning it as a viable alternative for the industrial
treatment of effluents with high concentrations of Cr(VI) from tanneries.
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Abstract: In order to further reduce the number of particles in the overflow port of a cyclone clarifier, a
cone-plate structure with an equiproportionally varying cone-plate radius is proposed. This includes
two structures, namely, an equal-proportional gradually shrinking cone-plate radius and an equal-
proportional gradually expanding cone-plate radius. In this paper, numerical simulation is used
to comparatively study the flow field characteristics and particle separation inside the traditional
equal radius, the gradually shrinking radius, and the gradually expanding radius cone-plate cyclone
clarifier. The simulation results show that compared with the traditional equal radius cone-plate
structure, the gradual shrinking of the cone-plate structure, due to the bottom of the cone-plate
radius being small, can better give full play to the cone-plate settling capacity. The gradually
expanding cone-plate cyclone clarifier, due to the bottom of the cone-plate radius being large, results
in more fine particles entering the overflow pipe and being discharged from the overflow port.
Compared with the traditional cone-plate cyclone clarifier, the gradually shrinking cone-plate cyclone
clarifier has a significant increase in the removal efficiency of particles of different sizes than the
traditional cyclone clarifier overflow port. The removal efficiency of all particles at the overflow
of the gradually shrinking cyclone clarifier was increased by 10.32% compared to the conventional
cone-plate cyclone clarifier.

Keywords: cyclone clarifier; coal water treatment; cyclone separation; cone-plate settlement

1. Introduction

Coal mines generate a large amount of mine water during development, construc-
tion, and production [1]. The suspended particles contained in mine water are small
in particle size and light in specific gravity, which makes them difficult to settle under
natural sedimentation methods. Direct discharge of mine water without treatment will
cause serious damage to the mining area and the surrounding ecological environment [2,3].
Commonly used methods for removing suspended particles from water include inclined
plate sedimentation and centrifugal sedimentation.

Wang Keyuan et al. [4] conducted an in-depth study on the sedimentation process
of an inclined tube gravity sedimentation tank with a high fine particle removal rate
in practical applications. It was found that the suitable height of the inclined tube was
70~90 cm, and the removal rate of fine sediment in the inclined tube gravity sedimentation
tank was 64.7~69.7%, which was higher than that in the gravity sedimentation tank without
an inclined tube by 20.7~32%.

Kirpa Hirom et al. [5] investigated the effect of inlet bias, outlet bias, and center bias
of inclined plates on settling efficiency using numerical simulation. It was found that the
location of outlet bias was most effective in improving the settling efficiency of the settling
tank. It was also observed that the settling efficiency increased with the number of inclined
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plates within a certain range, after which the settling efficiency decreased rapidly. The
highest total efficiency was achieved when only 39 inclined plates with outlet bias positions
were installed.

In a study by Peng Yaoli et al. [6], in order to reduce the ash content of the concentrate,
inclined plates were also incorporated in the froth zone of the cyclone microbubble flotation
column. The inclination angle and spacing of the inclined plate were discussed. The ash
content of the concentrate was lowest when the inclination angle of the inclined plate was
70° and the spacing was 15 mm. It was found that the inclined plates and the form in which
they were present had a significant effect on both concentrate yield and ash content.

Coal mine underground space is limited, but the settling pond covers a large area,
so it is difficult to build in the coal mine underground space, the mine water needs to be
lifted from the underground to the surface for treatment, and the process increases the cost
of pipeline laying and mine water lifting; the untreated mine water being lifted directly
will cause serious wear and tear on the pipeline, reducing the service life of the equipment.
Therefore, there is a need for equipment with a small footprint to treat mine water.

Cyclone clarifier is a kind of equipment that can effectively separate the insoluble
particles in wastewater under the action of the centrifugal sedimentation principle [7-9]. It
is widely used due to its small size, simple structure, and absence of moving parts [10-12].
However, the cyclone clarifier cyclone separation speed is fast and the settling area of
the particles is small. Fine particles will be discharged from the overflow port under the
entrainment of the inner vortex flow, resulting in poor water quality.

Cone-plate cyclone clarifier is a new type of solid-liquid separation equipment that
synthesizes the principle of inclined plate settling and centrifugal settling. Figure 1 is the
working principle diagram of the cone-plate cyclone clarifier. Extend the overflow pipe
of the cyclone downward, and add a series of cone-plate structures on the outside of the
overflow pipe to obtain the traditional cone-plate cyclone clarifier [13]. The role of the
cone-plate is to increase the settling area of the particles. Cone-plate cyclone clarifiers not
only have a small footprint but also have a large settling area for particles. Therefore, they
are suitable for installation in coal mine underground.

1
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Figure 1. Cone-plate cyclone clarifier working principle diagram.

When the mine water flows tangentially into the cyclone clarifier cylinder from the
inlet, the pressure energy is converted into kinetic energy, forming a rotating flow field.
Coarse particles and fine particles have different particle sizes and are subjected to different
forces such as gravity, centrifugal force, fluid drag force, etc., in the cyclone [14-16]. Fine
particles are subject to less centrifugal force. A part of the mine water flows through
the cone-plate into the overflow pipe and is discharged from the overflow port. Most of
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the fine particles will be entrained by the mine water and settle on the cone-plate. The
centrifugal force acting on the coarse particles is large. The coarse particles are separated
by centrifugal force into the outside vortex flow of the cyclone clarifier. Among them, the
coarser particles are discharged from the bottom flow outlet under the effect of gravity,
and the smaller particles flow into the overflow pipe with the inner vortex flow and are
discharged from the overflow port [17,18]. Due to the complex flow field environment
inside the cyclone clarifier, it is easy to cause excessive fine particles in the inner vortex
flow to overflow [19]. Conventional cone-plate cyclone clarifiers have cone-plate radii of
the same size from top to bottom, which does not give full play to the role of the cone-plate.
Therefore, equiproportionally varying cone-plate structures are proposed to investigate the
effect of cone-plate structure on the effluent quality of the cyclone clarifier.

In this paper, a cyclone clarifier with a gradually shrinking and gradually expanding
cone-plate is proposed. The COMSOL turbulence module is used to compare the distribu-
tion of streamlines and velocity fields of mine water at different locations in conventional,
gradually shrinking, and gradually expanding cone-plate cyclone clarifiers, and theoreti-
cally analyze the motion behavior of mine water inside the cyclone clarifier. By coupling the
turbulence module with the fluid flow particle tracking module, the motion and separation
rows of the particles in three kinds of cyclone clarifiers are visually described. Thus, by
further reducing the particle content in the cyclone clarifier overflow and improving the
quality of the effluent at the overflow, this paper also provides a new method for improving
the cone disc structure of the cyclone clarifier.

2. Numerical Methods
2.1. Geometric Structure

The three-dimensional model of the cone-plate cyclone clarifier is established with the
help of SOLIDWORKS 2020 software. Take the center of the bottom flow opening of the
cone-plate cyclone clarifier as the coordinate origin. The X-axis points to the direction of
the inlet. The Z-axis points to the direction of the overflow pipe.

The gradually shrinking cone-plate cyclone clarifier is an improvement over the cone-
plate structure of the traditional cone-plate cyclone clarifier. The cone-plate group adopts
an upper large and lower small structure in order to ensure a sufficiently large area of
settlement on the basis of a certain proportion of the cone-plate radius being gradually
reduced. The purpose is to reduce the number of fine particles inside the cyclone into the
overflow pipe, forcing more fine particles for secondary separation.

The gradually expanding cone-plate cyclone clarifier is an inversion of the top and
bottom of the cone-plate structure of the gradually shrinking cone-plate cyclone clarifier,
and the cone-plate group adopts the top small and bottom large cone-plate structure. The
purpose is to verify the effect of the radius of the bottom cone-plate on the separation
performance of the cyclone clarifier under the condition that the volume of the cone-plate
remains unchanged.

Figure 2 shows the three-dimensional diagrams of three types of cone-plate. Type A
is a traditional cone-plate cyclone clarifier. Type B is a gradually expanding cone-plate
cyclone clarifier, and Type C is a gradually shrinking cone-plate cyclone clarifier. The
dimensional parameters of the different cone-plate configurations are shown schematically
in Figure 3. The dimensional parameters are shown in Table 1.

2.2. Model Description

The cone-plate cyclone clarifier has a simple structure, but the internal flow field
contains an unpredictable inner and outside vortex flow, etc. The extremely complex flow
field poses a serious challenge in predicting particle separation [20-22].

With the development of computer technology, computational fluid dynamics is
widely used in the study of cyclones [23]. Firstly, the k-¢ model is used to simulate the
liquid phase, and the flow field of the liquid phase is obtained, which is combined with the
theoretical knowledge to predict the cyclone separation. Then, the particle tracking module
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of the fluid flow is used to obtain the results of the separation of the particles in the liquid
phase. For space reasons, only the key equations involved in the model are listed.

NNNY

Type A Type B Type C

Figure 2. Three-dimensional drawings of three types of cone-plate rotary clarifiers.
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Figure 3. Schematic dimensional parameters of different cone-plate configurations.

Table 1. Overall structural parameters of the cyclone clarifiers.

Structural Parameter Value

Cylinder diameter Dy/mm 200
Cylinder height Hy/mm 600
Cone-plate diameter D; /mm 145
Cone-plate insertion depth H; /mm 150
Underflow port diameter D, /mm 30
Overflow port diameter D3 /mm 40
Underflow height h/mm 30

Inlet size X7 x Xp/mm 20 x 30
Cone-plate dip angle a/° 60
Cone segment angle 3/° 60
Angle of change in cone—plate set §/° 3.3

The k-epsilon model is a two-equation model under RANS (Reynolds-Averaged
Navier-Stokes) that solves two independent transport equations to solve the COMSOI
“Turbulence, k-¢” interface which is used to simulate high Reynolds number single-phase
flows for both incompressible and low Mach number (typically, <0.3 k-¢) compressible
flows. The interface solves the momentum-conserving Navier-Stokes equations and the
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mass-conserving continuity equations, and turbulence effects are modeled by a standard k-
¢ two-equation model with realizability constraints. Near-wall flow is modeled using wall
functions. It has the advantages of model stability, a fast convergence rate, low memory
requirement, and an easy solution, and is widely used in industrial generation.

The turbulent kinetic energy k transport equation is shown below.

ok
pat—i_pqu:V((‘u—i_Z;)Vk) + Py, — pe 1)

The formula for the turbulent viscosity y; is as follows:

k2
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The formula for the generating term P is as follows:
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The turbulent kinetic energy dissipation rate ¢ transport equation is as follows:
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Here, 0} and o; are the turbulent Prandtl numbers for the turbulent kinetic energy
and turbulent kinetic energy dissipation rate, respectively. The constants in the transport
equations as well as in the turbulent viscosity formulation are semi-empirical, and the
empirical values derived from the experiments have a good accuracy.C;, = 0.09, C = 1.44,
Cerp=192,0,=1.0,and 0 = 1.3.

2.3. Simulation Conditions

An unstructured grid was used to delineate the cone-plate cyclone clarifier. Grid
generation is a prerequisite for simulation to ensure the accuracy of the simulation results
while making full use of computational resources, so it is necessary to verify the grid
independence [24]. The tangential velocity is selected to verify the grid independence,
and the results are shown in Figure 4 The tangential velocity of the mine water increases
with the increase in the number of grids, and when the number of grids reaches 4.6 x 10°,
the tangential velocity does not change with the increase in grids, which proves that
continuing to increase the number of grids will not have an effect on the results of the
numerical simulation. Therefore, in this study, 4.6 x 10° grids are used as the cells of the
computational domain. It contains 273,171 tetrahedral meshes, 16,260 pyramidal meshes,
162,296 prismatic meshes, 46,964 triangular meshes, 160 quadrilateral meshes, 4089 edge
cells, and 191 vertex cells.

Set boundary conditions in COMSOL for three types of cone-plate cyclone clarifiers.
In the steady state study, the inlet condition of the cyclone clarifier is velocity inlet, which
flows along the normal direction, where inlet velocity is 2 m/s. The fluid is incompressible,
the material is water, and the density and viscosity of the fluid properties come from the
material. The overflow port and the underflow port are pressure outlets; the outlet pressure
is 0 MPa, and the wall condition is no slip.

Coal dust in mine water has a small particle size and low content, so only the effect of
fluids on solid particles is considered. In the transient simulation, the “fluid flow particle
tracking” is coupled to the “k-¢” model, the particle density is set to 1500 kg/m?, the
particle sizes are set to 5 pum, 10 um, 15 pm, and 20 pm, and the particle type is solid. The
release starts from moment 0, and the release time is 10 s. Particles with particle sizes
from large to small release 5, 10, 15, and 20 particles per second, respectively, and the inlet
velocity is based on the velocity field. The overflow and underflow port wall conditions
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are defined as freezing, and the other wall conditions are defined as rebounding. The drag
force is chosen to obey Stokes’ law, the kinetic viscosity and density are according to the
material, the velocity is based on the velocity field, the gravity is defined as the Z-axis
vertically downward, and the gravitational acceleration is g.
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Figure 4. Grid independence verification.

3. Results and Discussion

The three-dimensional model in this paper is based on the original traditional cone-
plate cyclone clarifier with an improved cone-plate structure. Due to the unavailability of
all post-processing information of the original model, the comparison and discussion of
the results will be based on the existing three cone-plate structure cyclone clarifiers.

3.1. Flow Field

The flow field is the carrier of particle movement; changes in the structure of the
cone-plate of the cyclone clarifier will inevitably cause changes in the behavior of the flow
field, thus affecting cyclone separation of the particles [25,26]. Therefore, the effect of
structural changes in the cone-plate of the cyclone clarifier on the flow field is first analyzed.
This study will be based on the variation in the flow field in a cyclonic clarifier to predict
the trajectory of particles.

3.1.1. Streamline Analysis

The streamline is a curve tangent to the fluid vector field at an arbitrary position at a
certain moment, which applies to the analysis of the results of the fluid flow and can be
used with the help of streamlining tools to describe the trajectory of the fluid in the cyclone
clarifier. Take the inlet as the positioning boundary of the streamlines and the number of
streamlines to be set at 15. The streamline diagrams of fluid in the conventional cone-plate
cyclone clarifier, the gradually shrinking cone-plate cyclone clarifier, and the gradually
expanding cone-plate cyclone clarifier are shown in Figure 5.

The fluid enters the cyclone clarifier and rotates downwards. A portion of the fluid
flows through the cone-plate and is discharged through the overflow port. A portion of
the fluid flows downwards after forming an outside vortex flow. A portion of the outside
vortex flow is discharged from the underflow port. The rest of the outside vortex flow
is restricted by the smaller space in the cone segment of the cyclone clarifier and rotates
upwards to form an inner vortex flow, which is discharged from the overflow port. The
flow line of the type A cyclone clarifier becomes gradually denser from the top to the
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bottom. The flow lines are densest at the bottom of the cone-plate group (V zone), which
results in most of the fluid in the inner vortex flow flowing directly into the overflow pipe
and discharging from the overflow port. Type B cyclone clarifiers have a small upper and
large lower cone-plate structure, which intensifies the denseness of the flow lines. There
will be more inner vortex flow directly into the overflow pipe and discharging from the
overflow port. The type C cyclone clarifier cone-plate adopts the upper large and lower
small cone-plate structure so as to make the distribution of the flow line of the fluid in the
cyclone clarifier more uniform. In particular, the flow line under the type C cyclone clarifier
cone-plate group (V zone) is relatively sparse, indicating that more fluid from the inner
vortex flow is able to flow between the cone-plates. Increasing the effective settling area of
fine particles in the fluid promotes the secondary settling of fine particles on the cone-plate,
reduces the possibility of fine particles entering the overflow pipe, and improves the quality
of the effluent.

m/s m/s m/s
2 2 2
18 1.8 1.8
1.6 1.6 1.6
14 1.4 1.4
12 1.2 1.2
1 1 1
0.8 0.8 0.8
0.6 0.6 N 0.6
0.4 0.4 ) 0.4
0.2 0.2 0.2
0 0 , 0

I
Type A Type B Type C

Figure 5. Flow line diagram of fluid in cyclone clarifiers with different cone-plate structures.

3.1.2. Analysis of Tangential Velocity

Fluid enters the inlet along the normal direction and then flows tangentially into the
cylinder of the cyclone clarifier. The pressure energy possessed by the fluid is transformed
into the kinetic energy to support the rotation of the fluid, so the fluid has a certain
tangential velocity. The tangential velocity is the largest one among the velocity components
of the fluid [27,28]. The centrifugal force acting on the particles is the main driving force for
the radial migration of the particles, and the centrifugal force F; can be expressed as follows:

wd® 12
Fo = B 5 )

where d is the particle size of the particles, p; is the density of the particles, and u; is the
tangential velocity of the particles. It can be seen that the centrifugal force on the particles is
proportional to the square of the tangential velocity, and the larger the size of the particles
and the tangential velocity are, the easier the particles migrate to the outside wall of the
cyclone clarifier [29,30].

Figure 6 shows the principle of shallow pool sedimentation in a cyclone clarifier. V,,
Vg, and Vi denote the velocities generated by trailing force, gravity, and centrifugal force
on the particles, respectively. V) is the combined velocity of the particles. (3 is the angle
between the combined velocity of the particles and the horizontal direction. « is the angle
between the cone-plate and the horizontal direction. When 3 is less than «, the particles can
settle on the cone-plate. All other conditions being equal, the smaller the tangential velocity
of the fluid between the cone-plates, the smaller the centrifugal force on the particles, and
the more favorable it is for the particles to settle.
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Figure 6. Principles of shallow pool sedimentation in cyclone clarifiers.

Figure 7 shows the tangential velocity contour of three kinds of cone-plate structure
cyclone clarifiers. It can be seen that the tangential velocity contour of the three kinds
of cone-plate structure cyclone clarifiers is roughly about the axis in an axisymmetric
distribution, and the tangential velocity near the inlet of the column section is the largest.
The tangential velocity decreases gradually from the top to the bottom. The larger tangential
velocity above the column section near the outer wall of the cyclone clarifier favors particle
separation in the radial direction into the outside vortex flow. Smaller tangential velocities
between the cone-plates favor particles settling on the cone-plates.
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Figure 7. Tangential velocity contours of fluid in cyclone clarifiers with three cone-plate configurations.

In order to describe in more detail the trend of the velocity change in fluid inside the
cyclone clarifiers with different cone-plate structures, the cross-section Z = 500 mm and the
cross-section Z = 200 mm were selected to analyze the velocity of the fluid. The location of
the cross-sections is shown in Figure 8.

The tangential velocities at the cross-sections are shown in Figure 9. The tangential
velocity of the fluid in the cyclone clarifiers with three kinds of cone-plate structures
increases rapidly with the decrease in the radius from the wall surface and then decreases
gradually. Section Z = 500 mm, due to the existence of the cone-plate, will make the
tangential velocity fluctuate within a certain range, but the tangential velocity generally
shows a trend of gradually becoming smaller. The tangential velocity in the overflow pipe
also increases, then decreases, and reaches the minimum at the center of the axis. The
tangential velocities between the plates of the three cone-plate configurations are smallest
for the type C cyclone clarifiers and largest for the type B cyclone clarifiers at the cross-
section of Z = 500 mm. The small tangential velocity between the cone-plates of the type C
cyclone clarifier facilitates the settling of particles on the cone-plates. At the cross-section
of Z = 200 mm, the tangential velocity of the fluid in the type C cyclone clarifier is slightly
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greater than that in the type A cyclone clarifier, and the tangential velocity is the smallest in
the type B cyclone clarifier. The larger tangential velocity outside the cone-plate favors the
radial separation of particles. Taken together, the cyclone clarifier type C has the strongest
cyclone separation ability.

Z=200mm

Figure 8. Cross-sections of cyclone clarifiers at different positions.
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Figure 9. Comparison of tangential velocity in cyclone clarifiers with three cone-plate configurations
of Z =500 mm and Z = 200 mm sections.

3.1.3. Analysis of Axial Velocity

Axial velocity directly affects the movement direction of particles and the separation

time within the cyclone clarifier. The size of the axial velocity determines the settling
performance of the particles; smaller axial velocities can prolong the time that the fluid
stays in the cyclone clarifier and promote the separation of particles in the fluid [31,32].

Figure 10 shows the axial flow velocity plots for three cyclone clarifiers of cone-plate

construction. The axial velocity plots are also roughly axisymmetrically distributed around
the axis, with maximum axial velocities near the overflow and underflow ports. Near the
outer wall of the cyclone clarifier, the axial flow velocity is negative and the fluid moves
downwards. It is outside of the vortex flow and discharges from the underflow port. The
axial velocity is positive near the center of the shaft, and the fluid moves upwards. It
is inside of the vortex flow and discharges from the overflow port. By the law of fluid
continuity, the mass of fluid flowing through a horizontal cross-section remains the same
while the inlet flow remains the same, so the larger the cross-section area, the lower the
axial velocity. Type C cyclone clarifier in the cone-plate group in the lower position of the
cone-plate radius is the smallest, resulting in the maximum cross-sectional area between
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Axial velocity (m/s)

0.4
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the cone-plate and the outer wall of the cyclone clarifier; so, the type C cyclone clarifier in
the cone-plate group in the lower position of the axial velocity of the fluid is the smallest.

This prolongs the separation time of the particles in the clarifier and promotes the full
separation of the particles.
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Figure 10. Axial velocity contours of fluid in cyclone clarifiers with three cone-plate configurations.

Two cross-sections Z = 500 mm and Z = 200 mm were selected to analyze the axial
velocity of fluid in three types of cyclone clarifiers with cone-plate structures, as shown in
Figure 11. Near the outer wall of the cyclone clarifier with the cross-section Z = 500 mm
and cross-section Z = 200 mm, the axial velocity of the fluid in the type C cyclone clarifier
is the lowest. This can prolong the separation time of the particles and reduce the number
of particles in the overflow port. At the axial position of the cross-section Z = 200 mm, the
area where the axial velocity of the fluid in the type C cyclone clarifier is close to 0 is wider.
Lower axial velocities allow for adequate separation of particles and improved effluent
quality at the overflow port.
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Figure 11. Comparison of axial velocity of fluid in cyclone clarifiers with three cone-plate configura-
tions of Z = 500 mm and Z = 200 mm sections.

The surface formed by connecting points where the axial velocity is zero is known as
the zero-speed envelope surface [33]. Figure 12 shows the zero-speed envelope surfaces of
three different cone-plate structures for cyclone clarifiers. Inside the zero-speed envelope
surface is the inner vortex flow, and outside the zero-speed envelope surface to the outer
wall of the cyclone clarifier is the outside vortex flow.
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Figure 12. Clouds of zero-velocity envelope surfaces of fluid in cyclone clarifiers with three cone-
plate configurations.

The spacing between the zero-velocity envelope surface of the fluid and the cone-plate
in the type A cyclone clarifier is relatively uniform. Fluid enters between the cone-plate
and flows upwards, while the fluid near the cone-plate flows downwards. At this time, the
direction of axial velocity changes from downwards to upwards, where the formation of
zero-velocity envelope surfaces.

The zero-velocity envelope surface of the fluid in the type B cyclone clarifier is more
widely spaced from the upper portion of the cone-plate (F zone). This results in larger
particles that have not been adequately cyclonically separated flowing into the cone-plate
and out of the overflow port. The zero-velocity envelope surface of the fluid in the B
cyclone clarifier is less spaced from the lower part of the cone-plate (E zone). The particles
in the fluid are sufficiently separated in the vicinity of the E zone, and less fluid flows into
the cone-plate (E zone) and is discharged through the overflow port. At the same time,
the vast majority of fluids in the inner vortex flow directly to the overflow port without
secondary separation, so the quality of the water out of the overflow port is poor.

The spacing between the zero-velocity envelope surface of the fluid and the upper
portion of the cone-plate (zone F) is smaller in the type C cyclone clarifier, reducing the
likelihood that particles not adequately separated by the cyclone clarifier will enter the
cone-plate from the overflow. The spacing between the zero-velocity envelope surface of
the fluid and the lower portion of the cone-plate (zone E) is larger in the type C cyclone
clarifier. More fluid flows into the cone-plate (Zone E). Here, the particles in the fluid
are fully separated. As a result, more fluid enters the overflow pipe, but the number of
particles decreases. At the same time, the inner vortex flow portion of the fluid can enter
the inside of the cone-plate along the outer edge of the cone-plate, allowing for further
settling of the particles in the fluid. The quality of the water discharged from the overflow
is greatly improved.

3.1.4. Analysis of Velocity Vector

In order to analyze the reasons for the variation in tangential and axial velocities in
cyclonic clarifiers with different cone-plate constructions, velocity vectors are introduced,
as shown in Figure 13.

After the fluid enters the column section of the cone-plate cyclone clarifier, the fluid
will form a circulating flow between the first cone-plate and the top of the cyclone clarifier
(H area) due to the cone-plate’s restriction of the fluid’s movement. The fluid rotates
downwards under the action of gravity and centrifugal force. As can be seen in the figure, a
small amount of fluid flows upwards near the cone-plate at the bottom (G area) of the type
A cyclone clarifier and flows into between the two cone-plates. The fluid flowing between
the two cone-plates of the downside position of the cone-plate group is mainly from the
inner vortex flow, while the fluid flowing between the two cone-plates of the upper portion
of the cone-plate group is mainly from the outside vortex flow. The cone-plate at the
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bottom of the type B cyclone clarifier has a large radius, and the inner vortex flow basically
flows to the overflow pipe. The fluid flowing between the cone-plates is mainly from the
outside vortex flow. The type C cone-plate cyclone clarifier has the smallest radius of the
cone-plate at the bottom. More inner vortex fluid is able to flow between the middle and
lower portions of the cone-plate set for particle settling. Fluid flowing into the cone-plates
of the upper portion of the cone-plate group is mainly from the outside vortex flow. The
larger tangential velocity in the type C cyclone clarifier at the following positions of the
cone-plate group also results in a larger centrifugal force on the particles in the inner vortex
flow. This causes more particles to flow between the two cone-plates (G zone) and promotes
the secondary settling of fine particles. The greater inner vortex flow on both sides of the
cone-plate of the type C cyclone clarifier generates a higher energy loss by interacting with
the outside vortex flow. This reduces the tangential velocity of the type C cyclone clarifier
in the vicinity of the cone-plate. It also reduces the axial velocity near the outer wall of the
cyclone clarifier. This is consistent with the previous analysis.

Type C
Figure 13. Fluid velocity vectors in cyclone clarifiers with three cone-plate configurations.

3.2. Particle Tracking

Simulation of the flow field only qualitatively analyzes the movement of particles in
the cyclone clarifier. In order to visualize the number, position, and velocity of the particles
in the cyclone clarifiers with different cone-plate structures at each moment, transient
simulations of fluid were carried out with the aid of the COMSOL particle tracking module.

In the post-processing work, the optimization of the structural parameters of the
cyclone clarifier was greatly assisted by the addition of particle counters to count the
number of particles flowing through the bottom of the cone-plate and the bottom of
overflow tube to the overflow port. Figure 14 shows the velocity distributions of particles
of 10 um size in the three cone-plate cyclone clarifiers in the transient simulation.
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Figure 14. Particle velocity contours in cyclone clarifiers with three cone-plate structures.
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The particles in the type A cyclone clarifier are mainly settled between the two cone-
plates of the lower half of the cone-plate group, and the upper half of the cone-plate group
is not fully utilized, thus not giving full play to the settling performance of all of the
cone-plates. At the same time, the fine particles that fail to settle enter the inner vortex
flow in the W zone with a higher number of particles, resulting in a higher number of
fine particles flowing out through the overflow pipe. The particles in the type B cyclone
clarifier are mainly settled between the two cone-plates of the lowest three cone-plates;
these cone-plates cannot be fully utilized, further aggravating the phenomenon. The W area
of the inner vortex flow into the overflow pipe and through the overflow port discharge of
the number of particles is further increased. The number of particles settling between the
cone-plates in the type C cyclone clarifier are more uniform, and the settling performance
of each cone-plate can be fully utilized. The number of particles entering the overflow pipe
in W area of the cyclone are reduced, which improves the quality of the water discharged
from the overflow.

The number of particles in the overflow are a direct reflection of the capacity of the
cyclone clarifier to treat mine water. Figure 15 is a graph of the number of particles in the
overflow port as a function of time. The number of particles in the overflow port of the
type A cyclone clarifier basically remained unchanged after about 31 s. The number of
particles in the overflow port of the type B cyclone clarifier remained unchanged until 34 s.
The number of particles in the overflow of the type C cyclone clarifier remained unchanged
after about 25 s. The number of particles in the overflow of the type C cyclone clarifier are
much smaller than those of the type B cyclone clarifier, and the number of particles in the
overflow of the type A cyclone clarifier are in between type B and type C.
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Figure 15. Plots of particles at the overflow of cyclone clarifiers with three cone-plate structures as a
function of time.

The fluid contains particles with four particle sizes of 5 um, 10 um, 15 um, and 20 pum.
Figure 16 shows the number of particles of different particle sizes at the overflow port
in three cone-plate configurations of cyclone clarifiers. In the three cone-plate structure
cyclone clarifiers, the number of small particles at the overflow are the highest, and the
number of particles decrease as the particle size increases. This indicates that large particles
are more easily separated and settled by centrifugal force and gravity. The type B cyclone
clarifier has the highest number of 5 um particles in the overflow port, the type A cyclone
clarifier has the middle number of 5 um particles in the overflow port, and the type C
cyclone clarifier has the lowest number of 5 pm particles in the overflow port. The removal
efficiency of 5 pm particles at the overflow of the type C cyclone clarifier is 11.51% higher
than that of the type A cyclone clarifier. This is due to the small tangential velocity of the
fluid between the cone-plates in the type C cone-plate cyclone clarifier, which is conducive
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to the settling of particles on the cone-plate. In the cyclone clarifier outer wall and near
the axis, the type C cone-plate cyclone clarifier in the fluid axial velocity is small and is
conducive to the full separation of particles. At the same time, the type C cyclone clarifier
adopts the cone-plate structure which is gradually becoming smaller from the top to the
bottom, forcing the inner vortex flow particles to flow into the cone-plate for secondary
settlement. The number of 20 um particles at the overflow port of the cyclone clarifiers
with the three cone-plate configurations were similar. This is due to the fact that large-sized
particles receive high centrifugal force and flow directly out of the underflow port with the
outside vortex flow. The cone-plate structure has little effect on the large-sized particles.
Type C has increased the removal efficiency of 5 um, 10 um, 15 um, and 20 pum particles by
11.51%, 9.99%, 9.83%, and 7.62%, respectively, compared with that of the overflow of the
Type A cyclone clarifier. The removal efficiency of all particles at the overflow of the type C
cyclone clarifier was increased by 10.32% compared to the type A cyclone clarifier.
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Figure 16. Number of particles of different sizes in the overflow of cyclone clarifiers with three
cone-plate configurations.

4. Conclusions

In this paper, CFD numerical simulation has been used to study the cone-plate cy-
clone clarifier. The effect of cone-plate radius on the flow field and particle separation
performance was analyzed. The following conclusions are drawn:

(1) The change in cone-plate structure has a significant effect on the flow field of
the cyclone clarifier. There is poor effluent quality in gradually expanding cone-plate
cyclone clarifiers compared to traditional cone-plate cyclone clarifiers. The effluent quality
is improved in the gradually shrinking cone-plate cyclone clarifier where particles settle in
large numbers on the cone-plate.

(2) The gradually shrinking cone-plate cyclone has a small tangential velocity be-tween
the cone-plates, which is favorable for particles to settle on the cone-plates. The gradually
shrinking cone-plate cyclone clarifier has a small axial velocity near the outer wall and at
the bottom of the cylinder section, which can prolong the time that the mine water stays in
the cyclone clarifier and promote the full separation of particles.

(3) The zero-velocity envelope surface and velocity vectors of the three types of cone-
plate cyclone clarifiers were analyzed in comparison. Particles in the gradually shrinking
cone-plate cyclone clarifier were able to enter between the cone plates for secondary settling.

(4) The gradually shrinking cone-plate cyclone clarifier has the highest removal effi-
ciency for particles. The removal efficiency of all particles at the overflow of the gradually
shrinking cone-plate cyclone clarifier was increased by 10.32% compared to the traditional
cone—plate cyclone clarifier. The gradually shrinking cone-plate cyclone clarifier, rather than
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the traditional cone-plate cyclone clarifier, overflow port increased removal efficiency of the
5 um, 10 pm, 15 pm, and 20 um particles by 11.51%, 9.99%, 9.83%, and 7.62%, respectively.
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Abstract: By taking advantage of typical dealloying and subsequent aging methods, a novel homoge-
neous porous brass with a micro/nano hierarchical structure was prepared without any chemical
modification. The treatment of commercial brass with hot concentrated HCI solution caused pref-
erential etching of Zn from CugyZn3g alloy foil, leaving a microporous skeleton with an average
tortuous channel size of 1.6 um for liquid transfer. After storage in the atmosphere for 7 days, the
wettability of the dealloyed brass changed from superhydrophilic to superhydrophobic with a contact
angle > 156° and sliding angle < 7°. The aging treatment enhanced the hydrophobicity of the brass
by the formation of CuyO on the surface. By virtue of the opposite wettability to water and oil, the
aged brass separated surfactant-stabilized water-in-oil emulsions with separation efficiency of over
99.4% and permeate flux of about 851 L-m~2-h~! even after recycling for 60 times. After 10 times of
tape peeling or sandpaper abrasion, the aged brass maintained its superhydrophobicity, indicating
its excellent mechanical stability. Moreover, the aged brass still retained its superhydrophobicity
after exposure to high temperatures or corrosive solutions, displaying high resistance to extreme
environments. The reason may be that the bicontinuous porous structure throughout the whole foil
endows stable mechanical properties to tolerate extreme environments. This method should have a
promising future in expanding the applications of alloys.

Keywords: dealloying; porous brass; CuyO; superhydrophobic; stability

1. Introduction

Confronted with the increasing oily wastewater produced from daily life and indus-
trial processes, the removal and recovery of oil stains from water have become a serious
global problem [1,2]. Traditional oil/water separation techniques typically suffer from the
disadvantages of low separation efficiency, high energy consumption, and sophisticated
operation processes. With the development of interface theory, superwetting technology is
considered an effective and inexpensive approach for the separation of oily wastewater.
The proper porous materials with opposite superwettability toward water and oil, such
as superhydrophobic/superoleophilic, superoleophilic/underoil superhydrophobic, and
superhydrophilic/underwater superoleophobic properties, have been manufactured and
utilized for effective oil/water separation [3]. However, constructing highly uniform and
compact porous structures with opposite wettability to oil and water is still an enormous
challenge.

The design and development of novel porous metal materials with superwettability
have drawn intensive attention to the separation of oily sewage. “Coating” and “etching”
are two effective strategies to fabricate porous membranes with opposite wettability. By
“coating”, a hierarchically rough film covers or grows out of porous hosts to obtain su-
perwettable membranes [4]. This strategy mainly includes physical coating [5], surface
redox [6], and chemical modification [7]. These coated membranes can efficiently purify
oily wastewater. However, physical surface coating by polymer is unstable for long-term

Molecules 2023, 28, 6509. https:/ /doi.org/10.3390/molecules28186509 209 https://www.mdpi.com/journal /molecules



Molecules 2023, 28, 6509

operation, and surface grafting is too complex for practical application, especially for sepa-
rating water-in-oil emulsions [8]. The coating of inorganics usually has no robust adhesion
to the host and can peel off when subjected to heat or external forces, which is mainly
due to the relatively weak interfacial bonding between the inorganics and the host [9].
Therefore, more efforts are required to develop facile methods for preparing membranes
with robust structural stability.

Conversely, the “etching” strategy has the potential to avoid the above problems. By
“etching”, etching specific components and areas can yield stable micro/nanostructures
to some extent [4]. For example, the laser irradiation technique is utilized to etch specific
areas for fabricating a microscale vertical pore structure [10]. Chemical etching [11], electro-
chemical etching [12], and plasma etching [13] methods usually employ corrosive media
or plasma to unselectively etch the surface of materials, resulting in the formation of hier-
archical rough structures on the surface. As far as we know, only ununiform throughout
microporous aluminum sheets with intrinsic superwettability have been fabricated via
monolithic chemical etching and electrochemical etching [14,15].

Dealloying, as one of the etching methods, is the process of selective dissolution of
more active components from homogeneous alloy, which has become one of the robust
and generic approaches for constructing homogeneous porous structures with high surface
area [16]. The dealloying method has been successfully applied to produce various porous
materials in alloys, such as CuZn [17-20], CuAl [21], CuFe [22], AuSi [23], LiSn [24], etc.
These uniform bicontinuous nanopore structures exhibit unusual properties such as tunable
porous size, high permeability, and high structural stability, which render them separa-
tion materials with great potential for purifying oily wastewater. For example, Jie et al.
demonstrated a combining dealloying and heating approach to achieve a superhydropho-
bic surface on brass [25]. Li et al. prepared a superhydrophobic copper substrate through
a dealloying and subsequent coating method [26]. Although the dealloying technique
without surface coating has been utilized to acquire the superhydrophobicity on alloy
surfaces [26,27], the development of the superhydrophobic membrane only by dealloying
for oil/water separation has not been reported previously.

Herein, a facile chemical dealloying and subsequent aging process was first developed
to produce a highly uniform and compact microporous brass for water-in-oil emulsion
separation (Scheme 1). The dissolution of zinc from a commercial bimetallic CugpZn3g alloy
brass foil by HCI solution resulted in a bicontinuous structure of well-interconnected pores
with a diameter of about 1.6 um. The bicontinuous Cu framework can act as a channel
for liquid transport. After aging for 7 days, the brass changed from superhydrophilic to
superhydrophobic. Such a superhydrophobic brass could separate surfactant-stabilized
water-in-oil emulsions with a high efficiency of over 99.4% and flux of about 851 L-m~2-h 1.
Even after 60 separation cycles, both separation efficiency and flux remained stable, demon-
strating the excellent reusability of the porous brass. Moreover, the as-prepared porous
brass exhibited exceptional mechanical, thermal, and chemical stability. This work may
provide a new way to construct controllable structures for oil/water separation materials.
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Dealloying

Aged brass

Pristine brass

Scheme 1. Schematic diagram of dealloying and aging of CuZn alloy foil to prepare a superhy-
drophobic porous brass for water-in-oil emulsion separation.

2. Results and Discussion
2.1. Construction of Bicontinuous Porous Structure by Dealloying

The open bicontinuous porous structure was developed by selectively monolithic etch-
ing of brass foil (CugyZnsg). Typically, chemical dealloying of the commercially available
CuZn alloy foil was conducted in a hot concentrated HCI solution. During the dealloy-
ing process, the surface color of the CuZn alloy gradually changed from golden—yellow
(Figure 1a) to reddish-brown, in accordance with Cu color (Figure 1d). The high con-
centration and temperature of HCI solution help to form deep and large pores [28]. In
the macroscopic view, the Zn phase had been removed from the CuZn alloy, and the
indissolvable Cu phase was preserved.

Zn + 2HCl — ZnCl, + Hy 1 )

Upon taking out from the hydrochloric acid solution, the dealloyed brass gradually
turned dark brown as the aging time increased (Figure 1g). This clearly shows that the
dealloying and aging processes can cause a dramatic change in the color of the brass.

Microstructural changes in samples in each processing stage were observed by scan-
ning electron microscope (SEM). The pristine brass foil presented a relatively flat and
solid surface (Figure 1b,c). During etching, hydrochloric acid etching proceeded from
both surfaces of the brass foil to dissolve Zn. Meanwhile, the copper elements diffused,
congregated, and formed interconnected skeletons. At 80 °C, corrosion perforation of the
brass sheet occurred after 5 h. Because only a small percentage of pores perforated through-
out the brass, the flux was too small to effectively transport liquids. After 8 h, the brass
completely transformed to bicontinuous porous copper with irregular micro/nanopores.
The diameter of these pores was smaller than 4 pum observed in the structure (Figure 1lef).
Such small micropores are difficult to obtain based on frequently used commercial brass or
copper mesh [29,30]. After aging, no obvious difference was detected in the SEM images
between the aged and dealloyed brass (Figure 1h,i). The widespread pores in size of the
aged brass resulted in the formation of micro/nanoscale hierarchical structures, which
played an essential role in the generation of superwettability.
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Figure 1. Top-view color photos and scanning electron microscope (SEM) images of samples in
different processing stages: (a—c) pristine brass; (d—f) dealloyed brass; and (g—i) aged brass.

Dealloying treatment began on two sides of the CuZn sheet to remove Zn and pro-
gressed until corrosion perforation of the brass sheet occurred after 8 h. The cross-section
morphology of the dealloyed and aged foil observed by SEM exhibited a highly intercon-
nected porous structure and hierarchical skeleton throughout the whole foil (Figure 2ef).
These micro/nanopores can provide tortuous channels to transport liquids. It is worth
noting that the total thickness of the foil after dealloying slightly decreased by about 7%
from 100 to 93 pm due to a small amount of dissolution of copper (Figure 2a,d), whereas
the thickness and morphology of the foil after aging did not change (Figure 2h,i). To probe
the porosity of the dealloyed and aged samples [31], relative bulk density was measured
by weighing the mass of the material with a predefined volume to provide insight into the
porosity. Compared with that of pristine brass density (8.40 g/cm?), the relative density
values of the dealloyed and aged brass were around 53.23% and 52.28%, respectively. This
means that the porosity of aged brass is slightly lower than that of dealloyed brass, which
may be attributed to the partial oxidation of surface Cu.
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Figure 2. Side-view FESEM images of samples in different processing stages: (a—c) pristine brass;
(d—f) dealloyed brass; and (g-i) aged brass. The distance between yellow dotted lines represents
sample thicknesses.

To further investigate the macroporous distribution of the aged brass, the intercon-
nected pore size distribution was measured by a mercury injection test. The result showed
that the porosity of the aged brass was 59.6%, and the pore size ranged from 1.0 to 4.0 um,
with an average of 1.6 um (Figure 3a), verifying that the aged brass had a compact structure
and narrow pore size distribution. The porosity of the aged brass is larger than that obtained
by the above gravimetric method, which could be because a small number of pores in the
brass might collapse under the pressure required to inject mercury into the micropores [32].
To evaluate the mesoporous and microporous structures, N, adsorption/desorption be-
haviors were analyzed for the aged brass (Figure 3b). The aged brass presented a surface
area of 2.1 m?/g and a Brunauer-Emmett-Teller pore size distribution of 2-40 nm (inset in
Figure 3b). According to the above SEM observations and pore size distribution, it can be
concluded that the aged brass holds a hierarchical architecture with micro/nanoscale pores.
All these pores were interconnected to result in unimpeded channels for liquid transport.
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Figure 3. Pore size distribution of the aged brass: (a) macroscopic pore size distribution obtained
from mercury-intrusion porosimetry measurement; (b) N, adsorption/desorption isotherm and
corresponding nanopore size distribution.

2.2. Effect of Aging on Chemical Composition

The energy-dispersive X-ray spectrometer (EDS) analysis showed that the surface of
the pristine brass contained nearly 28 wt% Zn and 59 wt% Cu (Figure 4a). The Zn and Cu
elements were evenly distributed in the alloy (Figure S1a), which was very important to
constructing a uniform and compact porous structure. After dealloying for 8 h, the zinc
content dropped to 2%, while the relative content of Cu increased to 89% (Figure S1b).
The element mapping images presented that the Zn in the pristine alloy had been almost
completely removed, and porous Cu was retained. The oxygen content of the aged brass
was much higher than that of the dealloyed brass but lower than that of the pristine brass,
which was consistent with the increase in the relative density for the aged brass, indicating
the possible formation of CuyO on the remained skeleton (Figure 4a). However, the Cu/O
atomic ratio of the superhydrophobic surface was lower than that of CuyO. The reason is
that the EDS measurement penetrates into a depth of a few micrometers into the subsurface
and, thus, the detected % of Cu covers both the oxide layer and the copper metal.

The chemical constituents and chemical bonds of the pristine, dealloyed, and aged
brass surface were examined by attenuated total reflection Fourier-transform infrared
spectra (ATR-FTIR) (Figure 4b). The two series of adsorption peaks at about 3633 and
1602 cm ™! are attributed to the presence of adsorbed water [33,34]. This result indicates
the existence of a hydration layer on the pristine and dealloyed surface. Upon dealloying,
the new adsorption peak for CuyO at 628 cm ™! emerged, which implied that the dealloyed
brass was coated with Cu,O. After the aging treatment, the intensity of the peak at 628 cm ™!
for Cu,O was obviously enhanced, while the absorption bands at 3600 and 1602 cm ™~ for
absorbed water declined, suggesting that the hydrophobic Cu,O reduced water absorption.

The crystalline phase of pristine, dealloyed, and aged brass was determined with
powder X-ray diffractometer (XRD) patterns (Figure 4c). As expected, the peaks of the
pristine brass at 42.3°, 49.2°, and 72.2° matched well with the diffraction peaks of CugZnsg
(JCPDS, 50-1333), which consisted of a solid solution and intermetallic compound composed
of Zn and Cu elements, respectively. After dealloying, the characteristic peaks for CugyZnsg
disappeared while the three diffraction peaks at around 43.4°, 50.5°, and 74.1° for the
indices (111), (200), and (220) crystal planes of pure Cu phase (JCPDS, 04-0836) evidently
intensified, suggesting the almost complete dissolution of Zn element from the pristine
CuZn alloy and the remaining of almost pure porous Cu [35,36]. After aging for 7 days,
diffraction peaks of the Cu phase remained sharp and strong, and two new peaks at 36.4°
and 61.4° assigned to (111) and (220) planes of Cu,O (JCPDS, 65-3288) appeared. This
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indicated that a thin passive CuyO layer formed on the porous Cu ligaments [37,38]. Raman
spectra were measured to further determine the composition change in the samples at
different process stages (Figure 4d). After dealloying, the characteristic peaks of the Cu,O

phase at 148, 219, and 632 cm ! demonstrated the formation of Cu,O on the dealloyed brass.

After aging, the intensity of peak respecting Cu,O increased significantly, demonstrating
that more copper was oxidized over time to cuprous oxide.
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Figure 4. Surface chemistry compositions of samples in different processing stages: (a) energy-
dispersive X-ray spectrometer (EDS) spectrum analysis and mapping images of the aged brass surface;
(b) attenuated total reflection Fourier-transform infrared spectra (ATR-FTIR); (¢) X-ray diffractometer
(XRD) patterns; and (d) Raman spectra of the pristine, dealloyed and aged brass surface.

The X-ray photoelectron spectroscopy (XPS) analysis was utilized to further determine
the chemical states of elements on the sample surface (Figure 5). All the binding energies
in the XPS analysis were calibrated with Cls at 284.8 eV as the reference. Organic matter
might have been adsorbed on the surface from the ambient air [39]. After the dealloying
process, the peak intensities of Zn2p3 at 1021.5 eV and Zn2p1 at 1044.5 eV were dramatically
diminished (Figure 5a). This confirmed that almost all Zn was selectively leached out from
the alloy, and only a very low percentage of Zn was retained inside the matrix. Cu2p spectra
were used to determine the valence state of the Cu element. Two sharp Cu2p peaks of the
dealloyed brass at 932.4 and 952.4 eV corresponded to Cu2p3/2 and Cu2pl/2, binding
the energy of CuyO or Cu (Figure 5b) [40,41]. The LMM Anger spectra could distinguish
them with 568 and 570 eV for Cu and Cu,O, respectively [42]. On the dealloyed and aged
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brass surfaces, the Cu LMM peak at 570 eV verified the presence of CuyO. Aging led to an
increase in the intensity of the peak for Cu, O with time of air exposure, indicating that more
copper on the surface of the dealloyed brass gradually oxidized to CuyO (Figure S2). The
binding energy of the Cu,O phase generally has a slightly lower binding energy than the
signal of metallic Cu [43,44]. The high-resolution spectra of Cu2p3/2 of the dealloyed and
aged brass could be fitted into two peaks at 932.2, assigned to CuyO, and 932.6 eV, assigned
to Cu [45,46]. After aging, the intensity of the Cu peak weakened, while the intensity of the
CupO peak strengthened, indicating that the exterior of the structure gradually oxidized
over time (Figure 5¢,d) [43]. In general, the combination of EDS, ATR-FTIR, XRD, Raman,
and XPS analysis results has proved that more Cu on the dealloyed surface oxidized to
CuyO over time.
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Figure 5. X-ray photoelectron spectroscopy (XPS) spectra of samples in different processing stages:
(a) wide-spectrum survey; (b) high-resolution spectra of Cu2p region; (c) deconvolution of Cu2p3/2
of the dealloyed brass; and (d) deconvolution of Cu2p3/2 of the aged brass surface.

2.3. Effect of Aging Time on Wettability Transition

The freshly dealloyed brass surface exhibited a superhydrophilic behavior in the air
with water CA close to 0°. However, when the dealloyed brass was exposed to ambient air,
the water CA exhibited a sharp increase during the first 5 days, which then slowed to a
gradual growth before finally reaching a steady state (Figure 6a). Prolonging the aging time
to 7 days, the water CA increased to 156° and SA decreased to 7°, respectively, indicating
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that the aged surface possessed good superhydrophobicity. On the contrary, oil droplets
could swiftly wet and penetrate through the aged brass (Figure S3). Furthermore, when
the brass was continually stored for more than 6 months under ambient conditions, the
surface could maintain opposite superwettability toward oil and water (Figure 6a). Com-
pared with some previous reports, the aged brass showed better long-term storage stability
in ambient atmosphere [47—-49]. Unlike in the air, the freshly dealloyed brass exhibited
superhydrophobicity in oil (kerosene) and did not change with increasing exposure time
(Figure 6b). Such long-term storage stability is crucial for the practicality of superhydropho-
bic surfaces. Moreover, the dynamic repellency toward water was evaluated by squeezing,
contacting, pressing, and lifting water to the aged brass surface. No obvious adhesion
and droplet deformation were detected as the water droplets lifted from the aged brass
surface, indicating the low adhesion of the aged surface (Figure 6c). The excellent water
repellency had a synergistic effect on the hierarchical roughness induced by dealloying and
the low surface energy introduced by the formation of the Cu,O surface. This non-sticking
characteristic of the superhydrophobic surface corresponds to the Cassie-Baxter state.
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Figure 6. Effect of aging time on surface wettability transition: variation of water CA and SA

(a) under air. The hollow square represents that an accurate water SA value for water cannot be
obtained. (b) under oil with aging time; and (c) dynamic process of antiwater adhesion in air.
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The wettability of the aged brass surface showed underoil superhydrophobicity after
being immersed in different oils (Figure 7a). When immersing the aged brass in oil, oil could
be trapped into the hierarchical structure to form oil shielding, thereby reducing the contact
area between the solid and water. This was due to the higher adhesion work of oil than
that of water. The aged brass presented excellent and stable underoil superhydrophobic
properties with a water contact angle (CA) greater than 167° and sliding angle (SA) smaller
than 3° in various oils, including chloroform, xylene, kerosene, and diesel, indicating the
ultralow adhesion between the water droplet and the brass surface. Furthermore, the
dynamic process of a stream of droplets bouncing on the aged brass surface was recorded
by a digital camera (Figure 7b) and contact angle meter (Figure 7c), respectively. When
a stream of water droplets in kerosene was squeezed from a syringe toward the aged
brass, water droplets spontaneously bounced off over the horizontal surface with no water
droplets left, indicating that the aged brass surface had an outstanding repellent property
for water. After that, when the water was lifted from the aged brass surface, no droplet
deformation was detected, further suggesting the low adhesion of the aged surface.

[ Contact angle [ Sliding angle

Kerosene
=

=
o

Underoil

Bounce off
- —

Figure 7. Wetting behavior of the aged brass in oils: (a) water CAs and SAs in different types of oils;

(b,c) process of continuous water jet flow under oil.

2.4. Mechanism of Wetting Transition

Surface chemistry and surface topography are two critical factors affecting surface-
wetting properties. HCl etching resulted in the dissolution of Zn, and more internal pure
Cu atoms were exposed to the ambient air. Cu is a hydrophilic material in nature [50],
and the hydrophilicity increases with roughness. According to Wenzel’s theory, the in-
troduction of hierarchical roughness can amplify the wettability from hydrophilicity to
more hydrophilicity. So, after dealloying, the sample exhibited superhydrophilic behavior.
However, when exposed to ambient conditions, the dealloyed porous brass immediately
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reacted with O, from the air to form a solid CuyO surface. The Cuy,O was generated
through the interfacial reaction between Cu and O, by the proposed reaction [51]:

4Cu + Oy — 2Cuy0O (2)

Aging led to the gradual conversion of the upmost layer of hydrophilic Cu to hy-
drophobic CuyO. Similarly, the hierarchical roughness amplified the hydrophobicity of
Cu, 0 into superhydrophobicity according to Wenzel’s theory. Along with the reaction,
the hydrophobic surface became more hydrophobic. After being exposed to ambient air
for 7 days, the superhydrophilic brass surface reached a superhydrophobic state. This
observation was only attributed to the change in surface chemical composition with time,
as there was no change in surface morphology during aging (Figure 2).

Three mechanisms have been proposed by others, such as the decomposition of carbon
dioxide into carbon with active magnetite [52], adsorption of hydrophobic organic matter
from the atmosphere [53-55], and creation of hydrophobic groups [56] to explain the
wettability transition from superhydrophilicity to hydrophobicity. In our case, there is no
energy accountable for the creation of an active magnetite to catalyze the decomposition of
carbon dioxide into carbon. Meanwhile, XPS analyses were performed on the dealloyed
brass during the aging in the air to evaluate organic adsorption on the surface. When
organic matter is adsorbed onto the surface, carbon atoms will be detected. The Cls
spectra of the organic matters can be resolved into three peaks with binding energies of
about 284.7 eV, 286.4 eV, and 288.6 eV, which are ascribed to the C-C (H), C-O-C, and
O-C=0 species, respectively [57]. These three species may come respectively from the
alkyl, ether, and carboxyl/ester matter spontaneously adsorbed from the air. Among the
C-C (H), C-O-C, and O-C=0 species, C-C (H) is nonpolar and serves as a hydrophobic
region, while the C-O-C and O-C=0 species are polar and serve as a hydrophilic region
on the surface [54]. It can be seen that the percentage content of the hydrophobic C-
C (H) decreased from 76.4% for the dealloyed brass to 39.5% for the aged brass in the
total Cls peak area, while the percentage content of the hydrophilic C-O-C and O-C=0
species significantly increased from 23.4% to 60.5% (Figure S4). The result indicates that
the percentage content of the hydrophilic species increases with aging time. This cannot
explain why the aged surface exhibits higher hydrophobicity. Above all, the formation of
a very thin passivation layer of hydrophobic Cu,0O is the reason for the transition from
superhyrophilic to superhydrophobic.

To further support the mechanism behind wettability switching, dried brass and
undried brass, after dealloying, were exposed to four types of the atmosphere, including
ambient air, petroleum ether, dichloromethane, and n-hexane. For this purpose, eight
freshly dealloyed samples were first rinsed thoroughly in distilled water, and then half
of them were dried with cold air from a hair dryer. After that, these dried and undried
samples were immediately stored in ambient air or vapors produced by three organic
compounds in closed glass bottles for 3 days. Every 24 h, the samples were taken out from
each container to measure their water CAs. Following the measurement, these samples
were immediately returned back to their containers. The results showed that the water CAs
increased as the storage time increased. After three days, the water CAs of both dried and
undried samples exceeded 131° (Figure 8). Therein, the water CAs of the samples exposed
to three organic compound vapors were no more than that of the corresponding sample in
the air. The reason may be that the oxygen concentration in three organic vapors was lower
than that in the air, resulting in the aged brass having a lower degree of oxidation in the
vapors than that in the air. This result supports the transition mechanism that the variation
in surface chemical composition substantially induces an increase in hydrophobicity.
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Figure 8. Water CAs of (a) dried freshly dealloyed brass and (b) undried freshly dealloyed brass after
different days of exposure to air.

2.5. Water-in-Oil Emulsion Separation with High Efficiency

To achieve oil/water phase separation, the aged porous brass was mounted onto a
separation device with clamps and sealed with silicone gaskets (Figure 9a). Taking the
Sudan IlI-dyed water-in-chloroform emulsion as a typical example, the feed emulsion
was milky (inset in Figure 9b), and numerous dispersed droplets of size below 5.0 pm
were distributed in the feed (Figure 9b). The filtrate became totally transparent (inset in
Figure 9c¢), and there were no water droplets observed in the microscopic image (Figure 9c),
which meant that the dispersed droplets were successfully removed. The corresponding
dynamic light scattering (DLS) curve revealed that the water droplet diameters of the feed
emulsion were in a wide range of 0.2-3.0 um (Figure 9d), while only several strong peaks of
less than 6.0 nm were observed for the filtrate (Figure 9e), further illustrating the effective
separation for water-in-chloroform emulsion.

When the water-in-chloroform emulsion was introduced to touch the aged brass
surface, oil was captured quickly while water was repelled completely. An oil film bridging
process would rapidly occur among porous skeletons so that pores in the brass were readily
filled by oil [58]. So, the oil film could block the large water droplets released by the
demulsification from directly passing through the channels in the aged brass (Video S1).
Meanwhile, the released small water droplets entered the tortuous pore channels under
gravity and coalesced with each other by physical collision, forming large droplets that
were easy to prevent [59-61]. Consequently, tortuous channels increased the permeation
resistance of the water droplets and permitted more water droplets to coalesce in the porous
brass, thus greatly enhancing the probability of demulsification.

The service life of the aged brass was studied for practical applications. The aged brass
exhibited excellent separation performance during filtration with a separation efficiency
greater than 99.4% and a permeation flux of about 851 L-m~2-h~! for water-in-chloroform
emulsion with a height of 10 cm (Figure 10). Obviously, the separation efficiency of the aged
brass was superior to that of some reported metal membranes [62,63]. The high efficiency
can be attributed to its narrow range of tortuous channel size distribution (Figure 2h),
which increases the efficiency of the separation process [64]. After each separation, the
aged brass was reused by drying at room temperature. After recycling for 60 cycles, no
change was found in the separation efficiency and flux for water-in-chloroform emulsion.
Moreover, similar effective separations were also achieved for other surfactant-stabilized
emulsions, such as water-in-kerosene and water-in-dichloroethane emulsions. This result
clearly demonstrated that the aged brass possessed excellent separation performance for
water-in-oil emulsions.
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Figure 9. Separation performance of surfactant-stabilized water-in-chloroform emulsion: (a) photo-
graph of the separation of water-in-chloroform emulsion; (b) microscope photo and optical image of
feed; (c) the corresponding filtrate; (d) the measured droplet size distribution of the feed; and (e) the
corresponding filtrate.
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Figure 10. Changes in separation efficiency and permeation flux of water-in-chloroform emulsion
over 60 cycles.
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2.6. Mechanical, Thermal, and Chemical Stability

Superhydrophobic surfaces are required to be stable in a harsh environment, such
as mechanical friction, high temperature, or corrosive media. The tape-peeling test was
performed on the aged brass surface using Scotch tape (No. 30403, Deli Group, Ningbo,
China). In this test, the tape was pressed onto the aged brass, following which a roller of
200 g weight was rolled forward and then backward once. Only a very weak attachment
was observed on the Scotch® tape surface after 10 cycles (Figure 11a). However, the aged
brass still had a water CA of 154°, and its underoil superhydrophobicity remained fairly
stable (Figure 11b). Moreover, the morphological structure of the surface showed no
obvious changes (inset in Figure 11b), indicating its good mechanical stability.
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Figure 11. The mechanical stability of the aged brass in different working environments: (a) tape-
peeling test; (b) variation of water CAs over tape-peeling cycles with the corresponding SEM image
after 10 cycles in the inset; (¢) sandpaper abrasion test; and (d) influence of abrasion cycles on the
water CAs with the corresponding SEM image after 10 cycles in the inset.

Then, an abrasion test was carried out by placing the aged sample face-down on a
1000-grit SiC sandpaper under a 50 g weight and dragging for a distance of 10 cm on
the sandpaper, which was defined as one abrasion cycle. After eight abrasion cycles, the
water CA slightly reduced from 156° to 151°, which could be attributed to the fact that
rough sandpaper wore out the hierarchical structure on the aged surface. However, the
exposed structure on the surface had the same phase as the substrate, and the exposed
skeleton was gradually oxidized to CuyO by O, from the air (inset in Figure 11d). Further
increase in grinding cycles did not show an obvious downward trend for static water
CA. About 7 days after friction, the water CA of the sample again reached its maximum

222

180
<
<

160 S

—
S
(1]

140 3
°
E

120 T
=

100

180

<

160 S

-
[V}
oy
(]
140 2
©
—
120 B
| —
-
100



Molecules 2023, 28, 6509

value and then remained constant. Meanwhile, the abraded brass could maintain underoil
superhydrophobicity over 167° after 10 abrasion cycles.

Furthermore, the thermal stability was evaluated by heating the aged brass in the
air at 100 °C and 150 °C for 12 h. After heating at 100 °C, the aged brass still maintained
the water CA above 156° (inset in Figure 12a), and the original structure of the aged
brass remained unchanged (Figure 12a). However, when the temperature increased to
150 °C, the water CA decreased to about 0 °C. This result indicates that the aged brass
retains thermal stability at least up to 100 °C. Finally, the chemical stability of the aged
brass was evaluated by corrosive media. As shown in Figure 12b, the water drops of 3%
NaCl, 1 mM HCI, 1 mM NaOH, and 90 °C solution retained a spherical shape with CAs
greater than 154°. Correspondingly, when the aged brass was immersed in kerosene, its
CAs of salt, acid, base, and hot water still remained above 167°, demonstrating moderate
chemical stability and corrosion resistance. The chemical durability of the aged surface was
further tested by immersing the aged brass in weak acid (1 mM HCI solution) and alkali
(1 mM NaOH solution) solutions for 10 h, respectively. When the aged brass reached the
acid /base solution surface, a dense air protection layer could be formed on the surface of
the aged brass [65]. The corrosion medium was difficult to approach and diffuse into the
superhydrophobic material, resulting in the sample’s floating on the liquid surface steadily
(Figure S5). So, the aged brass was forced into the corrosive solutions for 10 h, recording
the water CAs after drying at room temperature. The water CA remained at about 153°,
although there was a slight decrease observed after 10 h in both HCl and NaOH solutions
(inset in Figure 12¢,d). Compared with the aged brass, there is no apparent damage
observed on the sample after the test (Figure 12¢,d). This is attributed to the inherent
chemical inertness of the Cu,O protective layer, delivering moderate chemical stability for
the aged brass. However, the HCI solution would have a reaction with hydrophobic Cu,O
as follows:

2HCI + CuyO — CuC12 + H,O (3)

Figure 12. The thermal and chemical stability in different working environments: (a) the SEM images
of the aged brass after heated at 100 °C with a corresponding water CA image in the inset; (b) the
chemical stability of the aged brass against various corrosive drops; the SEM images of the aged
brass after immersing into (¢) 1 mM HCI solution; and (d) 1 mM NaOH solution for 10 h with
corresponding water CA images in the inset.
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After the Cu,O film was dissolved in an acidic solution, the fresh copper atoms were
exposed and immediately reacted with oxygen dissolved in water, forming Cu,O on the
aged brass surface. So, another reason why the surface of the aged brass could maintain
superhydrophobicity might be that the dissolution rate of CuyO was slower than the
formation rate due to the low HCI concentration. This observation is basically consistent
with the results reported in the previous literature [66,67]. Above all, the aged brass shows
the potential practical application for oily sewage separation under harsh conditions.

3. Materials and Methods
3.1. Materials and Chemicals

Commercial brass foil (CugpZnsg) with a thickness of 100 um was purchased from
Jona Hardware Company (Taizhou, China). Hydrochloric acid (HCl, 37%), petroleum ether,
dichloromethane, n-hexane, and kerosene were bought from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). Diesel was purchased from a local fueling station. Ethanol,
xylene, and chloroform were obtained from Zhengzhou Junyi Chemical Reagent Co.,
Ltd. Sudan III (Zhengzhou, China) as dyed reagent was supplied by Shanghai Zhongqin
Chemical Reagent Co., Ltd. (Shanghai, China). Span 80 was purchased from Aladdin
Chemistry Co., Ltd. (Shanghai, China). All of the above agents were of analytical grade
and used without further purification.

3.2. Superhydrophobic Porous Brass Fabricated by Dealloying and Aging

Briefly, porous brass was fabricated by dealloying and subsequent aging of pristine
brass foil. Firstly, a commercially purchased brass foil (Cu62Zn38) was cut into slices with
desired dimensions (denoted as pristine brass). The obtained brass was ultrasonically
cleaned, in turn, by ethanol and distilled water to remove surface contamination. Then,
dealloying was conducted by immersing the cleaned brass foil into a 37% HCI solution
for 8 h at 80 °C to remove the Zn element. After dealloying, the reddish-brown sample
was washed with water and ethanol (denoted as dealloyed brass). After being exposed
to ambient air for 7 days, the aged brass could be used directly as separating material
(denoted as aged brass).

3.3. Aging in Ambient Air and Organic Vapors

To study the mechanism behind the wettability transition, dried and undried dealloyed
samples were exposed to four types of atmosphere, including ambient air, petroleum ether,
dichloromethane, and n-hexane. For this purpose, eight freshly dealloyed samples were
first rinsed thoroughly in distilled water, and then half of them were dried with cold air
from a hair dryer. After that, these dried and undried samples were immediately stored in
ambient air or vapors produced by 60 mL of organic compounds in closed glass bottles
for 3 days. Every 24 h, these samples were taken out from each container to measure their
water CAs. Following the measurement, these samples were immediately returned back to
their containers.

3.4. Preparation and Separation of Water-in-Oil Emulsions

Different surfactant-stabilized water-in-oil emulsions were prepared by emulsifying
1.0 g of water and 0.4 g of Span 80 in 100 mL of oils, including chloroform, kerosene, and
1,2-dichloroethane under intensive stirring for 8 h. For emulsion separation, the aged
brass was tightly fixed in the separation device with clamps and sealed with silicone
gaskets. The as-prepared emulsion was poured into the device to carry out separation only
driven by gravity. The oil phase would easily permeate through the brass, whereas water
droplets could be effectively blocked. The water rejection efficiency of the aged brass was
quantitatively calculated according to the following equation:

Ce

R(%) = (1— FP) % 100% (4)
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where C¢ and Cy, are the contents of water in the feed and filtrate, respectively. The permeate
flux is determined by dividing the permeate volume by the product of the effective area and
the penetration time under gravity with the height of feed emulsions of 10 cm according to
the following equation:

14
F=— 5
S ©)
where V represents the permeate volume (L); S represents the effective area of the brass
(m?), and t represents the penetration time (h), respectively.

3.5. Instruments and Characterization

All optical photographs were taken by a digital camera (Nikon D5000, Tokyo, Japan).
The surface microstructure and element content of brass specimens were observed by
a field emission scanning electron microscope (FESEM, Hitachi SU8000, Tokyo, Japan)
equipped with an energy-dispersive X-ray spectrometer (EDS, AMETEK, Berwyn, PA, USA)
attachment. The porosity and pore size distribution of the as-prepared brass were measured
and analyzed by an automatic mercury porosimeter (Autopore V 9620, Micromeritics,
Norcross, GA, USA). The specific surface area and average pore diameter distribution were
analyzed by nitrogen adsorption/desorption isotherms using an automated adsorption
apparatus (Autosorb-iQ-MP-C, Quantachrome, Boynton Beach, FL, USA). Attenuated total
reflection Fourier-transform infrared spectra (ATR-FTIR) of the samples were recorded
on a Brucker Tensor-37 spectrometer (Brucker Tensor, Billerica, MA, USA) equipped with
a MIRacle ATR accessory (Pike Technologies, Fitchburg, WI, USA). The crystallinity and
phase of the specimens were determined by X-ray diffractometer (XRD, Rikagu SmartLab
system, Tokyo, Japan) using a Cu K« radiation source. The chemical composition of
the surface was identified by using a Laser Microscopic Confocal Raman Spectrometer
(Senterra, Bruker, Billerica, MA, USA) at a laser wavelength of 532 nm. The surface
chemical composition and oxidation state of the as-prepared samples were analyzed by
X-ray photoelectron spectroscopy (XPS, Thermo Scientific ESCALAB 250Xi, Waltham, MA,
USA), equipped with a monochromatic X-ray source (Al Ka, 1486.6 eV). The XPS spectra
were fitted to a Shirley-Linear background with XPS peak 4.1 software. The average
contact angle (CA) and sliding angle (SA) were calculated by measuring three different
positions of the same sample with a 5 uL droplet by an Attension Theta system (PD-200,
Biolin Scientific, Vastra Frolunda, Sweden). The dispersion of the feed emulsions and the
corresponding filtrates was obtained by taking optical images using an optical microscope
(Leica DM4000, Wetzlar, Germany). The droplet diameter distribution in the emulsions and
filtrates was calculated by dynamic light scattering (DLS) with Zetasizer Nano ZS (Malvern
3600, Malvern, UK). The water content in the filtrate was accurately determined by Karl
Fischer Titrator (MKS-500).

4. Conclusions

A uniform microporous structure with an average pore size of 1.6 pm was produced
by a simple chemical dealloying process of CuZn alloy foil. After dealloying, the sample
exhibited superhydrophilic behavior but gradually became superhydrophobic over time,
with the maximum water CA being achieved after 7 days. This is because the surface of the
dealloyed brass was oxidized to CupO by O, from the air to induce wettability conversion.
Such a superhydrophobic surface showed excellent long-term storage durability for storing
the sample in an ambient atmosphere. By combining superhydrophobicity with small pore
channels, the novel porous brass could be employed to separate water-in-oil emulsions
with high efficiency and repeatability. Thanks to the hierarchical structures on the surface
having the same phase as the substrate, the superhydrophobic porous brass demonstrated
good mechanical, thermal, and chemical stability. This simple fabrication technique may
provide a new avenue for the design and fabrication of porous materials used in oil/water
separation.
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Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/ molecules28186509/s1, Figure S1: EDS spectra analysis and
mapping images: (a) pristine brass and (b) dealloyed brass; Figure S2: CuLMM Auger transitions
of pristine brass, dealloyed brass, and aged brass; Figure S3: The kerosene CA of the aged brass
surface in air; Figure S4: High-resolution C1s spectra of (a) the dealloyed brass and (b) the aged brass;
Figure S5: The aged brass floated on the liquid surface of 1 mM HCI solution: Video S1: Separation
process of surfactant-stabilized water-in-chloroform emulsion.
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Abstract: Twenty novel Mn, Fe, and Cu complexes of ethylene cross-bridged tetraazamacrocycles
with potentially copolymerizable allyl and benzyl pendant arms were synthesized and characterized.
Multiple X-ray crystal structures demonstrate the cis-folded pseudo-octahedral geometry forced
by the rigidifying ethylene cross-bridge and show that two cis coordination cites are available for
interaction with substrate and oxidant. The Cu complexes were used to determine kinetic stability
under harsh acidic and high-temperature conditions, which revealed that the cyclam-based ligands
provide superior stabilization with half-lives of many minutes or even hours in 5 M HCl at 50-90 °C.
Cyclic voltammetry studies of the Fe and Mn complexes reveal reversible redox processes indicating
stabilization of Fe?" /Fe3t and Mn%*/Mn3t /Mn?** oxidation states, indicating the likelihood of
catalytic oxidation for these complexes. Finally, dye-bleaching experiments with methylene blue,
methyl orange, and rhodamine B demonstrate efficient catalytic decolorization and allow selection
of the most successful monomeric catalysts for copolymerization to produce future heterogeneous
water purification materials.

Keywords: dye bleaching; oxidation catalyst; cross-bridged tetraazamacrocycle

1. Introduction

Organic dyes have extensive applications in several industries such as food, phar-
maceuticals, textiles, and cosmetics and thus are often the subject of academic scientific
research focused on these same areas [1-4]. However, these dyes are potentially toxic
in nature. Consequently, dyes in wastewater can cause severe damage to the aquatic
environment as well as living organisms including humans. In order to overcome this envi-
ronmental harm, dye degradation studies have been a topic of scientific interest over the
past several decades [5-7]. Different methods have been implemented for dye degradation,
e.g., oxidation of organic dyes using transition metal ions via the “Fenton” mechanism [8]
and photocatalysis using semiconductor metal oxides and sulfides [9,10]. However, these
conventional methods may suffer from several diverse drawbacks, depending on each
specific system. Examples of issues hampering dye degradation systems include stability
over a narrow pH range, low surface area, high cost, and limited applicability in visible
light [8,11].

Transition metal complexes with cross-bridged macrocyclic ligands have been broadly
explored for both research purposes and commercial purposes. Cross-bridged tetraaza-
macrocyclic transition metal complexes have been a prevalent candidate for substrate- and
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mechanism-flexible oxidation catalysis over the past two decades [12-22]. The ethylene
cross-bridged tetraazamacrocycle transition metal complexes have been well-explored in
biomedical imaging [23-31] and for anti-cancer therapy [32,33], owing to their extreme
kinetic stability. However, studies pertaining to their dye-bleaching application have been
limited.

The Busch catalyst, a Mn complex of the di-methylated ethylene cross-bridged cyclam
Me;Bcyclam (Scheme 1) [14], is a patented catalyst used for activation of peroxide or
oxygen in water. In our previous study, we reported the functionalization of the original
Busch catalyst with methyl and -OAc groups at the non-cross-bridged nitrogen atoms
(Scheme 1) and their application in the degradation of three model dyes, namely, methyl
orange, Rhodamine B, and methylene blue [34].

Tl [ e [ o~ K\
SUNAUNAULENGY i
e | M v e | v

Me,Bcyclen Me,Bceyclam (OAc){Me;Beyclen (OAc);Me;Beyclam

Scheme 1. Previously studied ethylene cross-bridged tetraazamacrocyclic ligands.

Building on our previous studies, our current study reports on the functionalization
of the tetraazamacrocyclic ligand with different combinations of allyl, benzyl, and methyl
groups at the non-cross-bridged nitrogen atoms (Scheme 2) and their respective Fe, Mn, and
Cu complexes. The synthetic routes are facile and cost effective with significant synthetic
yield. The ligands and their corresponding complexes were characterized using 'H and
13C NMR (Figures S1-S12), LCMS, elemental analysis, X-ray crystallography, and cyclic
voltammetry. Further, we have performed acid decomplexation studies on the copper
complexes in order to determine their kinetic stability (Figure S13).
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1

L10 L1l L12

Scheme 2. L1-L12 structures used in this work.
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In addition, we have expanded our efforts in exploring the ability of the metal com-
plexes (typically Fe and Mn) to degrade the model dyes identified above. Most of the
catalysts displayed significant activity in the degradation of all three dyes at 1 mM dye
concentration. Thus, these metal complex catalysts can be practically applied for cheap and
convenient bleaching of organic dyes, which can overcome the disadvantage of existing
traditional photocatalysts.

Heterogeneous catalysis includes some liquid- or gas-phase reaction on a solid surface.
Currently, heterogeneous catalysis is widely explored both in academic research and
industry owing to its advantage of recyclability and easy separation of product [35]. In
such cases, catalytic activity depends on many factors, such as particle size, surface area,
stoichiometry, and topology of the designed catalysts. Different methods, e.g., non-covalent
immobilization of catalysts within porous zeolites, clays, or embedding into silica or
carbon; using a metal-organic framework (MOF) structure; and copolymerization through
formation of covalent bonds, have been used to make catalysts heterogeneous [36-39]. The
method of grafting or immobilization has drawbacks such as poor selectivity and catalytic
activity. Therefore, direct heterogenization through covalent bond formation is a potential
method to synthesize robust heterogeneous catalysts [36]. Rigidity of the building blocks
associated with strong covalent bonds is highly desirable for stability of heterogeneous
polymeric frameworks [40].

Attaching allyl and benzyl functional groups furthers the goal to explore the poly-
merization of our catalysts through covalent bond formation. These ligands were chosen
as potential co-monomers that could be used to transform the homogeneous catalysts
discussed in this paper into polymeric, heterogeneous catalysts. Thus, this study may lead
to the successful design of a series of potential heterogenous catalysts for degradation of
organic pollutants leading to wastewater purification in a simple, convenient, and cost-
effective way. The polymerization, characterization, and efficacy of these heterogeneous
materials are the subject of ongoing work and will be disclosed in later publications. Below,
we comment on each planned polymerization reaction type to explain why benzyl and
allyl pendant arms have been utilized for this future work.

The Friedel-Crafts reaction is a historically important method of activating and substi-
tuting aromatic rings through the action of a metal catalyst [41]. When a di-functional alkyl
halide, such as dichloromethane, is used, a Friedel-Crafts polymerization can be used to
link monomeric aromatics, such as macrocyclic ligands that contain a benzyl group [42].
Specifically, the benzyl pendant arms may be polymerized by Friedel-Crafts polymeriza-
tion following the work of Yoon, where salphen coordination complexes were polymerized
through their aromatic rings [36]. Application of this method of polymerization to our
benzyl ligands is ongoing in our lab.

Alkene functional groups are the prototypical polymerizable entity, with the ability
to polymerize as catalyzed by heat, acid, base, and other prompts [43]. Allyl pendant
arms have a terminal alkene functional group for this purpose within our experimental
design. The allyl-pendant-armed ligands and complexes can copolymerize following the
work of Zuo for ethylene glycol di-methacrylate (EGDMA) polymerization [44]. This
copolymerization has been quite successful in our hands and will be the subject of future
manuscripts.

2. Results and Discussion
2.1. Synthesis

Ligands L1 [45], L2 [45], L5 [45], L6 [45], L7 [33], and L8 [32] were synthesized by
literature procedures. Metal complexes MnL1Cl,, FeL1Cl,, MnL2Cl,, FeL2Cl,, MnL5Cly,
FeL5Cl,, MnL6Cl,, FeL6Cl, [13], and FeL8Cl, [46] were prepared as previously published.

The homogeneous ligands and catalysts were produced according to Scheme 3, fol-
lowing synthetic methods that are now common for synthesizing cross-bridged tetraaza-
macrocycles. Generally, the tetracyclic glyoxal-tetraazamacrocycle condensate (Scheme 3,
structures 5 or 6) can be mono- or di-alkylated by haloalkyl electrophiles. Mono-alkylation
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is often controlled by low numbers of equivalents of the alkylating agent and non-polar sol-
vent (THF), which causes the mono-quaternary salt to precipitate and avoid further reaction.
The mono-methylated compounds 1 and 2 were prepared according to the literature [47,48],
as were mono-benzylated compounds 9 and 10 [48]. Mono-alkylated compounds were
then reacted with excess allyl bromide in more polar solvents (CH3CN), at longer reaction
times, and in some cases at higher temperatures, to produce di-quaternary mono-allylated
products 3, 4, 11, and 12. Reductive ring cleavage with NaBH4 produced the cross-bridged
ligands L3, L4, L11, and L12. Di-allyl ligands L9 and L10 were made from 5 and 6 using
excess allyl bromide to produce 7 and 8, which were also reduced to the corresponding
cross-bridged tetraazamacrocycle ligand.

N N
—> — e
MeCN /\/ o8 Etoﬂ/\/”k(\%)N
1(n=0) 3('- 0) L3 (n=0)
ain=1) L4(n=1)

(N ™ o
O D SO

NaBH,

K(\/)) Br MeCN AN~ w 2Br —>95/ EIOH 27— L(\%)N

9(n=0) 1 (n=0) L1 (n=0)
10(n=1) 12(n=1) L12(n=1)

EN\LNJ MeCN or DMF
"L

L(n=0or1)

MLCI, Complex (n=0or 1)
M = Mn, Fe

Scheme 3. Combined synthetic scheme for the synthesis of new ligands and all metal complexes.

Complexation of all ligands was carried out using anhydrous CuCl,, FeCl,, or MnCl,
in an inert atmosphere glovebox in CH3CN or DMEF. Cross-bridged tetraazamacrocycles
are proton sponges, so anhydrous conditions and aprotic solvents are generally required to
successfully make their Fe and Mn complexes [49]. Yields were often in the 50% range, as
the products in most cases precipitated directly from the reaction. Identity and purities were
established by electrospray mass spectroscopy and elemental analysis. Copper complexes
were synthesized in order to probe the kinetic stability imparted by these ligands. This
was accomplished by the published method using HCI at high concentrations (1 M or 5 M)
and high temperatures up to 90 °C to decomplex the ligand. Comparisons to other known
ethylene cross-bridged tetraazamacrocycle copper complexes can then place a new ligand
in the hierarchy of kinetic stabilization ability.

2.2. X-ray Crystal Structures

Crystal data for all structures are found in Table 1, while selected bond lengths and
angles are compiled in Table 2.
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Table 1. Crystal data for X-ray crystal structures.

Identification [FeL11Cl,].
code [MnL1Cl;] [MnL3Cl;] [FeL3Cl,] L8-precursor [MnL9Cl;] [MnL11Cl;] OMeCN
Empirical
formula CszzClel’lN4 C14H23C12MI1N4 C14H28C12F6N4 C20H3412N402 C16H30C12MHN4 C20H32C12MI1N4 C22H35C12FEN5
Formula weight 324.15 378.24 379.15 616.31 404.28 454.33 496.30
Temperature /K 120 120 120 150 120 120 120
Crystal system monoclinic orthorhombic orthorhombic monoclinic triclinic monoclinic orthorhombic
Space group Cc P2,2,2, P2,2,2, P2y/n P-1 P2, /c Pnma
a/A 12.3081(13) 7.6390(4) 7.6198(5) 9.5389(10) 8.5540(11) 8.4238(4) 14.4316(7)
b/A 10.1119(13) 12.0399(6) 11.9637(8) 16.9155(17) 13.2482(17) 13.5803(6) 8.9132(5)
c/A 11.2029(12) 18.6843(10) 18.6306(14) 14.7768(14) 17.920(2) 18.6065(8) 19.5405(10)
o/° 90 90 90 90 107.492(2) 90 90
B/° 96.578(2) 90 90 91.479(4) 95.600(2) 98.507(2) 90
v/° 90 90 90 90 97.994(2) 90 90
Volume/ A3 1385.1(3) 1718.45(15) 1698.4(2) 2383.5(4) 1897.0(4) 2105.12(16) 2513.5(2)
Z 4 4 4 4 4 4 4
Peale/gem > 1.554 1.462 1.483 1.717 1416 1.434 1311
w/mm-! 1.324 1.078 1.202 3.350 0.982 0.894 0.831
F(000) 676.0 796.0 800.0 1216.0 852.0 956.0 1048.0
Crystal 0.355 x 0.247 x 0.213 x 0.15 x 0.287 x 0.134 x 0.05 x 0.02 x 0.253 x 0.154 x 0.253 x 0.169 x 0.216 x 0.169 x
size/mm° 0.142 0.078 0.127 0.01 0.05 0.078 0.088
Radiation/A MoK, 0.71073 MoK, 0.71073 MoK, 0.71073 SY‘BC};;ZgO“’ MoK, 0.71073 MoK, 0.71073 MoK, 0.71073
20rangefor 5558 1656.576 4.024 t0 56.618 4.046 t0 56.798 3.992 to 52.228 2.41 to 56.584 3.728 to 56.632 3.508 to 56.726
data collection/
~16<h<14 ~10<h <10 ~10<h<9 ~10<h<10 “11<h<11 “11<h<11 ~19<h<19
Index ranges -13<k<13 —-16 <k<16 —15<k<15 —-19<k<19 —-17<k<17 —18<k<18 —-11<k<11
-14<1<14 —24<1<24 —24<1<24 —-16<1<16 —23<1<23 —24<1<24 —26<1<26
Reflections 13204 31559 41891 37933 29491 49812 46814
collected
Independent 3268 4259 4239 3652 9415 5246 3344
reflections
Rint 0.0178 0.0520 0.0400 0.1904 0.0370 0.0340 0.0444
Da;e; ﬁ ;‘:Zg‘;zlrr;tS/ 3268/2/167 4259/0/192 4239/0/192 3652/0/269 9415/41/437 5246/0/244 3344/235/201
GOOd;‘;SFSZ'Of'f“ 1.042 1.180 1.064 1.037 1.005 1.089 1.031
Final R indexes R; =0.0131 Ry =0.0400 R; =0.0385 R; =0.0617 R; =0.0307 Ry =0.0264 R; =0.0284
[I>20 (D] wR, =0.0319 wR; =0.0740 wR, =0.0920 wR; =0.1579 wR; =0.0591 wR;, = 0.0603 wR, =0.0652
Final R indexes R; =0.0133 Ry =0.0445 R; =0.0401 R; =0.0820 R; =0.0499 Ry =0.0294 R; =0.0372
[all data] wR; =0.0320 wR; =0.0751 wR; =0.0931 wRy =0.1757 wR; = 0.0645 wR; =0.0615 wR; =0.0693
Largest diff.
peak/hole/e 0.18/-0.12 0.37/-0.52 0.93/—-0.57 1.03/-0.74 0.33/-0.51 0.39/-0.22 0.30/-0.23
A—B
* 1, * 1
Flack parameter 0.077(10) 0.32(3t)w(iie;cemlc 0.4763) “(racemic none none none none

twin)

[MnL1Cl,] crystallizes as well-formed colorless blocks in the non-centric space group
Cc with a single molecule in the asymmetric unit. This space group was confirmed by the
Flack parameter; the crystal structure determination was particularly good, with R = 1.33%
and wR(F?) = 3.20% for all observed data.

The four nitrogen atoms of the ligand all coordinate to the central Mn?* ion (Figure 1).

The coordination is completed by two chloride ions to give a rather distorted octahedral
geometry at the metal. There is some variation in the Mn-N bond lengths; N1-Mn1 and
N3-Mn1 are 2.2761(14) and 2.2935(13) A, respectively, while those nitrogen atoms joined by
the bridge form longer bonds: N2-Mn1 = 2.3255(14) A and N4-Mn1 = 2.3401(13) A. The
N-Mn-N bond angles for adjacent nitrogen atoms lie in the range of 72.80(5) to 77.18(5)°,
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but the Mn ion lies somewhat outside the pocket of the ligand such that the angle of
N1-Mn1-N3 is 142.60(5)°.

Table 2. Details of selected bond lengths and ang]es.

Structure M-N1/1§ M-N2/1§ N1-M-N3/°
M-N3/A M-N4/A N2-M-N4/°
2.2761(14) 2.3255(14) 142.60(5)
[Mn(L1)Cl] 2.2935(13) 2.3041(13) 73.49(5)
2.392(3) 2.302(3) 142.48(10)
[Mn(L3)Cl] 2.313(3) 2.314(3) 74.85(10)
2.320(3) 2.235(4) 146.15(12)
[Fe(L3)Cl] 2.257(3) 2.233(4) 77.20(11)
[Fe(L5)(OAC),] 2.3024(10) 2.2091(10) 148.84(4)
Ref: [50] 2.3024(9) 2.2228(11) 77.91(4)
Mn1: Mnl: Mnl:
2.3378(13) 2.2706(14) 144.69(5)
2.3242(14) 2.2981(13) 74.86(5)
[Mn(L9)Cl] Mn2: Mn2: Mn2:
2.3510(14) 2.3138(14) 143.88(5)
2.3786(15) 2.2873(14) 74.15(5)
2.4019(11) 2.3090(11) 143.56(4)
[Mn(L11)Cl, ] 2.3935(11) 2.2834(11) 74.09(4)
' 2.2705(15) 2.278(3) 148.85(7)
[Fe(L11)Cly] - 2MeCN 2.262(2) 2.169(3) 77.38(12)

Figure 1. Asymmetric unit of [MnL1Cl,] with atoms drawn as 50% probability ellipsoids.

In the solid state, there are hydrogen bonds (N1-H1---Cl2 and N3-H3---Cl1) between
adjacent molecules, which form hydrogen-bonded tapes that run parallel to the crystallo-
graphic c axis.

[MnL3Cl,] crystallizes in the chiral space group P2;2;2; with a single molecule in the
asymmetric unit. This space group was identified from the systematic absences and the
structure refined as a racemic twin with twin fractions 0.68 and 0.32(2). There was a very
good fit to the observed data, with R = 4.45% and wR(F?) = 7.51% for all data.

The coordination about the Mn2* ion is very similar to that in [MnL1Cl,]; the central
ion is coordinated by four nitrogen atoms from the ligand and two cis chlorides in a heavily
distorted octahedral arrangement (Figure 2). However, there is a change in the relative
lengths of the Mn-N bonds. In contrast to [MnL1Cl,], here, Mn1-N1 is 2.392(3) A and
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Mn1-N3 is 2.313(3) A, but Mn1-N2 and Mn1-N4 are 2.302(3) and 2.314(3) A, respectively.
It appears that addition of substituents to the non-bridged nitrogen atoms extends the
Mn-N bond lengths, presumably on steric grounds. It is notable that the methylene group
(C11) and the methyl group (C14) are aligned so that H:--Cl distances are approximately
3.1 A, which may signify an interaction. The bond lengths of C11-C12 and C12-C13 in the
allyl group are 1.507(5) and 1.316(5) A, respectively, confirming the allyl group has indeed
been added intact. C-H---Cl interactions are formed from the two bound chlorides to a
pair of hydrogen atoms attached to one side of the ethylene bridge of an adjacent molecule
related by a translation of a. This interaction is repeated to generate tapes of molecules that
run parallel to the crystallographic a axis. Between these tapes, there are further C-H---Cl
interactions that assemble the molecules into a dense hydrogen-bonded array.

Figure 2. Asymmetric unit of [MnL3Cl,] with atoms drawn as 50% probability ellipsoids.

[FeL3Cl,] adopts the same structure as [MnL3Cl,] in space group P2;2;2;. Each of the
two structures is close to being centrosymmetric but is not. The systematic absences do
not suggest any other space group, but some classes of data are systematically weak but
not absent. It is possible to derive a centrosymmetric model in Pnma in which the whole
molecule is disordered over a mirror plane. The fit is much poorer and there are a large
number of systematic absence violations that preclude a centrosymmetric model. The final
fit in P212¢2; is good, with R = 4.01% and wR(F?) = 9.30% for all data. The coordination
about the metal is very similar to the Mn analogue, with Fel-N1 and F1-N3 distances being
2.320(3) and 2.257(3) A, respectively. The bonds lengths from nitrogen atoms at the ethylene
bridge are 2.235(4) and 2.233(4) A. The Fel-N1 and Fel-N3 bonds subtend an angle of
146.15(12)° at the iron center.

We have previously reported the structure of [FeL5(OAc);] [50]. The coordination
about the metal is very similar, except that the two chlorides are replaced by a pair of
strictly mono-dentate acetate ligands. The iron to nitrogen bond lengths are 2.2091(10) and
2.2228(11) A for the nitrogens at the ethylene bridge. The Fe-N bond length for the nitrogen
atoms that have the benzyl substituents (N1 and N3) are 2.3024(10) and 2.3024(9) A (sic),
respectively. The Fe is slightly better contained within the pocket of the macrocycle so that
the N1-Fe-N3 bond angle is 148.84(4)°.

A crystal structure of the known mono-methylated, mono-benzylated cyclam-glyoxal
di-iodide [32] was obtained during the course of this work and is shown in Figure 3. The
X-ray scattering was rather weak even though the data were collected using synchrotron
radiation. However, the structure solves well in the centrosymmetric space group P2y /n
with a single molecule in the asymmetric unit. The positive charge of the two tetraalkylam-
monium centers is balanced by two iodide ions. There is good evidence for disorder in the
iodide positions and the single water molecule. In the solid state, the substituted cyclam
ions are arranged in layers parallel to the (1 0 —1) plane and oriented so that they generate
channels parallel to the crystallographic a direction. The water and iodide are found in
these channels, between layers of ions.
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Figure 3. Asymmetric unit of L8 precursor with minor disorder not shown. Atoms are represented
as 50% probability ellipsoids.

[MnL9Cl,] crystallizes in the centrosymmetric space group P-1 with two unique
molecules in the asymmetric unit (Z' = 2). Refinement of the model was straightforward,
and minor disorder in one of the pendant allyl groups was dealt with using normal methods.
The final fit was very good: R = 4.99% and wR(F?) = 6.45% for all data. Similar to the earlier
examples, the metal ion is found in a distorted octahedral coordination geometry with a
pair of cis chloride ions, as shown in Figure 4.

Qc
)H
@cL
@n

(N

Figure 4. Asymmetric unit of [MnL9Cl,] with minor disorder not shown. Atoms are represented as
50% probability ellipsoids.

There are small differences in the orientation of the ligands around the metal ions in
the two unique complexes, but the differences are not substantial. The familiar distorted
octahedral coordination is observed, and, as in other cases, the nitrogen atoms joined by
the ethylene bridge form shorter bonds to the metal than those bearing allyl substituents,
as shown in Table 2, although the bonds about Mn2 are longer than those about Mn1.

The two unique complexes in the asymmetric unit form a hydrogen-bonded dimer
through C-H---Cl interactions between bound chlorides of one complex and hydrogens
from the ethylene bridge of the other. One of these hydrogen bonds is bifurcated such
that the chloride is a hydrogen bond acceptor from two C-H groups. There is a further
single trifurcated C-H-:--Cl hydrogen bond between pairs of these dimers, which assembles
them into chains that run parallel to the (110) direction. Between these chains, additional
C-H---Cl interactions generate a hydrogen-bonded three-dimensional network.

The crystal structure of [MnL11Cl,] is centrosymmetric (space group P2;/c) but in
other respects is similar to the other complexes described above. Once again, the fit of
the model to observed data is excellent: R = 2.94% and wR(F?) = 6.16% for all data. The
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asymmetric unit contains a single Mn?* ion with four nitrogen atoms from the ligand bent
away from two cis chloride ions, as shown in Figure 5. Here, the nitrogen atoms of the
ethylene bridge (N2 and N4) are substantially closer to the metal than N1 and N3. Mn-N2
and Mn-N4 bonds are approximately 2.30 A, but those for N1 and N3 are elongated with
values at approximately 2.40 A (Table 2).

Figure 5. Asymmetric unit of [MnL11Cl,] with atoms represented as 50% probability ellipsoids.

In the solid state, extensive hydrogen bonding between bound chloride and C-H
groups produces hydrogen-bonded sheets in the xy plane. There are van der Waals interac-
tions between layers, and close approach of C-H to the benzyl substituent may give rise to
further weak C-H-- 7t interactions.

[FeL11Cl,] crystallizes with acetonitrile within the structure to give the formula of
[FeL11Cl,] - 2MeCN. The space group is Pnma (centrosymmetric), and the asymmetric unit
contains one half complex that is disordered over a mirror plane. This added significant
complication to the modeling of the observed electron density, but a satisfactory fit was
possible using standard methods of disorder modeling: R(F) = 3.72% and wR(F?) = 6.93%
(all data). The asymmetric unit is shown in Figure 6, and a representation of the whole
complex appears in Figure 7. The basic coordination about the Fe?* ion is similar to that
in the equivalent Mn?* example, but the M-N bonds are shorter, although the trend of
nitrogen atoms on the ethylene bridge having shorter bond lengths is preserved, as shown
in Table 2.

Qc
H
@c:
@re
o

Figure 6. Asymmetric unit of [FeL11Cl,] - 2MeCN with atoms represented as 50% probability
ellipsoids.
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Figure 7. Complete [FeL11Cl,] complex with atoms represented as 50% probability ellipsoids.

Focusing on the metrics about the metal centers of the L1 and L11 ligands (Table 2),
it is apparent that the addition of substituents to the ethylene-bridged cyclen changes
the coordination behavior of the ligand. [MnL1Cl,] contains the unsubstituted ethylene-
bridged cyclen, and the nitrogen atoms (N2 and N4) of the bridge are further from the
metal than the two NH donors (N1 and N3). The bite angle of the two bridge nitrogen
atoms is the smallest of these complexes described here. Adding substituents to N1 and N3
reverses the trend in bond lengths; in all of the other complexes, the mean bond lengths for
M-N1 and M-N3 are longer than those for M-N2 and M-N4.

A trend in the bond lengths and angles is observed for the Mn?* and Fe?* complexes
of ligands L3 and L11. For L3, the Fe-N bond lengths are ~2.5% shorter than for Mn-N.
Examination of equivalent M?* structures in the CCDC [51] reproduces this trend, namely
M-N bonds of the bridge are ~3.3% longer for Fe?*, while for the other nitrogen atoms
the bond lengths are 2.0% longer. Further, the ethylene bridge bite angle (N2-M-N4) is
significantly smaller for Min, while the N1-M-N3 angle is larger for Fe. The data in the
CCDC confirm this as well; the N2-M-N4 and N1-M-N3 bite angles are 3.8% and 2.9%
smaller for Mn?*, respectively. These changes signify that the Fe?* resides deeper into the
cavity of the macrocycle than Mn, presumably as a consequence of the smaller size of Fe?*.
Similar trends are observed for L11; Fe-N bond lengths are substantially shorter than those
of Mn-N. The bite angle of N2-M-N4 is larger for Fe (77.38(12)° vs. 74.09(4)° for Mn) and
the N1-Fe-N3 angle is 148.85(7)° for Fe (143.56(4)° for Mn).

2.3. Acid Decomplexation Studies

CuLCl, or [CuLCl][PF4] complexes of the novel ligands studied here were synthesized
whenever possible (pure L11 and L12 complexes could not be synthesized and were
excluded from this study). Decomplexation of such copper(Il) complexes of cross-bridged
tetraazamacrocycles under harsh conditions of strong acid and high temperature have
become a standard method for examining the kinetic stability imparted by the ligand on
metal complexes with these ligands [21-23,31,49,52-54]. Due to the proton sponge nature
of these highly basic tetraamines, potentiometric titrations of metal complexation reactions
in aqueous solution are generally not possible, as it is impossible to fully deprotonate
the ligands in water. It is therefore necessary to conduct the kinetic evaluation under
harsh acidic conditions (Table 3). Cu?* is generally used, as the complexes are highly
colored with only one d-d absorption band, which can easily be monitored using electronic
spectroscopy, allowing the pseudo-first-order kinetic analysis and half-life calculations
(see Experimental Section for details). Manganese(II) and iron(II) complexes themselves
lack strong d-d absorption bands, making it impossible to perform the same experiments
on them. Therefore, the copper(I) complex, with the constant being the Cu?* ion itself,
has been adopted as the standard used in order to compare the effect of each different
cross-bridged ligand on stability. This is an imperfect system, but it gives relative ligand
effects. It is not meant to imply that the Mn or Fe complexes would be as stable but to give
the relative effects of the differing ligand structures on kinetic stability.
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Table 3. Kinetic stability of [CuLCl,] and [CuLCI]PF4 complexes of ligands L1-L10 under harsh
acidic conditions.

Ligand Pseudo-First-Order Half-Life for Decomplexation of 1.000 mM Copper Complexes
30°C 30°C 50 °C 70 °C 90 °C
1M 5M 5M 5M 5M References
HCl HCl HCl HCl HCl

[ I j 36 min <1 min [55]

11 Me;Bcyclen

[ \L j 7.3 day 79 min [22,55]
v Me, EBC

[ I j <1 min [21]

\_1 HjBcyclen (L1)

Ll 540 h
E I ] 185d (This seork] 11.8 min [54]
W H;Bcyclam (L2)
[ I j 25 min This work
Mej Allyl; Beyclen (L3)
[:I:] 233h This work

U Me; Allyl;Bcyclam (L4)

I
@V[I] O 42h 7.8 min [33,56]
(I

Bn,Bcyclen (L5)

)
@V[I]AO 2.38h 23.4 min [33,56]

L Bn;Bcylam (L6)

I
[ I j\© 24.8 min This work
1

Me;BniBcyclen (L7)

M
[NINj\Q 15.05h 14h This work
/U Me;BniBcyclam (L8)
[ Iuj 51.7 min This work
[ Allyl,Bcyclen (L9)
[:\L:j 1.86 h 15 min This work

. Allyl,Bcyclam (L10)

Cross-bridged cyclen copper complexes are not particularly stabilized by the topo-
logical complexity and rigidity imparted by the ethylene cross-bridge [56]. The small
cavity does not allow for optimal complementarity between the small ligand and the
Cu?* cation [57]. Even though the cross-bridge does rigidify the ligand /complex, without
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good complementarity, the rigidity effects do not result in large kinetic stability gains.
The small cyclen macrocycle is rather rigid itself, with only ethylene chains and all five-
membered chelate rings in the complex. Adding the cross-bridge simply distorts the
pseudo-octahedral or square pyramidal structure, leading to minimal stabilization, if any
at all, over the unbridged complexes [56]. Even so, it is interesting to probe the pendant
arm effects on the stability of the copper complexes. Data were obtained, or were already
available, for all cyclen complexes at 30 °C in 1 M HCl, allowing for direct comparison.

The simplest ethylene cross-bridged cyclen HyBcyclen (L1) has a very short half-
life of less than one minute, even in 1 M HCI acid conditions and at 30 °C [21]. The
stability of the Cu?* complexes increases in the following ligand order upon addition of
substituents, making all tertiary nitrogen donors (Table 3) HyBcyclen (L1) < Bn;Me;Bcyclen
(L7)~Allyl;MeBcyclen (L3) < Me;Bcyclen < Allyl,Beyclen (L9) < BnyBceyclen (L5). The
trend(s) here are not completely transparent, but some comments can be made. It appears
that a single Me group combined with one larger substituent is not optimal for stability,
as L7 and L3 are only modestly stabilized. Two Me substituents (Me;Bcyclen) give more
stability, although the effect is not large. Finally, two larger allyl or Bn substituents on the
ligand (L9 and L5, respectively) impart even greater stability, with L5 exhibiting the highest
stability (4.2 h vs. 51.7 min).

Ethylene cross-bridged cyclam complexes are stabilized to a much greater extent by
the topological complexity and rigidity of the ethylene cross-bridge. The complementarity
match, (mostly a size effect) of the larger cyclam cavity for the Cu* ion allows stabilization
through the additional constraint factors [56]. As such, the Cu-Bcyclam complexes are
usually studied at higher acid concentration (5 M HCI) and at elevated temperature (50 °C,
70 °C, and 90 °C). For example, Cu(Me;Bcyclam)Cl* has a half-life of 79 min even at 90 °C
in 5 M HCl, conditions that quickly destroy the vast majority of transition metal complexes.
Data were obtained, or were already available, for all cyclam complexes at 50 °C in 5 M
HCI, allowing for direct comparison.

The stability of the Cu?* cyclam complexes increases in the following ligand order
(Table 3): Allyl,Bcyclam (L10) < Allyl; Me;Bcyclam (L4)~BnyBcyclam (L6) < HyBcyclam
(L2) < BnjMe Bcyclam (L8) < MezBcyclam. Interestingly, the bulkier substituents (Bn,
allyl) actually appear to destabilize the copper complexes with the cyclam ring size, rather
than stabilizing them as seen for the cyclen ligands. In fact, two of the three most stable
complexes, with L2 and Me;EBC, have either only hydrogen or methyl substituents. Of
the most stable cyclam complexes, L8, BnjMe;Bcyclam contains a single large Bn group.
Though only a hypothesis, the poor size match of the cyclen systems may gain stability
as large allyl and Bn groups block access by H* to the otherwise exposed (due to the
severely distorted octahedral geometry) Cu?*-N bonds that must protonate in order for
metal decomplexation to occur. On the other hand, the much better complementarity of
the cyclam systems leads to less distortion of the octahedral geometries. Here, the smaller
substituents (H, Me) distort the Cu?*-N bonds to a lesser extent, while the larger allyl and
Bn substituents may disrupt the complementarity to a greater extent, leading to faster
decomplexation. Regardless, what is observed is that the ethylene cross-bridged cyclam
complexes, in particular, are remarkably kinetically stable under harsh acidic conditions,
which would suggest oxidation catalysts (in the case of Fe and Mn) that should survive to
function for significant lengths of time during the proposed water purification processes.

2.4. Cyclic Voltammetry

Cyclic voltammetry studies on 1.000 mM solutions of the Fe and Mn complexes in
MeCN were carried out in order to correlate available reversible redox processes with their
reactivity (Figures S14-521). The results of these studies are presented in Table 4. Previous
work on the Fe and Mn complexes of cross-bridged tetraazamacrocycles is included and
has generally shown that higher oxidation catalyst reactivity is related to higher oxidation
potentials for reaching the higher oxidation states of these metals. Copper complexes were
not included in this cyclic voltammetry study, as they are not active oxidation catalysts.
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Table 4. Redox potentials (V) vs. SHE (0.00 V) and AV (mV) for 1.000 mM solutions of the Fe and Mn
complexes of L1-L12 in MeCN.

Eyp Eqj
Complex M2+3+ [v] MBHA+ [v] Reference
(AV [mV]) (AV [mV])
Fe(Me;Bcyclen)Cl, +0.036 (64) - [12]
Mn(Me;Bcyclen)Cl, +0.466 (70) +1.232 (102) [12]
Fe(Me;Bcyclam)Cl, +0.110(63) - [12]
Mn(Me;Bcyclam)Cl, +0.585 (61) 1.343 (65) [12]
[FeL1Cl,] -0.055(8%9 [13]
[MnL1Cl,] +0.389 (280) not accessible in DMF [13]
[FeL2Cl,] -0113(78) [13]
[MnL2Cl,] +0.239 (79) not accessible in DMF [13]
[FeL3Cl,] +0.094(82) - This work
[MnL3Cl,] +0.545 (71) +1.338 (86) This work
[FeL4Cl2] +0.165(9%6) - This work
[MnL4Cl,] +0.628 (59) +1.374 (83) This work
[FeL5Cl,] +0.071 (85 - [13]
[MnL5Cl, ] +0.400 (65) not accessible in DMF [13]
[FeL6Cl,] +0.157 (@85 [13]
[MnL6Cl,] +0.577 (72) not accessible in DMF [13]
[FeL7Cl,] +0.065(64) - This work
[MnL7Cl,] +0.550 (76) +1.355 (82) This work
[FeL8Cl,] +0.176 86) - This work
[MnL8Cl;] +0.609 (93) +1.404 (92) This work
[FeL9Cl;] +0.114(92) - This work
[MnL9Cl,] +0.572 (68) +1.385 (79) This work
[FeL10Cl, ] +0.194(5%9) - This work
[MnL10Cl,] +0.616 (72) +1.422 (83) This work
[FeL11Cl,] +0.130(78) - This work
[MnL11Cl,] +0.558 (72) +1.390 (73) This work
[FeL12Cl,] +0.196 (72 - This work
[MnL12Cl;] +0.619 (85) +1.433 (92) This work

The cyclic voltammetry data are useful in evaluating the oxidizing ability of the
higher-valent oxidation states of these catalysts with the reversibility generally desirable
for catalytic species. These ligands support Fe>*/3* ions and Mn?*/3+/4* jons with good
reversibility in acetonitrile (see ESI for CV curves). A few complexes, those of L1, L2, L5,
and L6, were only soluble in DMF, thus their data may have slight solvent effects and lack
the Mn3*/4* couple due to the limits of DMF solvent becoming oxidized itself. One trend
that is quite consistent is that the smaller cyclen complex in a cyclen/cyclam pair having
the same pendant arms is always easier to oxidize. This is likely a simple cavity size effect,
with the smaller cyclen ring selecting for the smaller M3* or M** cation and the larger
cyclam ring selecting for the larger, lower-valent metal ion. Only the unsubstituted L1 and
L2 show an inversion of this ring-size selectivity, which may be the result of less rigidity of
these ligands due to having two secondary nitrogen donors, while all other ligands have
all four nitrogen donors as more constrained tertiary nitrogen atoms.
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Substituent effects are observed, although they are relatively small. For the best
comparison, only those complexes examined in the same solvent (MeCN) are compared
directly. For Fe complexes, replacing one methyl group with one benzyl group results in an
increase in AE; /» of ~0.03-0.06 V. For example, Fe(Me;Bcyclam)Cl, and FeL8Cl, have E; /»
values of +0.110 V and +0.176 V, respectively. The change is a bit larger for Mn complexes,
where AE; /, of ~0.07-0.12 V is seen. For example, Mn(Me;Bcyclen)Cl, and MeL7Cl; have
E1/» Mn®*/4* values of +1.232 V and +1.355 V, respectively. Replacing successive methyl
groups with allyl groups for Fe complexes results in an increase in AE; /; of ~0.04-0.06 V
per allyl group. Fe(Me;Bcyclam)Cl,, FeL4Cly, and FeL10Cl, have E; /, values of +0.110 'V,
+0.165V, and +0.194 V, respectively. The change is again larger for Mn complexes, where
AEq 5 of ~0.06-0.12 V is seen. For example, Mn(Me;Bcyclen)Cly, MnL3Cl,, and MnL9Cl,
have E; ), Mn3*/4* values of +1.232 V, +1.338 V, and 1.385 V, respectively. These last two
series show that the substituent effects are cumulative.

Interestingly, the highest oxidation potentials are found in the mixed pendant arm
ligands L11 and L12. The maximum E; /, value for an Fe?*/3* couple in a cyclen-based
complex was found for FeL11Cl,, with +0.130 V. The maximum E; /, value for an Fe?+/3+
couple in a cyclam-based complex was found for FeL12Cl,, with +0.196 V. The maximum
E1 , value for an Mn®*/4* couple in a cyclen-based complex was found for MnL11Cl,, with
+1.390 V. This value is actually higher than the oxidation potential for the well-known
Mn(EBC)CI, catalyst (+1.343 V), showing that substituent choices can serve to replace
ring-size effects in order to modify oxidation potential. The maximum E; /, value for an
Mn3+/4+ couple in a cyclam-based complex was found for MnL12Cl,, with +1.433 V, a full
0.090 V higher than for the Mn(Me;Bcyclam)Cl, catalyst (+1.343 V). Di-allyl ligands L9
and L10 similarly raise the respective oxidation potentials of their Fe and Mn complexes,
though slightly less effectively than the Allyl;Bn; ligands L11 and L12 (see Table 4). The
main goal of adding these particular pendant arms was to investigate copolymerization
reactions that could incorporate these catalysts into water-insoluble polymers for eventual
use as heterogeneous water purification materials. However, increasing their oxidation
potentials might be predicted to lead to more reactivity as oxidation catalysts, which is
examined below.

Future electrochemical work will need to build off what has been learned: 1. the larger
cyclam ligands support higher oxidations states in general, leading to (see below) higher
oxidation catalysis reactivity and 2. pendant arm effects are minimal but maximized when
both an allyl and benzyl pendant arm are present in the same complex. As we continues
towards the goal of heterogeneous catalysts, we will need to discern if oxidation potentials
are changed when the complexes are fixed into copolymeric materials, as has been observed
previously [58,59]. Fortunately, many polymers are soluble in solvents such as DMF and
THF in which cyclic voltammetry can be carried out [60]. We will endeavor to track the
changes in cyclic voltammetry and how they track with oxidation efficiency for polymeric
compounds in future work.

2.5. Dye-Bleaching Studies

The goal of our overall project is to develop catalysts capable of efficient removal
of organic pollutants (contaminants of emerging concern, CEC) from wastewater via
oxidation catalysis. Eventually, we hope to develop catalysts such as those disclosed here
into heterogeneous catalytic materials via copolymerization using the allyl and benzyl
pendant arms as sites of copolymerization to incorporate the Fe and Mn cross-bridge
macrocycle complex cores into water-insoluble polymers for easy separation, or perhaps
as cartridge-filling material for contaminated water to be passed through with purified
water exiting the cartridge. In this work, we focus on screening a large number (24)
of new complexes to determine their homogeneous oxidation catalytic ability prior to
selecting lead compounds for copolymerization. We have selected three extensively used
dyes [1,7,9,10] (Scheme 4), methylene blue (MB), methyl orange (MO), and Rhodamine
B (RhB), as model organic pollutants for our degradation study using our metal-ligand
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oxidation catalysts (metal = Fe and Mn with L1-L12) (Figures S22-S33). The two cationic
dyes (MB and RhB) and the anionic dye (MO) have diverse functional groups including
NMe, ", -SO3~, -COOH, and =NEt,*. These oxidation catalysts were able to degrade all
three of the dyes in the presence of hydrogen peroxide (H,O;) as the terminal oxidant. In a
survey of many potential catalysts to identify lead compounds, it is not feasible to perform
the dye-bleaching experiments for all complexes at a wide range of pHs due to time and
resource constraints. We chose neutral pH 7 to conduct this screening study, as we knew
the complexes and dyes were stable at this pH and that most natural and municipal water
sources have pHs in the pH 6-8 range [61].

Methylene Blue Methyl Orange Rhodamine B
-Methemoglobinemia Drug -pH Indicator -Biomedical Staining

-Biological Dye, textile -textile, paper, printing, and food o -textile, paper, printing, and food

N < > \
/@i j@\ HBC\ //N
HsC @ CHj N N
~ ~
N S N /

S
\ \ al HsC
CHs CH,

Scheme 4. Dyes used in the dye-bleaching studies.

Table 5 illustrates the average TOF values of control substances and oxidation catalysts
for the degradation of methylene blue (MB), methyl orange (MO), and Rhodamine B (RhB).
The eight complexes in red stand out among the rest as having at least one significantly
higher-than-average TOF. Ranked order (1 being best) among these top eight catalysts are
given in parentheses following each TOF value. The fifth column provides an overall ranked
order based on an average rank order for the three dyes. For discussion purposes, the
highest redox potential observed, and the kinetic stability half-life of the copper analogue
(when available), are included in the table. Dye-bleaching plots, showing At/ A, vs. time
for all catalysts, can be found in the ESI, along with narrative observations for each ligand’s
Fe/Mn pair of complexes. Here, we will present a broader discussion of general trends and
observations about what factors lead to better dye bleaching.

Observation 1: Manganese catalysts generally outperform iron catalysts, which is
the case for ligands L3-L4, L6-L10, and L12. Ligands L5 and L11 gave similar activity
for both metals. Only iron catalysts with L1 and L2 gave clearly superior results. It
should be noted that L1 and L2 have two secondary nitrogen donors, which sterically
allows for dimerization to occur [13], forming LFe-O-FeL and LMn-(O),-Mn structures.
Dimerization is sterically prevented by all alkyl substitutions of these hydrogen atoms,
even methyl groups. It is likely that the Fe-O-Fe dimers are forming in the presence of
H,0,, as has been observed [13], and that these dimers are the active catalysts, as they have
one open coordination site per Fe to interact with the oxidant and substrate. Perhaps the
coordinatively saturated Mn dimers, lacking an open coordination site, are unable to act as
catalysts. All other ligands, having alkyl groups in place of these hydrogens, are prevented
from dimerizing [13], which allows the monomeric complexes to persist in solution and act
as the oxidation catalysts, where Mn is more efficient than Fe, as has been proposed for the
well-known MnMe;BcyclamCl; catalyst [12].
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Table 5. Turnover frequency (TOF) values, and other relevant parameters, for control and all 24 metal—-

complex catalysts for degradation of MB, MO, and RhB.

Catalyst Rank Half-Life of Cu?*
y
Average TOF  Average TOF  Average TOF Based on Highest R_edox Co.mplex I?I}der
P -1 1 1 Average Rank Potential Acid Conditions
or MB (h—1) forMO (h—1) forRhB (h1)
Catalyst Order for Top 8 Observed (Cyclen Complexes
(Rank among  (Rank among  (Rank among Catalysts for (Fe®*, Mn3*, or in1 M HC, 30 °C;
Top 8) Top 8) Top 8) All Three Dye Mn?t) Cyclam Complexes
TOFs in 5 M HC], 50 °C)
H,O, only 0.018 0.034 0.002
FeCl, only 0.111 0.926 0.055
MnCl, only 0.003 0.518 0.047
[FeL1Cl,] 0.54 1.33 0.31 —0.055V <1 min
[MnL1Cl,] 0.32 1.08 0.14 +0.389 V <1 min
3 (tie)
[FeL2CL] 1.21 (7) 31.35 (3) 3.62 (1) (Avg = 2,67 0113V 540h
[MnL2Cl,] 0.27 0.147 0.18 +0.239 V 540 h
[FeL3Cl,] 0.33 1.46 0.64 +0.94 V 25 min
6 .
[MnL3Cl,] 1.67 (5) 6.42 (8) 1.104 (7) (Avg = 6.67) +1.338 V 25 min
[FeL4Cl2] 0.35 1.26 0.63 +0.165V 2.33h
4
[MnLACL,] 2.03 (4) 16.26 (4) 1.05 (8) (Avg = 5.39) +1.374V 233h
[FeL5Cl,] 0.13 4.08 0.21 +0.071V 42h
[MnL5Cl,] 0.16 0.60 0.11 +0.400 V 42h
[FeL6Cl,] 0.45 3.41 0.62 +0.157 V 2.38 h
[MnL6Cl, ] 0.74 (8) 16.14 (5) 1.27 (5) ( ASVg‘_e)6) +0.577 V 238h
[FeL7Cl,] 0.13 0.083 0.13 +0.065 V 24.8 min
3 (tie) .
[MnL7Cl,] 2.64 (3) 832 (7) 2.34(2) (Avg = 2.67) +1.355 V 24.8 min
[FeL8Cl,] 0.57 2.82 1.54 +0.176 V 15.05h
[MnL8Cl,] 2.09 (3) 108.9 (1) 1.46 (4) (Avg 2= 2.67) +1.404 V 15.05h
[FeL9Cl,] 0.35 0.77 0.92 +0.114 V 51.7 min
[MnL9Cl,] 0.53 3.13 0.35 +1.385 V 51.7 min
[FeL10Cl,] 0.171 2.2 0.35 +0.194 V 1.86 h
[MnL10Cl,] 1.23 (6) 9.40 (6) 1.16 (6) ( :Vg‘f)& +1.422V 1.86h
[FeL11Cl,] 0.19 0.43 0.26 +0.130 V n/a
[MnL11Cl;] 0.18 0.86 0.15 +1.390 V n/a
[FeL12Cl,] 0.25 1.26 0.70 +0.196 V n/a
[MnL12Cl,] 5.87 (1) 36.49 (2) 1.61 (3) 1 (Avg = 2.0) +1.433V n/a

Observation 2: Cyclam-based ligands tend to produce more effective catalysts than

cyclen-based ligands. Six of the eight catalysts identified as superior (red in Table 5)
have cyclam ligands. Part of the reason may simply be stability, as we demonstrated
that cyclam ligands were clearly superior to cyclen ligands in kinetic stability under
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harsh acidic conditions. For reference, the last column of Table 5 shows the stability data
for the copper complexes with these ligands. Clearly, there is some loose correlation
between stability and catalytic efficiency. However, these dye-bleaching experiments
were performed at pH =7, so it is likely that acid-promoted ligand dissociation is not
a significant concern here. From structural information gleaned from a vast number of
crystal structures of ethylene cross-bridge tetraazamacrocycle complexes reported in the
Cambridge Structural Database (CSD) [51], the cyclam ligands provide a much better
complementarity match (size, geometry, and electronics matching between ligand and
metal) for first row transition metal ions. Therefore, the less distorted, and likely better
orbital-overlapped, M-N bonds may simply lead to more reactive, or more robust, catalysts
under these oxidizing conditions. Mn and Fe complexes in water with oxidizers such as
H,O, generally form insoluble oxides, a thermodynamic sink that leads to inactivation
of many aqueous catalysts. Such a mechanism is avoided here due to the cross-bridged
ligand stabilization of the complexes for both cyclam and cyclen complexes.

Observation 3: As demonstrated in the cyclic voltammetry experiments, higher oxi-
dation potentials for the Fe3* and Mn** species appear to lead to more efficient catalysis.
Most obviously, the Fe complexes cannot achieve the +4 state and the associated high oxi-
dation potential that this would require and are as such clearly inferior catalysts as a group.
Conversely, all of the Mn complexes that were examined in MeCN can reversibly obtain the
Mn** oxidation state and generally are more efficient catalysts. It is telling that the two top
catalysts (ranked by “average rank ordering” each dye TOF among the top eight identified
catalysts) are Mn**-obtaining catalysts with observed oxidation potentials above 1.4 V:
[MnL12Cl,] at +1.433 V and [MnL8Cl;] at 1.404 V. The other “top” Mn catalysts all achieve
the Mn** oxidation state at or above 1.338 V. Clearly, catalysts that can achieve higher
oxidation potentials are more active in the dye-bleaching tests we carried out. Interestingly,
[MnL10Cl;] ranks only “6”, even though its oxidation potential is 1.422 V. Thus, there are
more factors at play here, even though oxidation potential appears to be a primary selector
for high activity.

Observation 4: The three highest efficiency Mn catalysts all have a single benzyl
pendant arm and either an allyl or methyl second pendant arm. This combination seems to
provide the kinetic stability and oxidation potential for an efficient Mn catalyst. Perhaps
the benzyl’s hydrophobicity may also be important in allowing good interaction with the
organic substrate dyes, all of which contain multiple aromatic groups (Scheme 4). We
targeted benzyl pendant arms as possible copolymerization groups using Friedel-Crafts
polymerization [36] reactions and have begun to work towards producing such copoly-
mers containing these monomeric catalysts as potential heterogeneous water purification
materials.

Future work will need to build off the spectroscopic tracking of dye-bleaching work
and what has been learned, namely, that Mn cyclam complexes with high oxidation poten-
tials are the most efficient catalyst. We will need to begin to incorporate other substrates
besides dyes, which are straightforward to track spectroscopically but not the only type
of contaminant of emerging concern [62]. Antimicrobials and antibiotics are increasingly
concerning to health officials as contaminants in waste water [63,64] and will thus be future
substrates for our catalysts to be tested against. We will incorporate mass spectra tracking
of aliquots over time to help determine rate as well as to gain information on potential
mechanisms and products formed [65-67].

3. Experimental
3.1. General

All reagents and solvents were purchased from commercial sources and used as
received. All solvents were of reagent grade and anhydrous. Electrospray mass spectra
were recorded on a Shimadzu LCMS 2020 Electrospray Mass Spectrometer (Shimadzu,
Kyoto, Japan). NMR spectra were collected on a Varian Bruker AVANCE II 300 MHz NMR
Spectrometer instrument (Varian Bruker, Billerica, MA, USA). Electrochemical experiments
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were completed on a BAS100B Electrochemical Analyzer (BASi, West Lafayette, IN, USA)
at a scan rate of 200 mV /s under nitrogen atmosphere. A button Pt electrode, a Pt-wire
electrode, and a Ag-wire electrode were used as working electrode, counter electrode,
and pseudo-reference electrode, respectively. Acetonitrile solutions of the complexes
(1 mM) with tetrabutylammonium hexafluorophosphate (0.1 M) were used as a supporting
electrolyte. SHE using ferrocene (+0.400 V versus SHE) or acetylferrocene (+0.680 V versus
SHE) was used as an internal standard for the measurements.

3.2. Synthesis

Ligands L1 [45], L2 [45], L5 [45], L6 [45], L7 [33], and L8 [32] were synthesized by
literature procedures. MnL1Cl,, FeL1Cl,, MnL2Cl,, FeL2Cl,, MnL5Cl,, FeL5Cl,, MnL6Cl,,
FeL6Cl; [13], and FeL8Cl, [46] were prepared as previously published. Copper complexes
were used only for kinetic decomplexation studies, for which the copper complexes of L1,
L2, L5, and L6 have already been published (see references in Table 3). [CuL11Cl][PF]
and [CuL12Cl][PF¢] complexation never produced complexes with acceptable elemental
analyses and are therefore not included in this study.

3.2.1. Synthesis of Novel Ligands and Precursors

Synthesis of 3. A total of 15.606 g (0.0464 mol, 1 eq) of the mono-methylated cyclen-
glyoxal condensate 1 [47,48] was suspended in 400 mL of CH3CN in a 1 L RB flask. Then,
34.70 mL of allyl bromide (56.16 g, 0.464 mol, 10 eq) was added and the reaction was stop-
pered and stirred at room temperature for seven days. The product was filtered and washed
(several times) with CH3CN and ether and subsequently dried under vacuum, yielding
17.879 g (94%) of 3. Elemental Analysis (%): calc C14HsN4Brp * 0.9 HyO (426.41 g/mol): C
39.43, H 6.57, N 13.14; Found C 39.66, H 6.20, N 13.16. MS (ES) m/z = 125 (L-2Br~)*.

Synthesis of 4. A total of 9.935 g (0.0273 mol, 1 eq) of the mono-methylated cyclam-
glyoxal condensate 2 [48] was suspended in 625 mL of CH3CN in a 1 L RB flask. Then,
39.27 mL of allyl bromide (49.62 g, 0.410 mol, 15 eq) was added and the reaction was re-
fluxed for 14 days under a nitrogen atmosphere using a water condenser and heating mantle.
After the reaction was cooled to room temperature, the white solid product was filtered off
using a glass frit then washed with CH3CN and ether and dried under vacuum, yielding
11.058 g (92%) of 4. Elemental Analysis (%): calc C16H39N4Bry * 1.3 HyO (461.67 g/mol): C
41.63, H7.12, N 12.14; Found C 41.90, H 7.49, N 12.16. MS (ES) m/z = 139 (L-2Br~)?*.

Synthesis of L3. A total of 17.879 g (0.0436 mol, 1 eq) of 3 was stirred into 1500 mL
of 95% EtOH in a 2 L RB flask. Then, 16.494 g (0.436 mol, 10 eq) of NaBH, was slowly
added to the reaction at room temperature and stirred under a nitrogen atmosphere for
five days. Next, 6 M HCI was added slowly to the RB flask until the solution reached a
pH of 2. Ethanol was evaporated off using a rotary evaporator. Next, the product was
dissolved in 200 mL of 30% KOH solution and extracted with 5 x 175 mL fractions of
benzene using a separatory funnel. The benzene layer was collected and dried with sodium
sulfate overnight. The sodium sulfate was filtered off and the remaining solvent evaporated
to give a pale yellow oily product, which was dried under vacuum to yield 8.808 g (80%) of
L3. Elemental Analysis (%): calc C14H»gNy - 0.4 HyO (259.61 g/mol): C 64.77, H11.18, N
21.58; Found C 64.82, H 11.48, N 21.63. MS (ES) m/z = 253 (LH)*.

Synthesis of L4. A total of 11.653 g (0.0266 mol, 1 eq) of 4 was stirred into 860 mL
of 95% EtOH in a 2 L RB flask. Then, 10.059 g (0.266 mol, 10 eq) of NaBH, was slowly
added to the reaction at room temperature and stirred under nitrogen atmosphere for
five days. Next, 6 M HCI was added slowly to the RB flask until the solution reached a
pH of 2. Ethanol was evaporated off using a rotary evaporator. Next, the product was
dissolved in 200 mL of 30% KOH solution and extracted with 3 x 175 mL fractions of
benzene using a separatory funnel. The benzene layer was collected and dried with sodium
sulfate overnight. The sodium sulfate was filtered off and the remaining solvent evaporated
to give a pale yellow oily product, which was dried under vacuum to yield 4.132 g (55%) of
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L5. Elemental Analysis (%): calc C16H3pNy - 0.6 HyO (291.26 g/mol): C 65.98, H 11.49, N
19.24; Found C 65.87, H 11.35, N 19.30. MS (ES) m/z = 281 (LH)".

Synthesis of 7. A total of 10.200 g (0.0592 mol, 1 eq) of 5 [48] was added to a 500 mL
RB flask and dissolved in 100 mL of MeCN. Then, 71.384 g (50.99 mL, 0.592 mol, 10 eq) of
allyl bromide was added, and the reaction was stoppered and stirred for five days. The
white solid product was collected by filtration, washed with MeCN and ether, and dried
under vacuum to yield 20.200 g (78%) of 7. Elemental Analysis (%): calc Cy6HgN4Br
+0.5 HyO (445.24 g/mol): C 43.16, H 6.57, N 12.58; Found C 43.37, H 6.72, N 12.61. MS (ES)
m/z =139 (L-2Br)?*.

Synthesis of 8. A total of 7.214 g (0.0360 mol, 1 eq) of 6 [48] was added to a 500 mL RB
flask and dissolved in 100 mL of MeCN. Then, 39.201 g (28.00 mL, 0.360 mol, 10 eq) of allyl
bromide was added, and the reaction was stoppered and stirred for seven days. The white
solid product was collected by filtration, washed with MeCN and ether, and dried under
vacuum to yield 13.528 g (81%) of 7. Elemental Analysis (%): calc C1HgN4Br * 1.0 CH3CN.
0.75 H,O (518.85 g/mol): C 46.30, H7.09, N 13.50; Found C 46.52, H7.18, N 13.11. MS (ES)
m/z =152 (L-2Br)>*.

Synthesis of L9. A total of 20.201 g (0.0463 mol, 1 eq) of 7 was suspended in 1500 mL of
95% ethanol in a 2 L RB flask. Then, 17.515 g of sodium borohydride was slowly added to
it over 10 min, and the reaction was stirred under nitrogen for seven days. Next, 6 M HCl
was added to the reaction until the solution reached a pH of 2. The ethanol was evaporated,
and the white residue was then dissolved into 50 mL of DI H,O. Following this, 150 mL
of 30% KOH solution was added, and the pH of the solution reached 14. Extraction was
carried out with 4 x 100 mL fractions of benzene. The benzene layers were collected and
dried over Na;SOy4 overnight. After filtration of sodium sulfate, benzene was evaporated
to give the pale yellow oily product, which was dried under vacuum to yield 8.555 g (66%)
of L9. Elemental Analysis (%): calc C146H3oNy * 0.4 HyO (285.65 g/mol): C 67.28, H 10.87, N
19.61; Found C 67.03, H 10.69, N 19.90. MS (ES) m/z = 279 (LH)"*.

Synthesis of L10. A total of 13.50 g (0.0291 mol, 1 eq) of 8 was suspended in 1500 mL
of 95% EtOH in a 2 L RB flask. Then, 10.999 g (0.291 mol, 10 eq) of sodium borohydride
was added, and the reaction mixture was stirred under nitrogen atmosphere for five days.
Next, 6 M HCl solution was added until the pH reached 2. The ethanol was evaporated,
and the residual white solid was dissolved in 50 mL DI water followed by addition of
250 mL of 30% KOH solution. Extraction was carried out with 4 x 100 mL fractions of
benzene. The benzene layers were collected and dried over Na;SO4 overnight. After
filtration of sodium sulfate, benzene was evaporated to give the pale yellow oily product,
which was dried under vacuum to yield 5.124 g (57%) of L10. Elemental Analysis (%): calc
Cy8H34Ny (285.65 g/mol): C 70.54, H 11.18, N 18.28; Found C 70.50, H 11.64, N 18.38. MS
(ES) m/z =307 (LH)".

Synthesis of 11. A total of 22.065 g (0.0604 mol, 1 eq) of 9 [48] was suspended in
300 mL of acetonitrile. Then, 73.072 g (0.604 mol, 10 eq) of allyl bromide was added, and the
reaction was stoppered and stirred for three days. The white solid product was collected by
filtration, washed with MeCN and ether, and dried under vacuum to yield 24.301 g (83%)
of 9. Elemental Analysis (%): calc CooH39Ny4Br, * 2.0 HyO (522.33 g/mol): C 45.99, H 6.56,
N 10.73; Found C 45.85, H 6.39, N 10.72. MS (ES) m/z = 407 (L-Br)*; m/z =163 (L-2Br)".

Synthesis of 12. A total of 4.379 g (0.0111 mol, 1 eq) of 10 [48] was suspended in
50 mL of acetonitrile. Then, 13.429 g (0.111 mol, 10 eq) of allyl bromide was added, and the
reaction was stoppered and stirred for three days. The white solid product was collected
by filtration, washed with MeCN and ether, and dried under vacuum to yield 1.835 g (32%)
of 12. Elemental Analysis (%): calc CopH34N4Br; * 1.3 HyO (537.77 g/mol): C 45.14, H 6.86,
N 10.42; Found C 49.35, H 6.94, N 10.11. MS (ES) m/z = 433 (L-Br)*.

Synthesis of L11. A total of 14.591 g (0.0300 mol, 1 eq) of 11 was suspended in 1000 mL
of 95% ethanol in an RB flask. Then, 11.351 g (0.300 mol, 10 eq) of sodium borohydride
was slowly added to it over 10 min, and the reaction was stirred under nitrogen for nine
days. Next, 6 M HCl was added to the reaction until the solution reached a pH of 2.
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The ethanol was evaporated, and the white residue was then dissolved into 50 mL of DI
H,O. Following this, 200 mL of 30% KOH solution was added, and the pH of the solution
reached 14. Extraction was carried out with 5 x 175 mL fractions of benzene. The benzene
layers were collected and dried over Na;SO4 overnight. After filtration of sodium sulfate,
benzene was evaporated to give the pale yellow oily product, which was dried under
vacuum to yield 6.432 g (65%) of L11. Elemental Analysis (%): calc CooHzpNy - 0.1 CoHeg.
1.6 H,O (365.13 g/mol): C 67.76, H 9.88, N 15.34; Found C 67.61, H9.69, N 14.99. MS (ES)
m/z =329 (LH)*.

Synthesis of L12. A total of 9.243 g (0.0180 mol, 1 eq) of 12 was suspended in 1000 mL
of 95% ethanol in a 2 L RB flask. Then, 6.798 g (0.180 mol, 10 eq) of sodium borohydride
was slowly added to it over 10 min, and the reaction was stirred under nitrogen for eight
days. Next, 6 M HCI was added to the reaction until the solution reached a pH of 2. The
ethanol was evaporated, and the white residue was then dissolved into 50 mL of DI H,O.
Following this, 200 mL of 30% KOH solution was added, and the pH of the solution reached
14. Extraction was carried out with 5 x 175 mL fractions of benzene. The benzene layers
were collected and dried over NaySOy4 overnight. After filtration of sodium sulfate, benzene
was evaporated to give the pale yellow oily product, which was dried under vacuum to
yield 6.044 g (94%) of L12. Elemental Analysis (%): calc CopH36Ny4 * 1.2 H,O (378.17 g/mol):
C 69.87, H10.23, N 14.82; Found C 69.79, H 9.84, N 15.11. MS (ES) m/z = 357 (LH)".

3.2.2. Synthesis of Novel Metal Complexes
General Procedure for Complexation of CuCl,, MnCly, or FeCl,

In an inert atmosphere glove box, 0.001 mol of ligand and 0.001 mol of anhydrous
MCI, were stirred in 15 mL anhydrous aprotic solvent if M = Fe/Mn (either MeCN, DMF),
or MeOH of M = Cu, for 24 h. Products, blue (Cu), white (Mn), or light brown (Fe), may
precipitate and be filtered from the reaction solution (Fraction A) and be washed with
MeCN and allowed to air dry in the glovebox. Alternatively, products may remain soluble
in the reaction mixture (Fraction B). For “Fraction B” complexes, 200 mL of anhydrous
ether were added to the filtrate, which resulted in the precipitation of the product, which
was collected on a fine frit, washed with ether, allowed to dry while it was open to the
glovebox atmosphere, and then scraped from the frit with a spatula into a vial for storage.
For Cu, “Fraction C” complexes were necessary in some cases to achieve pure products:
the reaction mixture was removed from the glovebox, filtered to remove trace solids, and
evaporated to dryness. The residue was then dissolved in a minimum of methanol, and
a methanol solution of 5 eq of NH4PFg was added to precipitate the blue solid products,
which were filtered off, washed with methanol and ether, and dried under vacuum.

[CuL3Cl;]: MeCN. Fraction B. Yield: 0.213 g (55%). Elemental Analysis (%): calc
[Cu(C14HgNy)Cl] ~ 1.5 HyO (386.85 g/mol): C 40.63, H7.55, N 13.54; Found C 40.86, H
7.21,N 13.70. MS (ES) m/z = 352 (CuLCl)*.

MnL3Cly: MeCN. Fraction B. Yield: 0.172 g (45%). Elemental Analysis (%): calc
[Mn(C14H2gNy)Clp] + 0.8 HyO (392.66 g/mol): C 42.82, H7.60, N 14.27; Found C 42.82, H
7.44, N 14.39. MS (ES) m/z = 342 (MnLCl)*.

FeL3Cly: MeCN. Fraction B. Yield: 0.157 g (41%). Elemental Analysis (%): calc
[Fe(C14H2gNy4)Clo] - 0.3 HyO (384.55 g/mol): C 43.73, H 7.50, N 14.57; Found C 43.63, H
7.58, N 14.55. MS (ES) m/z = 343 (FeLCl)*.

[CuL4Cl][PFg]: MeCN. Fraction C. Yield: 0.286 g (49%). Elemental Analysis (%): calc
[Cu(C16H32N4)C10‘5][PF6]1.5 (579.18 g/mol): C 33.18, H 5.57, N 9.67,‘ Found C 33.15, H 5.62,
N 9.65. MS (ES) m/z = 379 (CuLCl)*.

MnL4Cly: MeCN. Fraction B. Yield: 0.185 g (45%). Elemental Analysis (%): calc
[Mn(Cy6H3yN4)Clp] - 1.0 H,O (424.31 g/mol): C 45.29, H 8.08, N 13.20; Found C 45.18, H
8.00, N 13.37. MS (ES) m/z = 370 (MnLCl)*.

FeL4Cly: MeCN. Fraction B. Yield: 0.163 g (40%). Elemental Analysis (%): calc
[Fe(C16H3N4)Cly] - 1.5 H,O (424.31 g/mol): C 44.26, H 8.12, N 12.90; Found C 43.87, H
7.66, N 13.27. MS (ES) m/z = 371 (FeLCl)".
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[CuL7Cl][PFg]: MeOH. Fraction B. Yield: 0.289 g (79%). Elemental Analysis (%): calc
[Cu(Cy8H39Ny)Cl] [PFg] » 2.5 H,O (481.95 g/mol): C 44.86, H 7.32, N 11.63; Found C 44.51,
H 7.26, N 11.89. MS (ES) m/z = 400 (CuLCl)*.

MnL7Cly: DME. Fraction A. Yield: 0.295 g (69%). Elemental Analysis (%): calc
[Mn(CygH39N4)Clp] (428.30 g/mol): C 50.48, H 7.06, N 13.08; Found C 50.38, H 7.24,
N 12.92. MS (ES) m/z = 393 (MnLCl)*.

FeL7Cly: DMEF. Fraction A. Yield: 0.308 g (72%). Elemental Analysis (%): calc
[Mn(C18H30N4)Clp] - 1.0 DME. 1.0 H,O (511.31 g/mol): C 49.33, H 7.49, N 13.70; Found C
49.41,H7.66, N 13.53. MS (ES) m/z = 394 (FeLCl)*.

[CuL8CI]PFs: MeOH. Fraction C. Yield: 0.523g (84%). Elemental Analysis (%): calc
[Cu(CpoH34N4)CI][PFg] - 0.3 NH4PF¢ (623.38 g/mol): C 38.54, H 5.69, N 9.66; Found C
38.22, H5.75, N 9.72. MS (ES) m/z = 428 (CuLCl)".

[CuL9CI]PF¢s: MeOH. Fraction C. Yield: 0.169 g (31%). Elemental Analysis (%): calc
[Cu(C16H3poN4)Cl][PF] - 1.0 H,O (540.41 g/mol): C 35.56, H 5.97, N 10.37; Found C 35.67,
H 5.84, N 10.57. MS (ES) m/z = 376 (CuLCl)*.

MnL9Cly: MeCN. Fraction B. Yield: 0.238 g (59%). Elemental Analysis (%): calc
[Mn(Cy6H39N4)Clp] * 0.5 H,O (413.29 g/mol): C 46.50, H 7.56, N 13.56; Found C 46.73, H
7.69, N 13.85. MS (ES) m/z = 369 (MnLCl)*.

FeL9Cly: MeCN. Fraction B. Yield: 0.188 g (46%). Elemental Analysis (%): calc
[Fe(Ci6H30N4)Clp] - 0.5 HO (414.19 g/mol): C 46.40, H 7.54, N 13.53; Found C 46.33, H
7.63, N 13.58. MS (ES) m/z = 370 (FeLCl)*.

[CuL10CI][PF4]: MeOH. Fraction C. Yield: 0.226 g (41%). Elemental Analysis (%): calc
[Cu(C18H34N4)ClI][PF4] - 1.5 H,O (540.41 g/mol): C 37.44, H 6.46, N 9.70; Found C 37.52, H
6.11, N 9.43. MS (ES) m/z = 404 (CuLCl)*.

MnL10Cly: MeCN. Fraction B. Yield: 0.217 g (50%). Elemental Analysis (%): calc
[Mn(C15H34N4)Cl,] - 1.0 H,O (450.35 g/mol): C 48.01, H 8.06, N 12.44; Found C 48.30, H
8.31, N 12.45. MS (ES) m/z = 397 (MnLCl)*.

FeL10Cly: MeCN. Fraction B. Yield: 0.195 g (45%). Elemental Analysis (%): calc
[Fe(C1gH34N4)Cl,] - 1.5 HyO (460.26 g/mol): C 46.97, H 8.10, N 12.17; Found C 46.93, H
7.98, N 12.06. MS (ES) m/z = 398 (FeLCl)*.

MnL11Cly: MeCN. Fraction B. Yield: 0.253 g (56%). Elemental Analysis (%): calc
[Mn(CyoH3,N4)Clp] - 0.5 HyO (424.31 g/mol): C 51.84, H7.18, N 12.09; Found C 51.59, H
7.19,N 11.94. MS (ES) m/z = 419 (MnLCl)".

FeL11Cly: MeCN. Fraction B. Yield: 0.386 g (85%). Elemental Analysis (%): calc
[Fe(CpoH32Ny4)Clp] + 3.5 HyO (518.30 g/mol): C 46.35, H7.58, N 10.81; Found C 46.64, H
7.24, N 10.50. MS (ES) m/z = 420 (FeLCl)*.

MnL12Cly: MeCN. Fraction A. Yield: 0.147 g (30%). Elemental Analysis (%): calc
[Mn(CpH36Ny)Clp] - 0.3 HyO (487.80 g/mol): C 54.17, H 7.56, N 11.49; Found C 54.02, H
7.55, N 11.50. MS (ES) m/z = 446 (MnLCl)*.

FeL12Cly: MeCN. Fraction A. Yield: 0.162 g (34%). Elemental Analysis (%): calc
[Fe(CppH36N4)Clp] - 0.6 HyO (494.11 g/mol): C 53.48, H 7.59, N 11.34; Found C 53.21, H
7.55, N 11.35. MS (ES) m/z = 447 (FeLCl)*.

3.3. Characterization
3.3.1. Acid Decomplexation Studies

This experiment is a typical technique for comparing the kinetic stability of new cross-
bridged ligands [21-23,31,49,52-54]. The d-d absorption band (generally near 600 nm)
of the respective copper complexes (1 mM concentration) was studied on a Shimadzu
UV-3600 spectrophotometer (Shimadzu, Kyoto, Japan) in the presence of acidic solutions of
varying concentration. The decomposition behaviors of the different copper complexes in
acidic conditions were monitored at increasing temperatures until they decomposed (in a
matter of hours/days). As the absorption decreased over time, appearance of an isosbestic
point on each spectrum confirmed the presence of a single decomposition product, likely
CuCly(aq)- The decomposition of copper complexes followed pseudo-first-order kinetics.
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The half-lives of the respective complexes were calculated from the plot of In absorbance
(absorbance at maxima of the spectra) vs. time.

3.3.2. X-ray Crystallography Studies

The crystal structure data for all of the metal complexes were collected using a Bruker
diffractometer employing Mo Ko radiation (A = 0.71073 A), a TRIUMPH curved-graphite
monochromator, and either an APEX-II or PHOTON-II detector. Data were corrected for
the effects of absorption using a multi-scan method within SADABS. The sample was held
at 120 K in an Oxford Cryosystems nitrogen gas cryostream.

L8 precursor: Data were collected through the SCrALS (Service Crystallography at
the Advanced Light Source) program at Beamline 11.3.1 at the Advanced Light Source
(ALS), Lawrence Berkeley National Laboratory. The instrument employed is based on a
commercial Bruker diffractometer with a PHOTON 100 detector and an operating wave-
length of 0.7749 A. The data were corrected for the effects of beam decay and absorption
using SADABS. The sample was held at 150 K in an Oxford Cryosystems nitrogen gas
cryostream.

CCDC-2268469-2268475 contain the supplementary crystallographic data (Tables S1-552)
for this paper. These data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

3.4. Dye-Bleaching Studies

All of the dye-decolorization studies were performed in water at pH 7, following
the procedure of Yin et al. [68]. The three dyes, methylene blue (MB), methylene orange
(MO), and Rhodamine B (RhB), had concentrations of 3.35 mM, 3.83 mM, and 2.60 mM,
respectively, whereas the metal complex stock solutions had a 1.00 mM concentration. For
each experiment, 10.00 mL of dye solution was added to 10.00 mL of metal complex stock
solution. pH was kept neutral with the usage of either 0.100 M HCl or 0.100 M NaOH.
Further, water was added to each set to adjust the volume up to 25 mL. Accordingly, the
final concentrations of the metal complex and three dyes, namely, MB, MO, and RhB,
were calculated to be 0.40 mM, 1.34 mM, 1.53 mM, and 1.04 mM, respectively. For these
studies, 0.25 mL of 30% H,O, was added to each set to trigger the dye-bleaching process.
To monitor the progress of the reaction, 1 mL reaction mixture aliquots were taken out at
certain time intervals. After removal, each aliquot set was diluted to 100 mL with water
in order to quench the bleaching reaction. Next, absorbance spectra were recorded, and
the absorbance maxima values at 664 nm, 465 nm and 553 nm were monitored for reaction
mixture containing MB, MO, and, RhB, respectively. Time zero was defined as the time of
H,0O, addition. Further, the absorbance was monitored at 5, 10, 20, 30, 60, 120, 180, 240,
300 min, or more (until the dye reached ~10% of its actual absorbance). For each set, at least
two trials were performed, and all the absorbance values reported are an average value of
the trials.

4. Conclusions

Potentially copolymerizable allyl and benzyl pendant-armed ethylene cross-bridged
tetraazamacrocycles were synthesized, and twenty of their novel Mn, Fe, and Cu complexes
were produced and characterized. Two cis coordination cites are available for interaction
with substrate and oxidant due to the cis-folded pseudo-octahedral geometry forced by the
rigidifying ethylene cross-bridge, as demonstrated by multiple X-ray crystal structures. The
cyclam-based ligands, in particular, provide superior stabilization with half-lives of the Cu
complexes of many minutes or even hours in 5 M HCl at 50-90 °C, as determined by kinetic
stability experiments under harsh acidic and high-temperature conditions. Reversible
redox processes indicated stabilization of Fe?* /Fe** and Mn?*/Mn**/Mn*" oxidation
states, supporting the likelihood of catalytic oxidation for these complexes. Finally, Mn
cross-bridged cyclam complexes with at least one benzyl pendant arm performed best in
dye-bleaching experiments with methylene blue, methyl orange, and rhodamine B. Future
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work will include selection of the most successful monomeric catalysts for copolymerization
to produce future heterogeneous water purification materials.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules28186466/s1. Figures S1-S12: 'H and '*C NMR spectra
for novel organic compounds. Figure S13: Example of kinetic decomplexation plot to determine
ty /o for copper complexes. Figures S14-521: Cyclic voltammograms for novel Mn and Fe complexes.
Figures 522-S33: Dye bleaching plots of catalyst, HyO,, and dye (MB, MO, RhB). Tables 51-552:
Crystallographic details for all new structures [69-71].
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Abstract: Access to and the use of irrigation water of adequate quality and targeted nutrient sup-
plementation have become more widespread in recent years. Both crop quality and the irrigation
system lifetime are affected by the quality of the water used for irrigation. Micro-irrigation (e.g., drip
and sprinkle) is becoming increasingly common alongside the more typical irrigation methods, but it
requires expertise and pre-treatment to ensure a proper water supply. The most significant problem
is clogging, which can greatly reduce irrigation efficiency. Treatment for irrigation purposes mainly
depends on the contaminants that are present in the water. The main treatment options available are
biological, electromagnetic and electrostatic treatments, but these have a wide range of effectiveness
levels compared to membrane separation technologies. In addition, adsorption treatments are also
available, which, depending on the adsorbent used, can greatly improve the pre-treatment of irri-
gation water. This work provides an overview of adsorbents suitable for the treatment of irrigation
water and their effectiveness. The separation of interfering components via adsorption is effective
and promising for future application as the expected irrigation demands increase.

Keywords: irrigation; water treatment; adsorbents; circular economy

1. Introduction
1.1. The Role of Climate Change in the Necessity of Irrigation

One of the regional consequences of climate change is that weather extremes are
becoming more frequent [1], so our water management needs to be reconsidered. The
main problem in itself is not that the annual amount of precipitation decreases, but that
the precipitation does not arrive evenly [2] and summer drought periods become more
frequent [3]. Climate change and the consequent increasing dryness, forest fires, the
lowering of the ground water level and the beginning of soil erosion all contribute to the
process of desertification, but many factors directly related to humans are also to blame [4].
Industry and agriculture are primarily responsible for water consumption. The latter
accounts for about half of the total water consumption [5]. To the best of our ability, we
must do everything we can to prevent and reduce the damage caused by drought, so that
we can supply water at the right time and in the right amount. Water supply plays a key
role in the conditions for competitive agriculture, and the efficient use of irrigation water
of adequate quality can be a key element of this supply.

1.2. The Role of Irrigation Systems

One of the biggest challenges of the 21st century is determining how to provide
enough clean water for everyone (agriculture, industry and the entire living world) and
not just the population [6]. Irrigation is the artificial application of water to the surface of
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the soil and then to deeper layers, using a variety of specialized equipment (e.g., pipes,
pumps and sprinkler, dripping systems). Irregular rainfall distribution and drought make
irrigation necessary in certain areas. A wide range of irrigation systems are available to
distribute water evenly over the surface to be irrigated. The water used for irrigation
may originate from ground water, spring water, well water, surface water, rivers, lakes,
reservoirs, or even treated wastewater or desalinated water [7]. The use of irrigation and
targeted nutrient supply in quality and intensive vegetable and fruit cultivation has been
spreading more and more in recent years [8]. The quality of the crops, their aesthetic
appearance and the life of the irrigation system are both influenced by the quality of
the water used for irrigation [9]. There are many options available for irrigation water
treatment. Biological treatment methods could be promising for organic and heavy metal
compounds; however, they require precise operation and control. For salt removal, many
studies have reported electromagnetic and electrostatic treatment as fast and quite easier
treatment methods; however, the efficiency of these techniques could be lower since they
are a pressure-driven membrane separation process. The use of adsorbents can be a good
way to remove certain undesirable components of irrigation water. Two large groups of
adsorbents are known: conventional and non-conventional adsorbents, which can achieve
different efficiencies in water purification. Conventional adsorbents generally have a higher
adsorption capacity compared to non-traditional adsorbents, which are readily available
and therefore inexpensive, but have a lower adsorption capacity.

2. Overview of the Requirements for Irrigation Water
2.1. Legal Requirements

Nowadays, it is no longer enough to provide the physical conditions for irrigation;
there are also an increasing number of legal requirements to be met. As environmental
requirements are becoming more stringent due to the increasing value of clean water,
no water-based activities can escape the scrutiny of the legal regulatory regime. In the
following, the most important aspects and principles will be summarized; these may
influence professional conclusions.

The regulatory background for irrigation covers a wide range of legislation, depending
on the source, quality and agricultural area of the irrigation water.

In Hungary, the concept of water management and the related responsibilities serves
to comply with the relevant EU and national legislation, i.e., it includes compliance with
the requirements of Directive 91/271/EEC [10] on urban wastewater treatment, Direc-
tive 98/83/EC [11] on the quality of water intended for human consumption, the Water
Framework Directive, Act LIII of 1995 [12] on the protection of the environment, Act LIII
of 1996 [13] on the protection of nature, Act CLXXXV of 2012 [14] on waste, and Directive
2007/60/EC [15] on water damage.

The European Union Directive 2000/60/EC [16] is the most important and community-
wide guideline for the protection of the good quality of the water bodies covered by
the community.

The EU’s Water Framework Directive (WFD) aims to achieve and maintain the good
status of surface, coastal, transitional and groundwater, thereby contributing to the protec-
tion of ecosystems. An important objective of the Directive is to prevent the pollution of
waters, and it sets limits on anthropogenic emissions. The measures taken to achieve and
maintain the objectives set out in the WFD are summarized in the river basin management
plan at a national level.

Decree 90/2008 (18 July 2008) [17] of the Ministry of Agriculture and Rural Devel-
opment stipulates that a soil protection plan must be drawn up for, inter alia, irrigation
for agricultural purposes, on the basis of which the justification for the measure must be
presented and a proposal for protection against erosion must be made after soil sampling
in an accredited laboratory.

The suitability of irrigation water should also be assessed in terms of abstraction. The re-
quirements for the suitability of irrigation water are set out in the standard MSZ-10-640:1989 [18].
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In response to the challenges of climate change, to improve the competitiveness
and adaptability of agriculture, to promote the wider use of irrigated agriculture and to
establish irrigation communities, the National Assembly has enacted Act CXIII of 2019 [19]
on Irrigation Agriculture. According to the law, “In order to carry out irrigation farming,
the holder of the water right of the water facility is entitled to an irrigation easement,
under which the owner or user of the property served must tolerate the establishment and
operation of a linear water facility for irrigation on his property by the farmer carrying
out irrigation farming, to carry out the necessary water works for the purpose of irrigation
for the continuation of his agricultural activity, and to transfer the irrigation equipment,
provided that it does not preclude the proper use of the property”.

It can be seen from the above that the Government is seeking to promote the competi-
tiveness of agriculture and the protection of land and water through the appropriate use
and quality of the land, in accordance with the objectives of the European Union. More
modern, but more expensive irrigation technologies, can achieve the more sustainable use
of water. These aspects will become increasingly important in the future.

2.2. What Water Sources Can We Work with?

The most common sources of water available for cultivation are surface water (wa-
ter from lakes, canals, possibly rivers) and underground water [20]. For subsurface waters,
we must separate groundwater and aquifers from a quality point of view. Groundwater
is the water of the first water-tight layer, and water bodies shallower than 20 m (dug and
drilled wells). Aquifers are located in layers deeper than 20 m, depending on the geological
and hydrological conditions. These waters may only be extracted with pre-planned and
authorized wells. The professional basis for this is to protect it from possible pollution from
the surface, since it is our most valuable, cleanest, long-term water reserve [21].

From the perspective of producers and water users, the quality assessment of the three
types of water is quite different. The differences are to be found in the constancy of the
composition and the effects of environmental pollutants. Surface waters are constantly ex-
posed to quality-affecting influences: inflows, water withdrawals, precipitation, washing in,
dilution, and concentration, which constantly modify the composition. When using surface
water for horticulture, constant caution is a good idea; at the very least, we should measure
the salinity (EC) on a weekly basis, which draws our attention to major changes. Regarding
groundwater wells, we can say that their waters can only be recommended for horticultural
crops with greater compromises, because they can contain not only a significant amount of
nutrients, but also harmful substances accumulated to a toxic level [22].

2.3. Quality Requirements of Irrigation Water

The quality of irrigation water varies from country to country. For irrigation, natural
water quality would be the most suitable; however, we cannot usually ensure rainwater
quality from the available water sources. Therefore, in addition to the positive effects,
irrigation can also have negative effects (Table 1), which are partly due to the water
quality [23].

Table 1. The positive and negative effects of irrigation [23].

Positive Effects Negative Effects
better plant water supply structural damage
increased nutrient access deterioration of topsoil water management
increased nutrient intake possible leaching of nutrients
leaching of harmful salts salinization

in case of overwatering reduction, rise in

. . . fati /
protection against erosion and deflation groundwater level, waterlogging

The quality of irrigation water refers to the range of properties of the water to be used
that affect the soil, the life processes of the plant and the technology of water distribution.
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Therefore, when determining the quality indicators of irrigation water, it is advisable
to examine the triple interaction of water—soil-plant [7,24]. Methods for ensuring water
quality have developed continuously and basically set certain limit values based on two
aspects, namely the effects on the soil-plant combination and the effects on the operation
of irrigation equipment. The first group basically includes chemical parameters, and the
second group includes physical, chemical and biological parameters [25].

Among the chemical requirements, the most important characteristics are as follows:
salinity,

indicators expressing the effect of hydrocarbons and carbonates,

the amount of sodium ions compared to calcium-magnesium ions,

the relative ratio of magnesium,

electrical conductivity,

chloride, iron and manganese content [26].

23.1. pH

Changes in the pH of the water during cultivation will affect the quality of the plants.
A low pH inhibits the absorption of vital nutrients such as calcium, potassium, magnesium
and molybdenum [27]. At the same time, a low pH increases toxicity because some trace
elements are absorbed too easily [28]. At too high a pH, other substances such as phosphates
and other important trace elements become unavailable to the plant [29].

2.3.2. Salinity

The sodium adsorption ratio (SAR) is the most important characteristic. It means a
value representing the relative amount of sodium ions to the combined amount of calcium
and magnesium ions in water using the following formula: SAR = [Na]/(([Ca] + [Mg])/ 2)1/2)
where all concentrations are expressed as milliequivalents of charge per liter [30]. Salinity is
generally dangerous for the soil, but it can also be harmful to plants. Salinity is expressed by
the amount of salt dissolved in a volume unit (g/L) or by the specific electrical conductivity
(EC) of the solution. When establishing the limit values, the primary consideration is that
the irrigation water should not cause a level of salt accumulation in the soil that could be
harmful. Therefore, it is not possible to establish a general rule regarding this, because
it depends on many properties (e.g., water permeability, rainfall, irrigation method, salt
tolerance of the plant [31]. It is generally accepted that if the salt content of the irrigation
water is less than 500 mg/L (EC < 0.78 mS/cm), then the salt pool of the irrigated soil
usually does not increase significantly [32].

As a result of certain environmental changes (e.g., concentration, dilution, increase
in pH), some of the Ca and Mg ions precipitate out of waters with a high carbonate-
hydrocarbonate content [33], thus increasing the proportion of Na ions in the solution, and
thereby making the water salinizing [31].

2.3.3. The Amount of Sodium Ions Compared to Calcium-Magnesium Ions

Various parameters have been proposed to estimate the amount of carbonate and
hydrocarbonate ions and their expected chemical interactions, e.g., phenolphthalein al-
kalinity, soda equivalent, saturation index, effective Ca and Mg concentration, relative
hydrocarbonate and carbonate ratio [34,35]. The principle of certification in this area is
that high-quality irrigation water must not contain free soda at all and must not show
phenolphthalein alkalinity [36].

In terms of the cation composition of the irrigation water, a low sodium level is
favorable [37]. However, in terms of the salinizing effect of water, the most important thing
is not the absolute amount of Na-ions, but their proportion compared to other cations [38].
Sodium is a natural component and enters the water through the dissolution of minerals,
but it can also be of municipal origin. It is the biggest problem in soil cultivation, where it
has a harmful soil-destroying and salinizing effect; this is because it replaces other cations
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(e.g., calcium ion) on soil colloids and thus significantly changes the structure, functioning,
nutrient and water management characteristics of the soil [39].

2.3.4. Manganese Content

A significant amount of magnesium ions from irrigation water with a high magnesium
content can bind to soil colloids, which adversely affects the physical and water manage-
ment properties of the soil. Therefore, it is advisable to take the Mg/(Ca + Mg) ratio or its
percentage into account when classifying water [34,40].

3. Physical Structure of Irrigation Systems and the Arising Problems

For the irrigation of different crops, there are different watering options, ranging
from methods that have been used for decades to modern precision options that are more
efficient. Agriculture is the largest water-consuming sector, and therefore the focus of
attention when water management is an important point of discussion. This sector has
recently been confronted with trends in water supply restrictions, making the efficient
use of optimized water resources through the use of multiple irrigation systems essential.
Compared to conventional irrigation methods, drip irrigation systems provide frequent
and efficient water supply and also control the amount of water used. Therefore, the impact
of different irrigation systems should be studied to find the best option for each case [41].

3.1. Surface Irrigation Systems

The most common irrigation method is surface irrigation, which is mainly used for
crops covering large areas [42]. This type of irrigation works via gravity, using pre-dug
trenches without the need for a pump. The most commonly used surface irrigation systems
are border and furrow irrigations. The latter is more commonly used for the water supply
of row crops and orchards; however, it is more demanding and, due to the technology,
results in more losses and lower efficiency in water use. This method has different design,
management factors and elements that have been thoroughly analyzed [43]. Furrow
irrigation is the oldest and most widely used irrigation system. Pressure irrigation methods
remain less popular due to their high energy costs and the use of automation [44]. Some
researchers have made comparisons between different irrigation systems in the Jaizan
Plain based on soil and land characteristics. The results showed that drip and sprinkler
irrigation methods are more efficient and effective than conventional surface techniques,
where drainage is the most limiting factor. The research concludes that due to the rapid
decrease in and shortage of water resources, current gravity irrigation methods need to be
replaced by modern (drip and sprinkler) technologies as soon as possible [45].

3.1.1. Sprinkler Irrigation

The method of using sprinkler irrigation is similar to natural rainfall. Water is deliv-
ered through a pressurized system to the pipes that release it. Eventually, sprinklers will
spray it into the air, where droplets are fragmented, and fall to the ground. The pump-fed
system should be designed so that each sprinkler distributes an equal amount of water [46].

The micro sprinkler technology operates at low pressure and can be used in areas in
which drip irrigation is not recommended or is not efficient enough to keep the plant foliage
constantly moist, or in which overhead irrigation would be required. Micro sprinklers
are categorized according to several aspects, such as flow rate, wetted diameter and the
method of spraying, such as producing a mist or a spray [47].

Sprinkler irrigation is preferred over subsurface drip irrigation for cotton production,
but this technique is not widespread due to climatic conditions and salt accumulation [48].
Some studies compare drip and sprinkler irrigation and show that for some crops, such
as grapes, sprinkler irrigation results in a greater root surface area as you move away
from the trunk [49]. The study in the Jaizan Plain also showed that drip and sprinkler
irrigation is more effective than conventional surface irrigation. The major limiting factor
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was found to be the gravel soil structure, drainage and calcium carbonate when using
sprinkler irrigation [45].

3.1.2. Drip Irrigation

Drip irrigation (also known as trickle irrigation) is a very slow dripping technique
(2-20 L per hour) using a small-diameter plastic system of tiny emitters placed on the
outside of the pipe, which are called drippers. The water is discharged close to the plant
so only the soil near the root is wetted, instead of the whole soil profile, like in the case of
surface irrigation and sprinkler irrigation. With drip irrigation, treatment is much more
frequent (usually every 1-3 days) than other techniques; therefore, it provides a more
favorable moisture level for the plants [50]. Under-foil drip irrigation is a complex water-
efficient irrigation method that can directly improve the soil water—salt conditions in the
root zone of plants and affects physiological characteristics such as plant emergence, root
spread and above-ground growth, therefore improving plant growth, development and
yield. Numerous studies have been carried out on the characteristics of soil water and salt
movement during under-film drip irrigation [51].

Some of the most convincing reasons for using drip systems are cost efficiency, easy
set-up and operation, as well as low maintenance costs [52]. The drip method provides
micro irrigation, which helps to reduce water use and avoid unnecessary nutrient excess.
Its operation is based on direct irrigation for roots, which provides a constant flow with
equal distribution while minimizing evaporation. After proper pretreatment, water is
delivered through the system’s network of pipes to drippers placed close to the plants,
which can be either holes in the pipes or units placed on top of them to deliver the water
directly to the roots through capillary tubes. The accuracy of the system may depend on
its design goals and its maintenance and operation technology [53]. The drip irrigation
system will also include a slow-release device to control and optimize the flow of water to
the soil. There are two different types of drip irrigation, which are subsurface and surface
methods. The main difference is that the former is applied to the soil, while the latter near
the roots. It is important to note that a maximum of two emitters per plant is sufficient for
proper irrigation [53].

3.2. General Structure of Irrigation Systems

Traditionally used irrigation (border, basin, furrow) only requires a sufficient water
surface and sometimes a pump for periodic irrigation. In contrast, precision irrigation
types require the construction of a complete irrigation system. When using sprinklers
or drip irrigation, the system design is almost the same, and only the method of water
discharge varies.

The main components used in drip irrigation include a pressure regulation valve, a
filter, a system controller, injectors, gauges, flow pipes and emitters [54]. Eventually, the
water is delivered to the plants via polyethylene pipes, which have smaller holes at certain
distances. In the installation, it is important that the distances are properly measured
so that the pressure and water flow are nearly the same even at the farthest parts of the
pipes [55].

From the relevant reservoir, a pump delivers the water through filters (mostly gravel)
to the pressure regulator and then to the screen filter [55]. The water is then fed to the main
branch, from where it is sent to several sub-branches (Figure 1). Fertilizers can be applied
through this type of system. This can result in a reduction in the fertilizer amount and
costs [56].

260



Separations 2023, 10, 468

e l;erltlltl_zer Fertilizer
olution i
Injector Pum
Water Tank J ’

source

Gravel
Filter

Screen Filter

—Main Branch

-+ B —

Lateral Flash
Valve

Submaine Branch

<« Emitters—p

Figure 1. The general structure of drip irrigation systems.

3.3. Clogging

Emitter clogging is the biggest limiting factor affecting the use of drip irrigation. The
use of poor-quality water in micro irrigation systems greatly increases the potential for
clogging, reducing the possible areas of use and increasing maintenance costs. Studying the
main elements of clogging and their effects and mechanisms of accumulation have become
indispensable [57]. Fluid flow in narrow pipes and emitters can easily become clogged by
solid particles, chemical constituents and microorganisms during irrigation [46].

3.3.1. Physical Clogging

Physical clogging is mainly caused by various organic and inorganic materials sus-
pended in the water [58]. These particles of clay, sand, plastic and other residues cannot be
filtered out and can therefore cause the clogging of the emitter. Physical clogging caused
by solid particles accounts for nearly 31% of the clogging potential, making it one of the
most common causes of clogging [46].

3.3.2. Chemical Clogging

Chemical clogging is caused by substances dissolved in water, such as carbonates,
phosphates, Fe>*, Ca?* andMg?*, which under certain conditions precipitate on the inner
wall of the pipe. This deposition is greatly influenced by temperature, pressure, pH and
the concentration of ions [59]. In addition, the nutrients added to the water also influence
clogging; for example, phosphorus added to the water greatly increases the precipitation of
carbonate, quartz and silicate [60]. Fe?* can cause serious problems in the irrigation system
if its concentration exceeds 1.5 g m 3 [46], and a water hardness above 300 mg L1 also
can threaten the irrigation system [61].

3.3.3. Biological Clogging

The drip system provides a suitable habitat for algae, bacteria and other organic
organisms that can form slime. This material, in combination with other contaminants, can
cause biofouling [62]. However, in underground drip systems, the effect of roots can also
be considered as biological clogging [63].
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4. Overview of Current Irrigation Water Treatment Methods

Nowadays, irrigation water treatment methods, in which natural water sources are
extensively used, are becoming more focused and based on water pollution and hectic
rainfalls. The most often reported problem is the high salinity of this water, which could
negatively effect agriculture production even if it is not reduced to a level that is acceptable
for the different plants. The effectiveness of treatment methods is influenced by the
background quality of the irrigation water and includes physical, chemical, and biological
parameters. Most of those factors could impact which water treatment is efficient to achieve
the required water quality needs.

4.1. Overview of Contaminants

Organic contaminants are not desirable in water for irrigation based on infection risk,
clogging and fouling issues. Organic matter is an organic substance that is broken down
from plants, animals, microorganisms and from geological origins, and that can be found
in water sources, especially in surface water in many cases [64]. These organic substances
could increase the turbidity of the water supply and could affect disinfection methods,
especially for UV sources. Different types of microbes may require different treatment
methods, disinfection concentrations and contact times, with longer disinfection times
possibly also helping to avoid infection. The pH of the irrigation water also affects the
efficiency of certain treatments. For example, ozone treatments require different dosages
based on pH, and chlorination is more effective in water with a lower pH [64,65].

Excess calcium and magnesium in a water source contribute to the hardness of water
and can lead to the scaling of irrigation lines. This build up can decrease the effectiveness
of water treatment processes such as UV, making it important to minimize scale deposits in
the irrigation system [64,66].

4.2. Biological Treatment

Biological treatment is an effective method via which to reduce the organic content of
irrigation water; however, one of its main challenges is keeping the microorganism alive in
the treatment system and providing an equal water quality without harming the food safety
or yield and the fruit or derivatives’ quality. A membrane bioreactor was tested by treating
polluted surface water. The results showed that up to 99.99% of the inlet Escherichia coli and
98.52% of the total coliforms were removable, as well as some harmful compounds and
heavy metals in particular, including 82% of arsenic, 82% of cadmium, 97% of chromium,
93% of copper and 99% of lead; however, boron and manganese were not removed from the
permeate. The sole gravel filter and heavy metal removal device (HMR) system were not
able to remove the pathogen microorganisms. However, connecting the UV treatment could
solve this issue [67]. In another study, a semi-closed horizontal tubular photobioreactor
(PBR) at the pilot scale was tested to remove a total of 35 target compounds, including ben-
zotriazoles, benzophenones, antibiotics and different pharmaceuticals present in irrigation
water in a peri-urban rural area. This water running through an open channel and was
a mixture of reclaimed wastewater from a nearby wastewater treatment plant (WWTP)
and run-off from the different agricultural fields in the area. It has been reported that
the compounds studied are usually not fully eliminated during conventional wastewater
treatment, which justifies the need to investigate alternative treatment strategies. A to-
tal of 21 of these compounds were detected in the irrigation water. Benzotriazoles were
only partially removed after the microalgae treatment, with an elimination efficiency of
conventional WWTPs. The UV filter benzophenone-3 (BP3) showed variable removals,
ranging from no elimination to 51%, whereas 4-methylbenzilidenecamphor (4MBC) was
completely eliminated. Regarding pharmaceuticals, the average removals were higher and
in the range of 60-100%; this is with the exception of the antibiotics sulfamethoxazole (46%)
and sulphapyridine, which were not removed [68]. Removing target compounds from
irrigation water has a key role in protecting plants and products from unwanted changes
and from accumulating these compounds in the agricultural products.
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4.3. Desalination Processes

Saline groundwater irrigation is a crucial method by which to reduce the shortage of
freshwater resources. However, saline water could have impact on the yield of plants and
on the soil.

4.3.1. Ultrasound Treatment

Ultrasound (US) treatment is one of the most promising treatment methods and has
been evaluated in long-term studies with various plant species, including some highly
salinity-sensitive plants, under greenhouse conditions. The ultra sonication system pro-
vided encouraging results when used to irrigate a number of vegetable species with high-
electrical-conductivity irrigation water. The results from the long-term use of ultrasound
treatment increased the yield of lettuce and celery plants [69].

4.3.2. Magnetic Treatment

Another low-cost and promising operating method is applying permanent magnets
for irrigation water treatment [70]. Surendran and coworkers evaluated the effects of
magnetic treatment on irrigation water and the growth and yield parameters of cow pea
using pot and field experiments. During their experiment, normal water and hard water
at 150 and 300 ppm, respectively, and saline water at 500, 1000 and 2000 ppm of both the
control and magnetic-treated solutions were used, respectively. Permanent magnets with
the capacity of 1800-2000 G were applied. Their investigation indicated that the magnetic
treatment of irrigation water types achieved an improvement in the crop growth and yield
parameters of cow pea as well. Magnetic treatments have the potential to decrease the
electrical conductivity, total dissolved solids and salinity levels of all solutions. The increase
in pH was observed in all the treatments. Magnetized irrigation water increased the soil
moisture compared with the control sample [71].

Furthermore, of permanent magnet electromagnetic treatment was also investigated
during the irrigation of corn and potato plants. The results showed a significant increase in
the germination rate of corn seedlings watered with electromagnetic-treated saline water,
particularly when the water was exposed to electromagnetic fields for 15 min. A significant
reduction in the soil salinity (ECe) and Na* and Cl~ contents of the soils irrigated with
electromagnetic-treated saline water was detected compared to the soils irrigated with
non-treated saline water. The electromagnetic treatment of saline water caused significantly
higher K, N and P adsorption values in all the potato samples [72]. Wiedenfeld studied
the sugarcane yield and juice quality by using an electrostatic precipitator. The study was
conducted to compare the effect of water irrigation with 1.3 dSm~! vs. 34 dSm~! on
sugarcane and to evaluate whether the electrostatic conditioning treatment of the water
influenced the salt effects. The results showed that the cane and sugar yields were reduced
approximately 17% by the 3.4 dS m~1 water compared to the 1.3 dS m~1 water, but the
juice quality parameters were not affected by the soil salinity levels [73].

4.3.3. Ionization

The ability of ionizing brackish water to prevent salinity damage to cotton plant
growth with an improving irrigation water productivity was investigated by Wei and
coworkers, who applied deep irrigation treatments. As the results indicated, the ionization
effectively reduced the mass of salt from the late seedling stage to harvest by 12.8-65%,
especially for the treatment using 562.5 mm of ionized brackish water. The maximum
amount of cotton was obtained in the treatment using 487.5 mm of ionized brackish water,
which increased to an average of 19% compared to 487.5 mm in the non-ionized brackish
water treatment experiment. The water use efficiency improved under the ionized brackish
water treatments [74].
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4.3.4. Membrane Separation

The membrane separation process is well known in many water and wastewater
treatment applications; however, its operation and maintenance costs could decrease
its popularity for use in irrigation water treatment. In special cases, geothermal water
treatment is a possible economically worthwhile treatment method. In many areas of
Hungary and Europe, geothermal water is used for heating purposes. However, the
used/spent geothermal water rarely gets injected back into the ground. Some amount
of used geothermal water ends up in rivers or lakes and causes increasing salinity levels
in surface water bodies; this could have an effect on the natural vegetation and fauna.
Jarma and co-workers investigated the use of treated geothermal water for the irrigation
of tomato plants. Membranes (NF8040-70 as NF membrane and TM720D-400 as RO
membrane) were selected for this experiment. According to the results, almost all of
the minerals that are needed for plant growth were rejected by the tested membranes.
Therefore, for remineralization purposes, mixed water was also tested. In the case of the
NF membrane, the permeate was mixed 1:1 with non-treated geothermal water; this ratio
was 2:3 in the case of the RO permeate and geothermal water, according to the higher
level of salt rejected by the RO membrane. The costs of the product water were found to
be 0.76 and 1.56 $/m?3 for the NF and RO processes, respectively [75]. The management
of saline water through desalination or blending with low-salinity canal water may be a
viable strategy for potato irrigation in semi-arid regions that have saline groundwater and
scarce canal water. A 4-year study was conducted to investigate the effects of four water
qualities [canal water (CW), desalinated water (DSW), saline groundwater (GW) and mixed
water (MW) (CW + GW)], three N-P-K fertigation levels [F100 = 100% NPK (190, 28.4 and
53.9 kg ha~! of N, P and K, respectively), F80 = 80% NPK and F60 = 60% NPK] and their
interaction on the performance of two potato varieties grown in a sandy loam alluvial soil
of a semi-arid region. The electrical conductivity (EC) of CW, DSW, GW and MW ranged
from 0.3 to 0.4, 0.2-0.3,3.2-4.2 and 1.8-2.2dSm™1, respectively. Drip irrigation with GW
resulted in a 21-44% reduction in the total tuber yield compared with CW. Irrigation with
MW increased the total tuber yield by 9-37% compared with GW. Irrigation with DSW
effected a 41% and 14% increase in the total tuber yield compared with GW and MW,
respectively. The plant growth and yield parameters reached their highest amount at F100,
which reduced dramatically with a decrease in the fertigation level for all water qualities.
However, these differences were slight between GW and MW, and more moderate between
CW and DSW. That is the reason why, in drip-fertigated potatoes using saline or mixed
water in a sandy loam soil, it is suggested that 80% NPK is used to avoid a reduction in the
tuber yield and to reduce the expense of cultivation and environmental pollution [76].

4.4. Effects of Salinity

Saline water could have an effect on soil nitrogen transport, organic and inorganic
content of the soil, and yield of the products. Therefore, when irrigating with saline water,
all of its effects need to be considered. In order to utilize underground saltwater resources,
and furthermore reduce the amount of irrigation water and nitrogen fertilizer used, Wang
and coworkers carried out a field experiment in Xinjiang. The study was conducted to
explore the effects of the irrigation water’s quantity, salinity, and nitrogen application rate
on nitrogen fertilizer absorption and cotton yield. Three experimental factors and four
levels were investigated in the experiment. Irrigation amounts of 0.7, 1.0, 1.3 and 1.6 Etc,
irrigation water salinity levels of 10.9, 7.8, 4.7, 1.5 dS m~! and nitrogen applications of
100, 200, 300 and 400 kg N ha~—! were set in the experiment. The results indicated that
the salt content of the irrigation water had no effect on the soil nitrogen transport, and
the soil nitrogen content only increased when more nitrogen fertilizer was used [77]. The
experiment was performed by using fresh water and saline water at the seedling, jointing,
heading, and filling stages. The salinity of the soil, growth, and amount of summer maize
were measured by Sang and coworkers. The results showed that alternating fresh and
saline water irrigation increased the salinity of the soil. The maximum quantum yield,
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effective quantum yield of photochemical energy conversion, photochemical quenching,
and non-photochemical quenching varied greatly at the jointing stage and heading stage.
Furthermore, the yield of maize that was irrigated with fresh water at the heading stage
(8.53 t ha—!) was greater than that at the jointing (7.69 t ha~!) and filling stages (7.45 t ha™1).
Therefore, these findings indicate that in areas in which fresh water is scarce, priority
should be given to the application of fresh water at the heading stages for summer maize
irrigation [78]. Saline water irrigation’s effect on the soil organic carbon (SOC) content
was smaller compared to its effect on the soil inorganic carbon (SIC) content. Dong et al.
irrigated soil with 1 g L™! and 8 g L~! of saline water in a winter wheat and summer
maize rotation system. After 14 years of irrigation, the soils were analyzed in terms of their
soil water, soil salt, SOC, and SIC contents. The results showed that, compared with 1 g
L~! of water irrigation, 8 g L~ of saline water irrigation significantly increased the soil
water and salt contents. Moreover, 8 g L~! of saline water irrigation significantly decreased
the SOC and SIC contents in the 0-20 cm soil layer (p < 0.05) and mainly decreased the
SOC content in the >1 mm aggregates and the wheat-derived SOC content in the bulk
soil. In comparison, 4 g L~ of saline water had no significant effect on the soil water, soil
salt, SOC, and SIC contents. These results indicated that a high concentration of saline
water irrigation is harmful for soil carbon sequestration, while a low concentration of saline
water does not affect soil carbon sequestration. Thus, using no more than 4 g L™! of saline
water irrigation for 14 years can maintain soil carbon storage in areas experiencing a water
shortage [79].

Overall, several treatment methods are available and have been proven to reduce
natural or anthropogenic organic and inorganic contaminants, microorganisms, and salt to
achieve the safe irrigation of water; these do not reduce the yield of the products and do not
change the soil and groundwater characteristics. However, some of the above-mentioned
target compounds and contaminants could have long-term effects on the environment, but
these effects are not yet well known.

4.5. Adsorbents in Irrigation Water Treatment

The use of wastewater for irrigation purposes is becoming widespread, but this raises
new problems, such as the presence of heavy metals [80]. Although the heavy metal content
in wastewater is low, it can accumulate in the soil and reach crops [81]. Adsorption is a
suitable treatment technology for removing metal (for example Cd and Pb), or for reducing
salinity, depending on the material used [82]. The use of adsorbents can be implemented
using a flow-through system (similar to a sand or gravel filter) or by mixing them in a
tank for a suitable period of time. Combinations of certain adsorbents are able to remove
chemical oxygen demand and the total dissolved solids, and also reduce the turbidity very
efficiently [83]. Adsorbents for the pre-treatment of irrigation water and their effects are
discussed in more detail below.

5. Overview of the Most Important, Easily Available Adsorbents Based on
Their Effectiveness

In water treatment, adsorption is an effective process for the removal of contaminants,
in which ions and molecules are removed from the liquid phase via adsorption to the solid
phase [84,85]. The adsorbent material can be a mineral, organic or biological material [86].
The selection of a suitable adsorbent for the removal of pollutants in water depends on
the concentration and type of the pollutant, the adsorbent’s adsorbing capacity, and its
efficiency [85]. The adsorption capacity of adsorbents is influenced by temperature, pH,
the adsorbent dose, adsorbent particle size, agitation speed, and contact time [87]. A direct
comparison of the results obtained using different adsorbents is therefore not possible
since the experimental conditions are not the same during the different tests. Adsorbents
can be divided into two major categories: conventional adsorbents and non-conventional
adsorbents (Figure 2, Table 2) [86].
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Figure 2. Different types of adsorbents for the removal of pollutants from water [86].

Table 2. Some examples of the most used adsorbents in water treatment, conditions and their efficiency.

Type of Adsorbent Type of Pollutants pH Adsorption Efficiency (mgg—1) References
Conventional adsorbents

K* 4.50 0.26

Na* 4.50 13.80

2+ 4.50 2.50
Activated carbon + cation resin I\C/[agZ+ 450 273 [88]

Cl~ 4.50 11.50

HCO;~ 4.50 18.30

K* 7.20 0.05

Na* 7.20 2.10

2+ 7.20 1.00
Activated carbon + zeolite h(/:[agp, 7.20 0.12 [88]

Cl~ 7.20 0.90

HCO;~ 7.20 4.00
Activated carbon Hardness 0.86 [89]
Zeolite Mn?2* 8.70 30.89 [90]

. . Fe2* 8.95 6.13
Thermally activated natural zeolite (NZ 200) Mn2* 395 0.86 [91]
Modified zeolite Na* 7'55;; N/A [92]

Mn2* 7.00 94.10

3+
TiO,@Zeolite Fe 7.00 1311 g()(.égz+) [93]
Hardness 7.00 703.6 (TH.) *
Activated carbon + nano zero-valent iron + natural zeolite COD %55%_ 35.64 [83]
Zeolite clinoptilolite Hardness 7.48 [89]
Activated alumina Hardness 44954.00 [89]
Non-conventional adsorbents

Sawdust and barley husk Fe2* 6.50 N/A [94]

Manganese oxide-coated sand1 (MOCS1) 2.61

Manganese oxide-coated sand2 (MOCS2) 0.83
Tron oxide-coated sand1 (IOCS2) Mn2+ 8.00 0.40 [95]

Iron oxide-coated sand2 (IOCS2) 0.55

Manganese and iron oxide-coated sand (MIOCS) 0.88
Saccharomyces cerevisiae Mn?* 4950%_ N/A [96]
Pleurotus mushroom compost MnZ2* 6.00 N/A [97]

* T.H.: Total Hardness.
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5.1. Conventional Adsorbents
5.1.1. Activated Carbon

One of the most common adsorbents currently in the field of water treatment is
activated carbon [85,98]. Carbon-based materials such as activated carbon (AC) can be
used well as adsorbents, proving to be highly effective in removing pollutants from wa-
ter [83,85,99]. Activated carbon serves as a versatile material for the removal of heavy
metals and organic compounds [100-102] and desalination [83,88,103]. The term ‘activated
carbon’ is used for carbon-containing materials with a high micropores volume, favor-
able pore size distribution, extensive surface area (6004300 m?g~!) [85,104] and high
adsorption capacity [83,85,98,105,106]. Almost any carbonaceous material can be used
to produce activated carbon, such as coconut shells, lignite, wood, sawdust, coal, and
peat [98,103,105,107,108], but its properties are influenced by the raw material and the acti-
vation method [85]. Activated carbons are generally very-broad-spectrum adsorbents [86]
and their low price makes them favorable [83]. Furthermore, their favorable features in-
clude their high thermal, mechanical, and light stability [89]. AC is available in two forms:
powdered activated carbon (PAC) and granular activated carbon (GAC) [98,105]. PAC gen-
erally comprises particles with a diameter of 0.2 mm, and it has a large external surface area
and a high adsorption rate [105]. GAC comprises particles with a maximum diameter of
5 mm, and its external surface area is smaller than that of PAC [105]. It is generally used in
fixed-bed filter systems to remove pollutants from water because the granular form is better
suited to continuous contact [98,105]. The adsorption efficiency of GAC can be affected
by the carbon source material, carbon particle size, influent contaminant concentration,
and contact time [109]. Grant et al. [109] conducted a study using a small-scale Granular
Activated Carbon (GAC) system to effectively remove a range of agrichemicals, including
acephate, bifenthrin, chlorpyrifos, flurprimidol, glyphosate, hydrogen peroxide + peracetic
acid, imidacloprid, paclobutrazol, didecyldimethylammonium chloride (DDAC), triclopyr,
and uniconazole, from water. In laboratory conditions, a decrease in the concentration of
plant protection agents was observed in all cases, and a greater percentage decrease was
observed in 64 s of contact time than in 12 s. At the same time, it was pointed out that
further studies are needed using the high flow rate, water pressure, volume, and level of
suspended solids typically found in recirculated irrigation systems.

Ghanbarizadeh et al. [89] compared the adsorption capacity of unmodified activated
carbon with activated carbons modified using HCI, NaCl and HCl + NaCl. The modified
activated carbon, which was first treated with salt and then with acid, was the most effective
in its total hardness removal.

Activated carbon can prove to be even more effective in water purification in combina-
tion with other adsorbents. Aghakhani et al. [88] conducted experiments on the desalination
of irrigation water by combining activated carbon with other adsorbents, zeolite, peat,
anion exchange resin, and cation exchange resin. The combination of AC with cationic
resin worked most effectively in desalination.

5.1.2. Carbon Nanotubes

Nano-adsorbents show great promise in water treatment and water purification com-
pared to traditional adsorbents, as they can provide greater efficiency and a faster adsorp-
tion speed due to their large surface area [85,110]. Activated carbon nanotubes are one of
the most commonly used nano adsorbents in wastewater treatment [110].

Carbon nanotubes (CNTs) possess unique structural, electronic, optoelectronic, semi-
conductor, mechanical, chemical, and physical properties. CNTs are well suited to adsorb-
ing heavy metals from water [110].

Stafiej and Pyrzynska [111] studied the adsorption of heavy metals on CNT as a
function of the pH change. In the case of CTNs, pH plays an important influencing role in
the adsorption of certain ions. According to Stafiej and Pyrzynska [111], the adsorption
of cations on carbon nanotubes (CNTs) is more favorable at a pH higher than the point
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of zero charge of the adsorbent. Conversely, a decrease in pH results in a decrease in the
adsorption of cations.

5.1.3. Zeolite

Zeolite is one of the most widely used adsorbents, and is a microporous, hydrated
aluminosilicate material that has an infinite, open, three-dimensional structure [85,112-115].
Ion exchangers are widely utilized to enhance water quality due to their capacity to ex-
change and adsorb cations present in water. This property enables them to effectively
remove undesirable cations and improve the overall quality of the water [89,93,115]. The
advantage is that it is available in large quantities and is therefore cheap and easily accessi-
ble [85,116].

Natural zeolite is suitable for removing heavy metal elements and for the desalination
of water; this is supported by several research studies [92,93,114,117]. Furthermore, natural
zeolite and its modified forms are suitable for removing anions and organic substances
from water [115]. The pH of the solution affects the cation adsorption capacity of the zeolite,
as strong acids and alkalis dissolve the zeolite aluminosilicate framework. For this reason,
the highest cation exchange capacity is achieved at a neutral to slightly acidic pH [113].
He et al. [90] used zeolite synthesized from fly ash to remove heavy metals. The heavy
metal removal efficiency increased by increasing the adsorbent dose and increasing the pH
from 1.0 to 5.0.

Ghanbarizadeh et al. [89] compared the adsorbent capacity of natural and modified
zeolite for hardness removal and studied the optimal contact times. The modified zeolite
showed a higher efficiency when removing hardness, and most ions were removed with a
contact time of 90 min.

In their study, Neag et al. [91] employed thermally activated natural zeolite for the
removal of iron (Fe) and manganese (Mn) from groundwater. They found that the zeolite
activated at 200 °C demonstrated the highest effectiveness in simultaneously removing
both Fe and Mn. Fe removal was more efficient than Mn removal.

Natural zeolites can be modified using various methods, such as acid treatment, ion
exchange, and the use of surfactants [115]; thus, they are also suitable for removing anions
from water, and a higher adsorption capacity can be achieved when adsorbing organic
substances and anions [113,115]. Paul et al. [92] used modified zeolite treated with Ca(OH),
for desalination. They found that it is suitable for removing Na from salt water, while
also neutralizing the acidic desalinated water. However, compared to untreated zeolite, it
shows a lower efficiency during sodium removal.

Mubarak et al. [93] used TiO,-modified zeolite adsorbent to remove iron, manganese,
and the total and calcium hardness from groundwater. The presence of a new active
functional group resulted in the improved efficiency of the modified zeolite adsorbent
compared to zeolite. This improvement was observed in terms of the removal of Mn(II),
Fe(III), the total hardness, and calcium hardness. In addition, it was found that the contact
time can be reduced by 29-50% if a zeolite adsorbent modified with TiO; is used.

Gibb et al. [118] used sequentially calcined layered double hydroxide (CLDH) and acid-
treated zeolite as adsorbents for aqueous solution desalination. CLDH first adsorbs C1~
and temporarily raises the pH, then the acid-treated zeolite removes Na* and neutralizes
the pH. The combined use of CLDH and acid-treated zeolite removes cations and anions
(Na*, K*, Ca?*, Mg2+ and C17) and results in a neutral pH.

In their study, Amiri et al. [83] employed a combination of natural zeolite, activated
carbon, and nano zero-valent iron to treat the gray water from a student dormitory. The
treated water was subsequently utilized for irrigation purposes. This triple combination
of adsorbents was found to be the most suitable for reducing COD and TDS, and almost
completely removed turbidity. It proved to be more effective than using natural zeolite.
The optimal contact time for the removal of COD, TDS, and turbidity was 4 h, after which
no significant changes were observed. According to their research, when the three mate-
rials were used independently as adsorbents, zeolite was the most effective for reducing
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TDS and removing turbidity, while activated carbon proved to be the most effective for
reducing COD.

5.1.4. Activated Alumina

In addition, Ghanbarizadeh et al. [89] tested activated alumina to reduce the hardness
of groundwater. They found that a contact time of 90 min was the most effective; further
increasing the contact time did not significantly improve the removal efficiency of the
treatment process. The modification of activated alumina with salt did not increase the
adsorption efficiency, while modification with acid and salt acid reduced it.

5.2. Non-Conventional Adsorbents

There are substances in nature that are available in large quantities and can remove
pollutants from water and be used as adsorbents [85,119]. The raw materials of low-
cost adsorbents usually do not require complicated pretreatment, which makes them
economical [119].

5.2.1. Clay

Among the natural adsorbents, the use of clay is widespread, especially clays con-
sisting of montmorillonite, bentonite, kaolinite, and zeolite [85]. Its positive properties
include a high sorption capacity, high chemical and mechanical stability, a high uptake
capacity, and a large surface [85,114]. Another advantage is that there are a large number
of cations (Ca?*, Mg2+, H*, K*, NH4*, Na*) on their surface, which can easily be replaced
by adsorbates [85].

Bentonite can also be used as an adsorbent; it is a sedimentary rock containing the
clay mineral montmorillonite, a mineral mixture [114]. It is suitable for adsorbing many
toxic substances and cations in water, but shows a lower affinity towards negative groups
(e.g., phosphates) [114].

5.2.2. Bentonite

Bastamy et al. [114] utilized bentonite in pilot-scale bed columns constructed from
various materials to investigate its effectiveness in removing pollutants from wastewater.
In the experimental setup, the column was divided into three sections. The top and bottom
sections were filled with a layer of gravel, each measuring 10 cm in thickness. The middle
section of the column was dedicated to ion exchange beds, which were composed of a
mixture of sand and bentonite. The sand-to-bentonite ratio used in the beds was 1:2. They
were able to achieve a high removal efficiency, so the water could immediately be used
for irrigation. The optimal removal efficiency for the tested parameters was achieved
when the contact time was set at 4 h. Subsequently, the removal efficiency reached a stable
state, indicating that further increasing the contact time would not result in any significant
improvements in the removal process.

5.2.3. Sand

Sand is also a substance that occurs in large quantities in nature and can be used
for the adsorption of heavy metals from water. Kan et al. [95] attempted to remove Mn
from water using Fe and Mn oxide-coated sand. The primary objective of the study was
to examine the influence of pH and temperature on the removal efficiency of manganese
(Mn) from wastewater. The pH significantly affects the adsorption of Mn, and increasing
the pH from 5.5 to 8 caused a significant increase in the adsorption capacity. Furthermore,
the temperature is also a significant factor, and the adsorption of Mn increased as the
temperature increased from 25 °C to 45 °C. In general, manganese oxides have a higher
adsorption capacity for Mn than iron oxides.
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5.2.4. Agricultural Wastes

Agricultural wastes can be utilized as alternative adsorbents due to their unique
chemical properties and distinctive structure. The polymer chains present in these wastes
often contain specific functional groups, including alcohol, phenol, aldehyde, carboxyl,
and ketone. These functional groups contribute to their adsorption capabilities and make
them suitable for various applications [85,120]. They are economical as they are abundantly
available, renewable, environmentally friendly, and low-cost [121].

Peels of fruits and vegetables, among the agricultural waste materials, are significant
as potential adsorbents in water treatment. Many of these peels are typically discarded
as waste without further use, but they possess the potential to be utilized as effective
adsorbents. By repurposing these peels, their adsorption properties can be harnessed to
remove contaminants and improve water quality, making them a valuable resource in
sustainable water treatment strategies [121].

Agricultural wastes are mostly not considered effective adsorbents, but their adsorp-
tion efficiency can be significantly increased by physical and chemical methods [122]. In
bioadsorption, a simple chemically modified adsorbent can be developed from certain
plant materials such as bark, leaves, husks, stems, branches, and pods [120].

Biosorbents have a relatively high biosorption capacity, strong mechanical strength,
good thermal stability, and chemical resistance [123]. In recent years, biomass has mainly
been used as a biosorbent, since it is difficult to meet the needs of practical applications
using a single type of biological adsorbent. For the removal of heavy metals, biomass
has already been combined with nanoparticles in several experiments, thereby achieving
excellent adsorption properties. The creation of multi-biological adsorbents is also an
effective modification, as their use can have a symbiotic and synergistic effect. Biosorbents
show a lower adsorption efficiency compared to traditional adsorbents, which is why they
are currently less in demand [124].

Cork is obtained from the trunk and main branches of Quercus suber L. in the form of a
half-tube. Sorption using natural cork or cork modified to biochar or activated carbon can
be used for a wide range of pollutants (heavy metals, organic pollutants) and in different
states (liquid, gas). Cork is more selectively adsorptive for Hg than for Cd, with minimal
interference of the latter, while in seawater the adsorption of Hg is much more reduced
due to the formation of Hg—chlorine complexes. Anionic metals are more easily adsorbed
at acidic pH levels, as electrostatic attraction may play a role in their uptake [125].

In their study, Yan et al. produced biochar from corn stalks, which can be conve-
niently and inexpensively used as a tool for removing various metal contaminants from
wastewater. During their experiments, they investigated the removal efficiency of Cd and
Pb contaminants. They conducted batch experiments while varying different factors such
as pH, temperature, and background ionic strength. Increasing the pH and temperature
was found to enhance the adsorption capacity, while the ionic strength showed negative
effects [126].

In their study, Murtaza et al. conducted a comprehensive analysis of the mechanisms
involved in the immobilization and adsorption of heavy metals and organic pollutants
using biochar under varying environmental conditions. They concluded that the efficiency
of biochar is influenced by factors such as pyrolysis temperature, feedstock type, residence
time, and application rate. Increasing the pyrolysis temperature facilitates the production
of biochars with higher porosity and a specific surface area, thereby enhancing their
adsorption potential. It is important to note that the pyrolysis process generates impurities
like volatile organic compounds (VOCs), dioxins, and polycyclic aromatic hydrocarbons
(PAHs), which have adverse environmental effects. Hence, using unpolluted feedstock as
the starting material and employing appropriate carbonization technology are imperative
measures [127].

Raheem et al. [94] attempted to remove iron from groundwater using an adsorbent
made from a mixture of sawdust and barley husk in different proportions. They found
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that a mixing ratio of sawdust and barley husk of 0.5:1 resulted in the highest adsorption
efficiency at pH 6.5.

Microorganisms could be a new alternative for removing metal ions from water.
Saccharomyces cerevisiae is one of the most promising bioadsorbents for the removal of metal
ions from water.

Fadel et al. [96] investigated the possibility of removing manganese ions from water
with S. cerevisiae. They concluded that it can be used well for this purpose, and that the pH
has a significant role in the adsorption efficiency. Increasing the pH from 5 to 9 significantly
increased the adsorption efficiency. Regarding the contact time, the microorganism proved
to be the most effective during a contact time of 30 to 45 min.

Kamarudzaman et al. [97] used mushroom compost in a fixed-bed column as a biosor-
bent to remove Mn from an aqueous solution. Pleurotus mushroom compost contains
lignocellulosic, which binds metal ions, and is also available in large quantities, which
makes it an inexpensive bioorganic.

Peat is present in large quantities in nature and can also be used as a bioadsorbent in
water purification [85]. It has a large surface area and a high adsorption capacity [85]. The
main components of peat are lignin, cellulose, and humic acid [85].

6. Conclusions

Traditional surface irrigation is outdated due to scarce water reserves, but the many
micro irrigation techniques that are considered modern, in addition to their efficiency and
proven results, require a high level of knowledge and attention, both in their construction
and application. The quality of irrigation water is affected by both chemical and physical
pollutants. Chemical pollutants are important for both the soil and the irrigation system,
while mechanical pollutants can mainly endanger the operational safety. With regular
irrigation, special attention must be paid to water quality, as the harmful effects of irrigation
often occur cumulatively (salt accumulation, leaching, etc.). The chemical treatment of
irrigation water is problematic, so the best method is to choose a water source that ensures
good quality. The mechanical treatment of irrigation water is determined by the sensitivity
of the irrigation equipment. It is not worth filtering the water unnecessarily, because
it involves a loss of energy. However, it must be taken into account that the nutrients
introduced during irrigation can easily colonize microorganisms (algae, bacteria), which
can cause the build-up of slime, making it easier for particles to accumulate in the system.

The use of adsorbents can be a good method for water purification, which makes it
suitable for irrigation. Conventional adsorbents usually have a higher adsorption capacity
but are expensive. On the other hand, non-conventional adsorbents are easily accessible
and therefore cheap, but have a lower adsorption capacity. Otherwise, biological treatment
methods are reported to be useful for organic contaminants and the removal of heavy
metals; however, it is quite challenging to keep the microorganism alive and handle many
other factors.

For salt and to avoid the formation of scaling, a couple of desalination methods
have been used; these include electromagnetic field, electrostatic precipitator and even
membrane separation techniques, which have a couple of limitations, such as a lower
effectivity at a higher salt concentration, scaling, membrane fouling and a high energy
consumption for running it. The use of adsorbents for purification could help solve
many of the issues of using water for irrigation that would otherwise not be used for
other purposes and become wastewater. The specific advantages of using adsorbents for
wastewater treatment could be their low operation cost on the energy side and specific
removal of many organic and inorganic pollutants. Therefore, the separation of interfering
components via adsorption is effective and promising for future application as expected
irrigation demands increase.
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Abstract: In this work, we report the restoration of a polluted urban stream by employing the multi-
stage vortex aerator (MVA), an in-line mixer device that improves the dissolved oxygen concentration
of polluted streams and accelerates the water purification rate. It was observed during the field
experiment that the dissolved oxygen was enhanced up to 7.05 mg/L and the water quality was
improved to a good grade. As a result, the complex odor was successfully eliminated and reduced by
up to 71.9%, while the water quality grade was also improved by more than two grades on average.
Stream water quality indicators monitored for twelve months revealed high removal rates of total
phosphorous (56.4%) and suspended solids (61%). The study demonstrated MVA as a promising
eco-friendly technology for significant improvement in urban stream water quality. Moreover, the
MVA process creates no secondary pollution and is believed to be a sustainable treatment option
for odorous water bodies. Overall, the MVA process is technically feasible for implementation,
and this study provides a specific reference as a basis for the treatment of polluted water bodies in
urban settings.
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1. Introduction

Water is not only necessary for all life on Earth, but it is also a valuable resource for
human civilization [1]. Urban growth and transitional development have worsened the
environment as industry and urbanization have accelerated rapidly. Large amounts of
industrially polluted wastewater and domestic sewage are discharged arbitrarily during
urban construction and development [2]. Excessive discharge significantly reduces the
self-purification capacity of river water bodies and contributes to eutrophication issues
in lakes and rivers. Contaminated odorous water bodies generate substantial environ-
mental concerns around the globe today, threatening ecological integrity, compromising
the image of the metropolitan landscape, and increasing people’s health risk index [3].
Odorous water bodies develop due to dynamic water factors, metal element pollution,
organic pollution, sediment pollution, and other variables [4]. The problem is primarily
caused by a combination of physical (such as temperature), chemical (such as FeS and/or
MnS in enveloping water formed by the interaction of Fe?* or Mn?* with $?7), and bi-
ological (such as algae) reactions of pollutants in the water under hypoxic or anaerobic
conditions [5-7]. Rivers and lakes in cities and towns serve several purposes, including
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water supply, temperature regulation, and water storage [8]. They play an essential role in
ensuring the stability of the human ecological environment. Therefore, treating odorous
water bodies in today’s urban water environment is of utmost importance.

Treatment approaches for odorous water bodies are classified into four categories:
physical, chemical, biological, and ecological restoration technologies [9]. The physical,
chemical, and biological treatment measures are in situ treatment methods, while restora-
tion is an ex situ treatment technique. Some examples of standard physical treatment
technologies include pollution interception and source management, sediment dredging,
aeration, and oxygenation [10,11]. Physical methods, in general, may remove pollutants
from water bodies without generating secondary pollution, but the expense is often high,
and the workload is significant.

On the other hand, chemical treatment methods include flocculation and sedimenta-
tion, algae-removing agents, adsorbents, and so forth [12]. Chemical treatment processes
have immediate effects and are highly relevant; nevertheless, an excessive chemical injec-
tion results in serious secondary contamination [6]. Biological methods, in principle, are
natural and environmentally benign, with high stability, although they require a more ex-
tended treatment cycle. Biofilm technology and aquatic plant purification are two examples
of biological treatments [13]. These techniques, however, are prone to secondary pollution
and are not appropriate for the continuous and effective purification of water under com-
plex conditions. Ex situ treatment by restoration entails separating and transferring the
polluted water and sediments to water treatment facilities and returning the treated water
to the initial water body. However, external treatment and restoration technology demand
a sizable investment of material and monetary resources. Dealing with the extracted sedi-
ment from the water body presents another challenging issue [14]. In this context, pure
oxygen injection employing a multistage vortex aerator (MVA) can be a promising in situ
treatment alternative to alleviate the possibility of secondary pollution. Additionally, there
are no reports on stream water quality improvement employing an MVA system.

An adequate amount of oxygen is critical in both streams and sewers. In the absence of
oxygen, volatile fatty acids and hydrogen sulfide are produced, resulting in an undesirable
odor [15,16]. Hydrogen sulfide, produced by sustained anoxic conditions has a highly
unpleasant odor and can be fatal in high concentrations. It has been proposed that such high
concentrations of hydrogen sulfide can be reduced and controlled by employing oxygen
injection [17]. Odor measurement in Korea is based on designated odor substances and
complex odors. It is evaluated using the results of measurement at the boundary line and
the emission limit value specified in the Odor Prevention Act. Among the 22 designated
odor substances, hydrogen sulfide is the representative odor material, has a high odor
index, occurs in anaerobic or anoxic conditions, and is also generated by sulfur-reducing
bacteria, representative microorganisms that reduce sulfate ions to hydrogen sulfide.

Pollutants from non-point sources and sewage sludge are partially flowing and de-
posited into the Goejeongcheon stream, the target site of our research. Because of this, the
stream’s dissolved oxygen levels were near to those of anaerobic conditions. In this study,
the dissolved oxygen concentration was augmented by dissolving oxygen in the target
stream using the multistage vortex aerator (MVA). We evaluated the feasibility of using
pure oxygen and a vortex aerator for stream restoration to suppress river anaerobicization
and promote aerobic conditions. The study investigated MVA as an eco-friendly technology
for the improvement of urban stream water quality parameters in a sustainable way.

2. Materials and Research Methods
2.1. Research Site Location

Goejeongcheon stream, located in Saha-gu, Busan, is a local stream. The stream flows
through the downtown area and connects to the Nakdong-gang estuary. The length of
the open area is 0.634 km, and the length of the concrete-covered area is 4.735 km, with
a total length of 5.37 km. The stream was covered to alleviate traffic congestion, and the
covered section is now used as a road. The covered stream runs through the downtown

278



Water 2023, 15, 1982

area, where residential areas and markets are closely located. Considering the land use
status of the Goejeongcheon watershed, the forest area is the largest portion, covering
4.78 km? of the total area of 5.36 km?, followed by residential areas and roads. Because
Goejeongcheon is a low-tide river, the water level fluctuates significantly over time. As
a result, when the water level is low, the bottom of the river becomes visible. According
to the annual meteorological report of the Busan Meteorological Administration, the an-
nual rain is 1495.60 mm, the lowest temperature is —12.6 °C, the highest temperature is
36.7 °C, the average yearly temperature is 14.5 °C, and the average annual humidity is
65.4%. The target site of this study is the open section of Goejeongcheon stream (Figure 1),
with a total length of 0.634 km and an area of 8200 m?. The stream connects to the estuary
of the Nakdonggang river, which has the characteristics of a tidal river. The average water
level is at least 31 cm, and the maximum is 127 cm. Since 2005, residents have complained
about Goejeongcheon’s stench, citing headaches and disruption to their living environment
due to the foul odor.

T sl ‘- | ]9
_ .*.-. Goejeongcheon

& ; -
~ i research site

Figure 1. Location of Goejeongcheon research site.

2.2. Multistage Vortex Aerator (MVA)

The multistage vortex aerator (Figure 2) is an oxygen-dissolving system that uses an
in-line mixing method. This device effectively and quickly transfers the oxygen required
in processes such as livestock wastewater treatment and allied fields. It was developed
to accelerate wastewater purification by boosting the dissolved oxygen concentration in
the wastewater and activating aerobic bacteria, as well as to reduce the occurrence of
odors by decomposing various organic compounds. The multistage vortex aerator (MVA)
system comprises a pure oxygen generator and an oxygen dissolver. A submerged pump
transports water into the MVA, injects oxygen into the inlet, and delivers efficient mixing
of oxygen and liquid via a vortex flow inside the dissolver’s multistage partition walls.
The absorption of gas depends on the film thickness between the gas and liquid, and
the absorption rate can be increased by factors that can reduce this thickness [18]. By
increasing the time and number of collisions between the two phases, the thickness of the
film between the gas and liquid is decreased, and the efficiency of dissolving oxygen in the
liquid increases. The detailed structure of the device is illustrated in our earlier reported
work [19]. Since the MVA circulates and supplies pure oxygen, it was confirmed that the
MVA increases dissolved oxygen concentrations to higher levels in a shorter time than
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other existing aeration devices, such as fine pore diffusers. Fine pore diffusers suffer from
the drawbacks of inorganic scaling and biological fouling, which can reduce the transfer
efficiency and cause excessive head loss [20].

O, inlet
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Water inlet l,
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|< > - >
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Figure 2. Pictorial representation of a multistage vortex aerator. Adapted with permission from [19].

In addition, although the conventionally used oxygenators use the 21% of oxygen in
the air as an oxygen source, there is a limit to the movement speed of oxygen, whereas
the multistage vortex aerator uses high-purity oxygen (about 90% oxygen). Therefore, the
oxygen saturation concentration of the aqueous solution is about four times higher than
that of the air diffuser, and it is observed that the dissolved oxygen in water can be rapidly
increased. The increased number of collisions inside the MVA reduces the gas-liquid
interfacial film thickness, thereby improving oxygen transfer efficiency.

By maintaining high dissolved oxygen (DO) levels in the river using the MVA, the
aerobic microorganisms in the river can actively degrade organic debris, and high DO
concentration inhibits the growth of odor-causing strictly anaerobic SRB (sulfate-reducing
bacteria) [21]. The multistage vortex aerator suppresses the occurrence of anaerobic condi-
tions, which are considered the origin of odors, enabling it to remove and prevent odors in
a short period of time.

2.3. Field Experiment

The basic operation of the MVA system is depicted in Figure 3. Briefly, the river
water was pumped up at a flow rate of 1 m3/min using a submersible pump, and oxygen
(~90% pure oxygen) generated through an oxygen generator was injected and dissolved
into the MVA inlet. Thereafter, the oxygen-enriched water was discharged into the river.
The dissolved oxygen concentration at the MVA outlet was maintained at an average of
22 mg/L. The dissolved oxygen concentration of the oxygenated water was measured by
sampling through a sample collection valve located at the outlet of the MVA. The cycle
was repeated for 16 h a day, and the system was operated for 12 months. The hydraulic
retention time (HRT) of the water inside the MVA is 1.4 min. The oxygen generator was
installed 115 m from the main public access, which is an upstream point, and the MVA
outlet was installed at 90 m (point A) (Figure 4). The multistage vortex aerator consists of
one oxygen generator, one dissolver, one pump, and a water level sensor.
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Figure 3. Schematic diagram of stream water treatment using multistage vortex aerator (MVA).
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Figure 4. Schematic diagram for field experimental sampling points for water quality and
odor analysis (Blue arrows illustrate the direction of water flow, and the squares represent the
residential buildings).

A mechanical water level sensor was installed to enable steady system operation and
prevent idling, such that the system only operated whenever the river’s water level was
35 cm or higher. The mechanical water level sensor consists of three distinct sensors, each
with a different length. If two or more of the three sensors are exposed to the atmosphere,
the device shuts down. Furthermore, due to the device’s noise, it was operated from 6 a.m.
to 10 p.m.

2.4. Odor and Water Quality Analysis
2.4.1. Odor Analysis

The complex odor strength level was measured using a handheld odor meter, OMX-
SRM (Shinyei, Japan). In addition, the intensity of the odor of the water samples was
measured using the threshold odor number (TON) based on the olfactometric evaluation
method. In this method, the sample is diluted with odor-free water until the least discernible
odor is obtained.
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2.4.2. Water Quality Measurement

A multi-parameter water quality meter from YSI was used to measure dissolved
oxygen. The dissolved oxygen was determined by directly inserting the probe into the
stream water. The measurement of suspended substances was based on the standard water
quality test method, and the chemical oxygen demand (COD), total nitrogen (T-N), and
total phosphorus (T-P) were performed according to the HUMAS water quality analysis
KIT manual and placed into the water quality analyzer for subsequent analysis. The water
quality analyzer used was the HS-2300 PLUS model, which performs measurements by the
absorbance method using a color reagent.

3. Experimental Results and Discussion
3.1. Field Experiment

At the field-testing location, point A represents the section of the stream influenced
by the MVA, while point B represents the section without the MVA installation (Figure 4).
The section with the MVA installation is called ‘zone 1’, and ‘zone 2’ represents the control
section without the MVA installation. Goejeongcheon has the characteristics of both a
lake and a river. Notably, the Water Resources Management Information System (WAMIS)
standards in Korea are more stringent for lake water quality, and therefore, we adopted
these criteria for our work. The effectiveness of the MVA installation was confirmed by
comparing the obtained water quality data with the lake water quality and environmental
standards according to WAMIS (Table 1) [22].

Table 1. Water quality parameters and environmental standards for classification.

Parameters

Classification Dissolved Total Total
COD (mg/L) S?)ﬁz[;e(r:\ige&) Oxygen Phosphorous Nitrogen

(mg/L) (mg/L) (mg/L)
Ver%llag)ood 2 or less 1 or less 7.5 or more 0.01 or less 0.2 or less
Cé(ﬁ?)d 3 or less 5 or less 5.0 or more 0.02 or less 0.3 or less
Shghzll}f) good 4 or less 5 or less 5.0 or more 0.03 or less 0.4 or less
Fair (I1I) 5 or less 15 or less 5.0 or more 0.05 or less 0.6 or less
Slig}(}t{;/) bad 8 or less 15 or less 2.0 or more 0.10 or less 1.0 or less

Floating
Poor (V) 10 or less suspended 2.0 or more 0.15 or less 1.5 or less
matter
Very bad (VI) >10 _ <2.0 >0.15 >1.5

3.1.1. Dissolved Oxygen (DO)

Data for dissolved oxygen by season were recorded for one year, with the average of
the data from spring to autumn being reported (Figure 5). Data analysis for each season
was required to examine the effectiveness of the MVA in dissolved oxygen improvement.
In Figure 5, it can be observed that the seasonal variation in dissolved oxygen concentration
followed a similar pattern at points A and B, respectively. At point B, the average dissolved
oxygen was 0.98 mg/L in summer, 2.55 mg/L in spring, and 1.81 mg/L in autumn,
wherein spring and autumn exhibited higher dissolved oxygen concentrations compared
with summer because the dissolved oxygen concentration is inversely correlated to the
stream temperature [23]. Compared with spring, the DO in summer was 1.57 mg/L lower,
while the DO increased by 0.83 mg/L in the autumn. Likewise, at point A, the average DO
in summer was the lowest at 4.62 mg/L, while in spring, the DO was measured at 7.05
mg/L, with an increment of 2.44 mg /L compared with summer. The average DO measured
in autumn was 6.45 mg/L, a 1.83 mg/L increase over the summer DO level. The seasonal
comparison of the DO concentration at points A and B revealed a 63.8% DO increment from
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2.55mg/L to 7.05 mg/L in spring and a 78.6% DO increment from 0.98 mg/L to 4.62 mg/L
in summer. In autumn, it was observed that the DO increased by 71.8%, from 1.81 mg/L to
6.45 mg/L. The reason for the seasonal variation in the dissolved oxygen concentration is
attributed to the increase in bacterial diversity in warmer months [24] and the decline in
oxygen solubility due to an increase in the temperature of the stream.

I Point A
g~ [_1Point B
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, -
7 1 Good ~ Normal
(I-b ~ I1I)
al T N R .
7; 5 ]

o0 .

s 44 Slightly Bad ~ Bad
5 (IV-V)
8 31

24 .
\
14 Very Bad
(VD
0 .

2018 Autumn 2019 Spring 2019 Summer 2019 Autumn

Figure 5. Variation in dissolved oxygen (DO) content over different seasons in the field experiment.

Furthermore, although there was seasonal variation, it is important to observe that
dissolved oxygen could be significantly improved from the very bad to good grade when
the stream water was cycled through the installed MVA system at point A. It is evident from
the plot in Figure 5 that compared with point B, the average DO concentration increased by
3.5 times at point A in the presence of the MVA system. The results indicate that when the
MVA is employed, the increase in dissolved oxygen concentration is significant in contrast
with point B.

3.1.2. Complex Odor

The data for variation in seasonal complex odor were recorded for a period of one
year (Figure 6a). At point A, the average of the complex odors measured in the autumn of
2018 was the highest at 10.19, and the average of the complex odors measured in the spring
of 2019 was 5.67, suggesting a 44.7% decrease from the autumn of 2018. In summer, the
average odor was 8.51, which was reduced by 24.8% in the autumn of 2019. In addition,
comparing the autumn of 2018 and the autumn of 2019, the complex odor in the autumn of
2019 was 6.46, indicating a 36.6% reduction.

At point B, where the MVA system was not installed, the average complex odor was
23.91 in autumn 2018, 17.74 in spring 2019, 33.22 in summer 2019, and 22.98 in autumn
2019, with the highest value observed in summer. Overall, a negligible reduction of 3.87%
in complex odor was noted when comparing the autumn values of 2018 and 2019.

It is imperative to compare the complex odor between points A and B to determine
the efficiency of the MVA system in complex odor reduction. Comparing the complex
odor by season, in the autumn of 2018, there was a 57.4% decrease, and in the spring
of 2019, there was an almost 68% reduction. In the summer of 2019, there was a 74.4%
reduction in complex odors, and in the autumn of 2019, a reduction of 71.9% was observed.
In addition, it was observed that the complex odor varied by season, and comparing the
values for 2019 alone, the complex odor was observed to be lower in spring and autumn
than in summer. Increased temperatures in summer can further degrade water quality
and increase the degree of black odorous water by influencing the release of phosphorous
from sediments [25,26]. Therefore, the findings highlight that the odor was very strong
at point B in all the seasons, particularly in summer, and the effect of odor reduction was
investigated. Comparing the autumn of 2018 and the autumn of 2019 (after the installation
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of MVA system), it is apparent that the decrease in complex odor was greater after one year
of system operation. Notably, it was confirmed that TON and complex odor decreased
as dissolved oxygen increased (Figure 6b,c). A correlation analysis was performed using
SPSS v. 22.0 to estimate the degree of association among multiple variables, including DO,
TON, and complex odor, and a correlation matrix was computed (Table 2). The table shows
the degree of linear association between any two of the parameters, which is measured by
the degree of correlation as a coefficient (R). The R-values indicate the highly correlated
inter-relationships between DO, TON and complex odor. The confidence interval was 95%
and the significance level was p < 0.05. It was observed that the TON and complex odor are
negatively correlated with DO because with an increase in DO, the complex odor as well as
TON decreases. The circulation of the water through the MVA system provides enough
dissolved oxygen (~22 mg/L) to the aerobic bacteria so they can actively break down the
odorous compounds, resulting in odor reduction [27].
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Figure 6. (a) Complex odor at point A and point B according to seasonal variation; (b) influence of
dissolved oxygen (DO) on complex odor; and (c) effect of DO on TON.

Table 2. Correlation matrix of the important parameters.

DO TON Complex Odor
DO 1 —0.8744 ** —0.9649 **
TON 0.8744 ** 1 0.9186 **
Complex odor 0.9649 ** 0.9186 ** 1

Note: **: p-value < 0.05.

3.1.3. Water Quality Analysis

The descriptive statistics of the experimental data of water quality parameters at
points A and B over the given period are presented in Table 3.
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T-P (mgL™)

COD (mgL™)

Table 3. Descriptive statistics of the water quality parameters.

Min Max Average STD

T-N at point A 0.300 4.510 2.10552 1.216509
T-N at point B 0.530 4.810 2.52828 1.189926
T-P at point A 0.005 0.045 0.01529 0.009180
T-P at point B 0.020 0.060 0.03510 0.011119
COD at point A 5.150 19.140 14.67156 2.835519
COD at point B 6.220 19.960 16.63875 3.201404
SS at point A 2.667 25.000 14.25950 6.083765
SS at point B 8.000 136.700 36.44611 28.228620

At point A of zone 1, the average total phosphorus (TP) concentration was measured
at 0.015 mg/L and it was 0.035 mg/L at point B of zone 2, indicating a 56.4% reduction.
The significant removal of TP could be attributed to the enhanced DO concentration due to
the presence of the MVA system, which can promote aerobic microbial growth, resulting in
accelerated phosphorous consumption [28]. There is a strong possibility that the product of
the decomposition of the organic matter facilitated the deposit and subsequent adsorption
of the phosphorous onto the sediments [29,30]. Urban streams are more susceptible to
eutrophication because of their lower self-purification capacity than rivers. Therefore, from
the environmental perspective, it is importance to prevent the accumulation of nutrients
causing eutrophication. During the field experiment period, the water quality grade, based
on the average TP concentration, gradually improved from bad to normal. Overall, it
improved from a very bad to good grade at the end of the treatment period (Figure 7a).
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Figure 7. (a) Field experiment total phosphorous (T-P) concentration variation over time; (b) to-

tal nitrogen (T-N) concentration variation over time; (¢) COD concentration variation over time;

(d) suspended solids (SS) content variation over time.
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Total nitrogen (TN) was also compared and analyzed at point B of zone 2 and point
A of zone 1, where the MVA was installed. The TN concentration over a period of one
year ranged from 0.3 mg/L to 4.81 mg/L, depending on the seasonal variation (Figure 7b).
Total nitrogen was reduced by up to 17% on average at point A compared with point B.
The aerobic conditions promoted by the application of the MVA aid the microorganisms in
nitrogen removal by oxidation of anaerobic ammonia.

The chemical oxygen demand (COD) was compared at point A (having high DO)
of zone 1 with point B of zone 2 (Figure 7c). The COD was influenced by the tide and
displayed a range of concentrations. Based on the analysis of a year of data, it was observed
that the average chemical oxygen demand at point A of zone 1 was reduced by up to 12%
compared with that at point B in zone 2. The increase in dissolved oxygen stimulates the
microbial activity, where the microbes decompose and consume the particulate organic
matter (POM), thereby lowering the chemical oxygen demand [31].

In the presence of the MVA system at point A, the suspended solid (SS) concentration
was reduced by 61% on average compared with point B (Figure 7d). Overall, the water
quality improved from a poor to moderate grade and from a moderate to very good grade
after circulation through the MVA system over a period of twelve months. Pure oxygen
(~90%) injection and multistage mixing through the MVA enhanced the dissolved oxygen
content and augmented the biological decomposition of organic matter, thereby reducing
the suspended solids concentration.

The above findings demonstrate that the MVA system enhances the dissolved oxygen
and thereby reduces the concentration of pollutants in odorous water by stimulating the
growth of microorganisms.

4. Conclusions

In this research, we evaluated the feasibility of installing and operating the MVA in
Goejeongcheon stream, Saha-gu, Busan, from September to November 2018 and March to
November 2019. The novel MVA system is an in situ remediation technology that efficiently
transfers and increases the dissolved oxygen in the water body, thereby promoting aerobic
microbial activity. The proposed MVA process was monitored for nearly twelve months
and demonstrated promising results, with a 3.5-times increase in DO content and maximum
removal rates of TP and SS of 56.4% and 61%, respectively. Several water quality indicators
met the Class la (very good) standard, while others achieved the Class Ib (good) surface
water standard.

The present work demonstrates that by increasing the dissolved oxygen concentration,
it was possible to reduce odor sources and improve the water quality of the polluted
research site. The MVA system can be operated in a continuous mode devoid of any fouling
problems. It can be a viable alternative to treat odorous water bodies through pure oxygen
injection. It is reported as the first case in Korea and worldwide of improving the odor
and water quality of a stream by employing a multistage vortex aerator (MVA). Overall,
the effects of increased dissolved oxygen on odor reduction and water quality parameters
(T-N, T-P, COD, S-S) are documented and discussed in this paper. Based on the results, the
proposed system can be developed into a full-scale river purification system in the future.
The findings of this work provide valuable insights that can be applied in scaling up the
system in future studies. However, for the large-scale application of this technology, the
production cost of pure oxygen and the durability of the equipment need to be examined
in detail.
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Abstract: Multi-effect distillation with thermal vapor compression (MED-TVC) is a highly energy-
efficient desalination technology that can provide a reliable and sustainable source of high-quality
water, particularly in areas with limited energy infrastructure and water resources. In this study, a nu-
merical model based on exergoeconomic approach is developed to analyze the economic performance
of a MED-TVC system for seawater desalination. A parallel/cross feed configuration is considered
because of its high energy efficiency. In addition, a parametric study is performed to evaluate the
effects of some operational parameters on the total water price, such as the top brine temperature,
seawater temperature, motive steam flow rate, and number of effects. The obtained results indicate
that the total water price is in the range of 1.73 USD/ m? for a distilled water production of 55.20 kg/s.
Furthermore, the exergy destructions in the effects account for 45.8% of the total exergy destruction.
The MED effects are also identified to be the most relevant component from an exergoeconomic
viewpoint. Careful attention should be paid to these components. Of the total cost associated with
the effects, 75.1% is due to its high thermodynamic inefficiency. Finally, the parametric study indi-
cates that adjusting the top brine temperature, the cooling seawater temperature, the motive steam
flow rate, and the number of effects has a significant impact on the TWP, which varies between
1.42 USD/m? and 2.85 USD/m?.

Keywords: water desalination; multi-effect distillation; thermal vapor compression; exergoeconomic
analysis; total water price

1. Introduction

Desalination technologies have become an important pillar of the world’s freshwater
supplies; they are effective in supporting countries and industries to satisfy their water
needs. There are many desalination plants around the world on which communities depend
for their economic activity and portable water supply. As desalination systems become a
common application in the world, different desalination technologies are available, such
as membrane techniques and thermally driven techniques [1]. In this regard, desalination
systems are generally designed and optimized from an energy and economic perspective.
The exergy-based method has been successfully used for the analysis and optimization of
energy and the economic performance of desalination systems [2-6].
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Multi-effect desalination is among the thermal desalination systems to receive signifi-
cant attention for its high efficiency, operational and maintenance simplicity, the feasibility
of using low-grade heat, and economic sustainability [7,8]. MED integrated in a thermal
vapor compressor system has recently received much attention in research; the major
advantages of MED-TVC desalination systems are high thermal efficiency with low energy
requirement, a small condenser size, and reasonable production costs [9].

A number of studies have been conducted to analyze the energetic performance of
MED-TVC systems using the exergy approach [10-17], in which exergy analysis revealed
that the thermo-compressor and effects are the major sources of exergy destruction in a
MED-TVC system. Hamed et al. [10] applied an exergy analysis to evaluate and com-
pare the performance of a TVC system with those of the conventional MEB and MVC
desalination systems. It was observed that the TVC system generates the lowest exergy
destruction among the three systems. In addition, a major part of the exergy destruction
in the TVC system occurs in the first effect and in the thermo-compressor. In [11], the
thermo-compressor and the evaporator were also identified as the main sources of exergy
destruction for single- and multi-effect thermo-vapor compression systems.

Al Asfour et al. [12] conducted a parametric study using energy and exergy analysis
for three configurations of a multi-effect thermal vapor compression desalination system.
The results revealed that the steam ejector and evaporators are the major sources of exergy
destruction in the three configurations. The decrease in the top brine temperature leads
to a decrease in the specific heat consumption and exergy destruction. Choi et al. [13]
presented an energy and exergy analysis for a MED-TVC system developed by Hyundai
Heavy Industry for identifying the system’s efficiency improvement potential. It was found
that the largest specific exergy losses in the MED-TVC desalination system occur in the
TVC and the effects. Comprehensive thermal and exergy analyses for MED and MED-TVC
systems were conducted to reveal the mechanism of the system’s internal exergy loss [14].

The exergy consumption of the MED TVC system is evidently higher than for the MED
system, and the exergy efficiency of the system improves as the number of suction effects
increases. Binamer [15] developed a mathematical model of a MED-TVC desalination
system to evaluate the system performance using energy and exergy analysis. It was shown
that the first effect accounted for about 31% of the total destruction of the exergy effects.
The specific exergy destruction is significantly reduced when increasing the number of
effects as well as operating at lower top brine temperatures. Sadri et al. [16] also developed
a mathematical model to predict and optimize the exergy efficiency of a MED-TVC system.
The model could predict the effects of various variables on the performance of the system.
The authors indicated that careful attention should be paid to evaporators, since they are
the main sources of exergy destruction. Menasri et al. [17] presented a MED-TVC system
model based on energy and exergy analyses. The results revealed that the main sources of
exergy destruction in the MED-TVC system are the ejector and the evaporators, while a
parametric study revealed that operating with a lower brine temperature and lower motive
steam flow rate is recommended to improve the overall efficiency.

In recent studies, the economic performance of MED-TVC desalination systems has
been analyzed by using the exergoeconomic method. Elsayed et al. [9] conducted an
exergoeconomic analysis on four different feed configurations for a MED-TVC desalina-
tion system. The effect of the economic variables, such as cost index, interest rate, and
electricity cost, on the total water price was investigated. Their results showed that the
parallel cross feed (PCF) configuration has the minimum production cost (2.09 USD/m?).
In another study, Elsayed et al. [1] also developed an exergoeconomic model to analyze the
performance of a multi-effect desalination plant integrated to a mechanical vapor compres-
sor unit (MED-MVC). The results indicated that the total water price was 1.63 USD/ m3.
Samakeé et al. [18] performed an exergoeconomic analysis of a multiple-effect desalination
system with ejector vapor compression. Both forward and parallel/cross configurations
were considered. It was found that the required total capital investment and the unit cost
of the produced potable water always increase when the number of effects increases.
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In recent studies, Javadi et al. [19-21] have explored the use of different combinations,
including gas and steam, parabolic solar collectors, MED desalination units, and reverse
osmosis, to generate water and electricity. They worked on the optimization of these
cogeneration systems through performing exergy, economic, and environmental analyses.
Ghasemiasl et al. [22] conducted an economic optimization for a cogeneration system
consisting of gas and steam turbines, a MED system, and a solar farm; the results showed
that the interest rate of freshwater production increased from 6 to 12 due to the increase in
the number of effects.

Based on the review mentioned above, it is obvious that MED-TVC desalination
systems have attracted the attention of many researchers. Most studies focus on the exergy
analysis of MED-TVC desalination systems; however, few focus on their economic analysis.
The present study will add more value to the existing studies by providing a detailed
economic analysis using an exergoeconomic approach for a MED-TVC desalination system,
in order to estimate the total water price and identify the most relevant components of
the system from an exergoeconomic point of view. By analyzing the costs and benefits of
different design options, operational strategies, and maintenance practices, decision makers
can identify ways to improve the efficiency and effectiveness of the MED-TVC system.
In addition, a parametric study is conducted here to evaluate the effect of some process
parameters on the total water price, such as top brine temperature, seawater temperature,
motive steam flow rate, and number of effects.

2. MED-TVC System Description

A schematic diagram of the MED-TVC desalination system is presented in Figure 1.
The MED-TVC system mainly consists of four effects (evaporators); a steam ejector (thermo-
compressor); a condenser; and pumps for seawater, brine, and distillate. As shown in
this figure, the feed configuration of MED integrated with the TVC unit considered in the
present study is PCF. The cooling seawater flow (stream 1) enters the condenser to cool the
distillate water and increase the seawater feed temperature (stream 2). The seawater leaves
the condenser (stream 3) and is divided into two streams. One stream (stream 4) returns to
the tank and the other stream (stream 5) is directed to the effects and split into four parts
(streams 25-28). Motive steam (stream 7) is supplied to the steam ejector and is mixed with
entrained steam (stream 6), which was separated from the steam generated from the last
effect (stream 12).

TvVC
af 7
[ 2
6 Vapor
Seawater
Distilate water
Brine
25 26 27 28
L 3 L
3 9 10 1m 12
Effect Effect Effect Effect
1 2 3 4
Seawater pump
15 16 18 19
i S )
Brine pump Y
"21 "22 23
24 . 29 s @ 30

31

Product pump
32

Condensate pump

Figure 1. Schematic diagram of the MED-TVC desalination system with parallel cross feed configuration.
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The combined vapor streams are then compressed in the ejector to meet the first
thermal requirement (stream 8). The other part (stream 13) enters the condenser and heats
the seawater to a higher temperature. Thereby, it condenses as distillate water and passes to
the product line (stream 14). The vapor generated from the first effect (stream 9) is passed
through demisters and enters effect number two (stream 10), and so on into the next effect
(stream 11). The brine remaining in the feed water of the first effect (stream 15) is directed
to the second effect and so on to the other effects (streams 16-18). In the last effect, raw
water is discharged as brine (stream 19). At the same time, the condensate steam leaving
the first effect (stream 20) is divided into two streams. One stream (stream 31) is fed to
the water to the steam cycle of the steam power plant, while the other stream (stream 24)
flows with all streams collected from the four effects (streams 21-23) in the fresh water line
(stream 29).

3. Mathematical Modeling of the System
3.1. Thermodynamic Analysis

The thermodynamic model of the proposed MED-TVC desalination system was devel-
oped in MATLAB 7.9 software using mass and energy conservation equations according to
the following assumptions:

- The desalination plant operates in a steady state condition.

- The effects have a similar temperature difference and the feed-flow rate is constant.
- The distillate and vapor are salt-free.

- A pump average efficiency of 75% is considered.

In addition, the model includes the equations for calculating the physical proper-
ties of the seawater and the heat transfer coefficients. A detailed description of seawater
properties’ (enthalpy, entropy, chemical potential and density) calculation and the thermo-
dynamic model developed for a combined cycle for the MED-TVC desalination system
were previously presented by the authors [17,23].

3.2. Exergy Analysis

Exergy analysis involves calculation of the exergy flow of each stream and the exergy
destruction of each component of the system. Neglecting the kinetic and potential energies,
the exergy flow rate of each stream is given as follows:

Eph = m[(h - ho) - To(S — So)] (1)

Eop = i Y eon (1 — ) @)

The global exergy of each flow is defined as follows:
E=E ph T Ech ®3)

The exergy destruction is defined as the irreversibility rate of the system. For each
component, the exergy destruction rate can be obtained by the following equation:

Epy=Epr—Epy 4)

3.3. Exergoeconomic Analysis

The method of exergoeconomic analysis was used to evaluate the economic perfor-
mance of the MED-TVC system presented in this study. There are several exergoeconomic
approaches reported in the literature [24]; the specific exergy costing method (SPECO),
which is one of the most widely applied methods for energy systems, is used in this study.

The SPECO method consists of three basic steps, including the definition of control
volumes for all components, the development of auxiliary equations according to the fuel
and product rules, and the formulation of the cost balance equations [25].
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In an exergoeconomic analysis, the cost balance for each system component can be
written as:

Zcout,k = Zcin,k + Zk (5)
Ci = ¢k (6)

The term Z represents the total cost rate associated with the capital investment of the
component, as defined by [26,27]:

- CRFpZy
Zp=—7""— 7
k N @)
CREF is the capital recovery factor, which is given as follows:
. 1 A
crF = 0FD" @®)
14" -1

Zj represents the purchase cost of the component that is calculated based on the cost
formulas in the literature [9,18]. It is noted that the purchase cost of each component
has been updated to the year 2020 by using the chemical engineering plant cost index
(CEPCI) [28].

cost index for the refernce year

©)

Cost at reference year = original cost x - —
y & cost index for the original year

Combining Equation (5) for all the MED-TVC system components with the appro-
priate auxiliary equations, a linear equation system is developed to obtain the unknown
flows costs. . .

|:Ek:| X Cp = {Zk} (10)

The remaining cost balances and corresponding auxiliary equations for each compo-

nent of the system are given in Table 1 [9,18].

Table 1. Exergy and cost balance equations with corresponding auxiliary equations for the MED-TVC
system [9,18].

Item Fuel Exergy Product Exergy Cost Balances Auxiliary Equations

C6 +C7+ZTVC = Cg

TVC ﬁ’l7(€7 — 38) 11'16 (88 — 66) 0.55 C7 =SHC x D
Zrve = 15962.46 ritg (%) pg075
. . . . . C8+C25+ZEf1=C9+C15+C20 G = Cn
Effect 1 Eg — Ey Eg+ Ey5 — Eos Es  Ex
Zgp = 201.67 UAdP,"1dp, =01 Cis — G
Eis Eps
. . . . . . C9+C15+C26+2Ef2:C10+C16+C21 G Ca
Effect 2 Eg — Ey Eqo + E16 — E15 — E26 Es  En
Zgp = 201.67 UAAP,"dp;~01 Cie = G
Ei6 Ea
. . . . . . C10+C16+C27+25f3:C11+C17+C22 Cu _ Cn
Effect 3 Eip—Ex E11 + E17 — E16 — Eo7 Eo  Ex
Zgp3 = 201.67 UAAP,"1°dp, =01 Sy - Cx
Eiz Ex
. . , , , . C11+C17+C28+ng4:C12+C18+C23 Cu— Cn
Effect 4 Eqp — En3 E1p + E1g — Eq7 — Eng En  Exn
Zppy = 201.67 UAAP,"dp;~01 Cis — Cm
Eis Eas
. . .. Co+Cia+Zcon = C3+Cuy . ,
Condenser  Eq3 — Eqy Es+Ep Ci _ Cy
Zcon = 201.67 UAdP,~0154p,~015 Exiz  Exi
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Table 1. Cont.

Item Fuel Exergy Product Exergy Cost Balances Auxiliary Equations
) ) ] Cl + Cw,l + stp = CZ C1 = (SLC+ SCC) x D
Pumpsw Wsw E; —E 1.05 ~ .
Zswp = 13.92 (my + AP)** & (12) Cw1 = Celec
' . ‘ C29 + Cw,z + pr = C30 . )
Pumpp Wp Eso — Ex9 105 Cuwz2 = Celec
Zpp =13.92 (3o  AP)* ({12
_ _ _ Ca1 + Cw,S + ZDistp = Ca _ )
PumpCor\d Weond E3 — E3 055 1.05 Cw,3 = Cel@c
Zcond = 13.92 (mzp  AP)*™ « (%)
' _ _ Ci8 + Cus + ZBp = Cio ' )
PumpB Wpg E19 — Eqg Cw,4 = Colec

1.05
Zpp = 13.92 (mg * AP)O'55 * (ﬂﬁ,,)

3.4. Performance Indicators

o  Total water price (TWP), which is the ratio between the cost streams of water exiting
the desalination unit to the amount of the desalinated water [29].

B C4 + C19 + Cgo + C32

TWP : (11)
mszg X 3.6

e  Exergy destruction cost rate (C D,k), defined as [30]

Cpx = crxEpp (12)
e  Exergoeconomic factor calculated by:
Z

fr=—% (13)

Zr+C Dk

4. Results and Discussion

First, it should be noticed that the developed thermodynamic model of the MED-TVC
system was validated using the reported data of a model developed by Elsayed et al. [9].
The input values for validation and the validation results are given in Table 2. As shown in
this table, there is good agreement between the current results and the available data in [9].

The results of the exergy and exergoeconomic analyses and the parametric study are
presented in the next sections. The main initial parameters used to simulate the MED-TVC
system are provided in Table 3. The simulation results, including the mass flow rate,
temperature, specific exergy, and cost rate of all of the matter streams shown in Figure 1, are
summarized in Figure 2. The fresh water production for the evaluated system is 55.2 kg /s
(198.7 m3/h), and the total water price (TWP) is found to be around 1.73 USD/ m3. This
value is of the same range as those reported in the literature for other MED-TVC units,
varying between 0.41 USD/ m3 and 2.09 USD/m? [1,9-30].The difference can be attributed
to the MED-TVC unit configuration and the cost index used to update the equipment
purchase cost.
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Table 2. Validation results of MED-TVC model.

Parameter Reference [9] Present Model

Inputs

Number of effects 4 4

Motive pressure (kPa) 2300 2300

Top brine temperature (°C) 60.1 60.1

Last brine temperature (°C) 454 454

Seawater temperature (°C) 31.5 31.5

Feed temperature (°C) 41.5 41.5

Feed content (g/kg) 35 35

Brine content (g/kg) 53 53

Motive steam flow rate (kg/s) 8.89 8.89

Outputs

Distillate production, D (kg/s) 56.12 59.9

Gain output ratio (GOR) 6.31 6.73

Specific cooling seawater flow (sMsy = tis/D) 6.7 7.4

Specific heat consumption (SHC = 2330/ GOR) 369.3 346.2
Table 3. Parameters assumed for the simulations.

Parameter Value

Cooling seawater temperature (°C) 315

Feed seawater temperature (°C) 415

Top brine temperature (°C) 60.5

Motive pressure (kPa) 2300

Motive steam flow rate (kg/s) 8.8

Number of effects 4

Interest rate (%) 5

System lifetime (yr) 20

Annual system operating hours (h) 7884

Specific labor cost (USD/m?) 0.052

specific chemical cost (USD/m?) 0.0252

Specific steam cost (USD/ m3) 1.284

electrical energy cost (USD/kWh) 0.08 2

Note:  Adapted from [9].

TVC 38 | 1248
) [t
3
3.09 | 454
55 | 415 55 | 415 55 | 415 55 | 415 366.6 | 156.7 2055 | 415
99| 135 99| 135 9| 235 39| 235 TRARE)
120 | 415 L
] 151 | 59.6 142 | 54.7 }4.1 19.31 159.7 | 941 1255 | 415
3103 | 302.5 2457 | 2613 958 | 276. 3089 | 1819 :
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Figure 2. Cost flow diagram of the MED-TVC system.

295



Water 2023, 15, 1225

4.1. Exergy Analysis

Table 4 contains the results obtained from the exergetic analysis, i.e., exergy rates
associated with fuel, product, exergy destruction and exergy destruction ratios for each
component. It can be seen that the components that should be improved first are the
evaporators and the TVC unit. The exergy destruction of the evaporators is 1946.3 kW,
which accounts for 45.8% of the system exergy destruction, and the exergy destruction of
the TVC unit is 1730.8 kW, which accounts for 40.7% of the system exergy destruction. This
is mainly due to the heat transfer process in the effects associated with phase change and to
the high pressure of motive steam and the temperature difference through the TVC unit.

Table 4. Exergetic analysis results.

Item Ep ) (KW) Ep (kW) Ep (kW) Ep (%)
TVC 2813.3 1082.5 1730.8 40.7
Effect 3925.5 3314.1 1946.3 45.8
Condenser 670.2 288.7 381.5 8.9
Pumpsyw 170.2 20.2 150.0 35
Pumpp 34.9 2.3 32.6 0.8
Pumpg 32.5 29.7 2.8 0.1
Pumpcong 44 0.9 3.5 0.1

The second priority for improvement is the condenser; the exergy destruction for
this component is 381.5 kW. While pumps (except the feed pump) have the smaller share
of exergy destruction, ranging from 0.1% to 3.5%, the improvement is less important
than the improvement of the above-mentioned components. Therefore, designers should
focus on evaporators, TVC unit, and condenser to improve the exergetic performance of
a desalination plant. It should be noted that the exergy destruction in the effects can be
reduced by increasing the number of effects [17]. On the other hand, seawater preheater
before the condenser inlet can be used to improve the exergy performance of the condenser
by recovering energy from the fresh water outlets to increase the temperature of the
seawater at the inlet of the condenser.

4.2. Exergoeconomic Analysis

Table 5 and Figure 3 show the results of the exergoeconomic analysis of the components
of the MED-TVC system. Different exergoeconomic variables were calculated for each
component, such as the investment cost rate (Zk), the cost rates associated with exergy
destruction (C D,k), the exergoeconomic factor (f), and the sum of (Z + C D). According to
(Z k), values, the cheapest component is the TVC unit (0.7 USD/h) and pumps (0.71 USD/h),
and the most expensive component is the effects (72.4 USD/h) and condenser (7.7 USD/h),
due to the required large heat transfer area. In addition, for all components, low values of
the exergoeconomic factor (f) were observed, except for the pump (60%). A low value of
the exergoeconomic factor suggests a decrease in the cost rates associated with the exergy
destruction of a component.

Table 5. Exergoeconomic analysis results.

Item Zi (USD/h) Cp,x (USD/h) f(%)
TVC 0.7 28.6 24
Effects 72.4 217.3 249
Condenser 7.7 81.7 8.6
Pumpsw 0.2 13.2 1.5
Pump,, 0.2 2.5 7.4
Pumpg 0.3 0.2 60
PumPCond 0.01 0.3 3.2
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Figure 3. The sum of (Zx+C p,) for the MED-TVC system components.

It can be seen from Figure 3 that the highest sum (Z r+ C p,k) is for the effects, followed
by the condenser. The exergoeconomic factor of the effects is 24.9%, suggesting that the
capital cost has a relatively much lower rate than the cost of exergy destruction. Therefore,
75.1% of the total cost associated with the effects is due to its high thermodynamic ineffi-
ciency (high exergy destruction). The second cost ineffective component in the system is
the condenser; its exergoeconomic factor is observed to be 8.6%, meaning that only 8.6% of
the cost is owing to component capital cost and 91.4% of the cost is because of high exergy
destruction. The third cost ineffective component in the system is found to be the TVC unit,
and its exergoeconomic factor is obtained to be approximately 2.4%, which means that only
2.4% of the cost is owing to component capital cost and 97.6% of the cost is owing to high
exergy destruction.

4.3. Parametric Study

A parametric study was carried out in order to investigate the effect of certain param-
eters on the total water price of the MED-TVC system. The key parameters of the study
were the top brine temperature, seawater temperature, motive steam flow rate, and number
of effects.

4.3.1. Effect of the Top Brine Temperature

Figure 4 shows the variations in the total water price of the MED-TVC system as the
top brine temperature changes. It can be seen that the TWP monotonically decreases over
the given range of TBT, but its rate of decrease is lower (from 1.8 USD/ m3 to 1.42 USD/m?)
as a higher TBT is approached. This trend in the TWP is explained by the nature of variation
of the cost streams of water exiting the desalination unit with an increase in TBT. Although
the distillate production increases linearly with TBT, the variation of the cost streams of
water with an increase in TBT is not linear, and there is a small increase in the slope of
increase in the cost streams with TBT. This feature is attributed to the variation of LMTD
with an increase in TBT.
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Figure 4. Effect of top brine temperature on the TWP.

4.3.2. Effect of the Seawater Temperature

Figure 5 shows the variation of total water price with the seawater temperature. As
it can be seen from this figure, the increase in the cooling seawater temperature leads to
an increase in the TWP of the system. The TWP is increased by 12%, from 1.6 USD/m?
to 1.79 USD/m?>. The reason is that the increase in the seawater temperature results
in an increase in the feed water temperature, and feed water with higher temperatures
needs lower heat to be preheated. Therefore, the lower the specific heat consumption,
the lower the TWP. This is because the energy required to desalinate seawater depends
on the difference in temperature between the feed seawater and the heated evaporator
surface. Warmer seawater requires less energy to heat to the boiling point, which results in
lower energy consumption and operating costs. However, there are some limitations to the
benefits of warmer seawater. For example, if the temperature of the seawater is too high, it
may cause scaling or fouling of the heat exchangers, which can decrease the efficiency of
the desalination process and increase maintenance costs. The obtained results indicate that
the increase in the seawater temperature from 25°C to 33°C leads to a 10% increase in the
TWP of the MED-TVC system.

4.3.3. Effect of the Motive Steam Flow Rate

The influence of the motive steam flow variation on the total water price is shown in
Figure 6. It is observed that an increase in the motive steam flow rate from 6 to 10 kg/s
leads to a slight increase in the TWP. The increase in the TWP is only 2.3% when the motive
steam flow rate rises from 6 to 9 kg/s and then increases by 4.4% when the motive steam
flow increases to 10 kg/s. This can be explained by the higher influence of the motive
steam flow on the specific heat consumption because the addition of steam flow rate leads
to an increase in the temperature and the pressure of compressed vapor. This will lead to
the generation of more vapors and, consequently, more distillate water, but higher energy
will be needed to evaporate the seawater in all effects. Therefore, the amount of freshwater
production is more sensitive to the motive steam flow rate of the MED-TVC system than
the total water price.
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Figure 5. Effect of cooling seawater temperature on the TWP.
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Figure 6. Effect of motive steam flow rate on the TWP.

4.3.4. Effect of the Number of Effects

The number of effects used in a MED-TVC process is an important factor in deter-
mining the total water price. Figure 7 shows the variation of the total water price with the
number of effects. As shown in this figure, the TWP monotonically rises with the addition
of more effects to the MED-TVC system, due to the increase in the capital and operating
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costs of the desalination process. By adding more effects, freshwater production and energy
efficiency increase, but this also increases the capital cost, maintenance cost, and downtime,
which can lead to a higher total water price. It is estimated that the increase in the total
water price is about 26% as the number of effects increases from 4 to 10. The minimum
TWP is obtained at four effects. Therefore, using four effects is preferable for the MED-TVC
system to obtain the lowest price of desalinated water.
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1.9 4 .

1.8 1 -

Total water price ($/m°)

1.7 1 -
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Figure 7. Influence of the number of effects on the TWP.

5. Conclusions

In this paper, a parallel/cross MED-TVC desalination system with four effects was
investigated, and its performance was evaluated using exergy and exergoeconomic ap-
proaches. In addition, a parametric study was performed to analyze the effects of several
operating parameters on the system economic performance. The main conclusions arising
from the present study can be summarized as follows:

- The total water price of the MED-TVC system is estimated to be 1.73 USD/m? for a
freshwater production of 16.16 kg/s.

- Among all system components, the effects, TVC unit, and condenser are the most
relevant components from an exergetic and an exergoeconomic point of view.

- The top brine temperature, cooling seawater temperature, motive steam flow rate,
and number of effects have significant effects on the economic performance of the
MED-TVC system.

Finally, an exergoenvironmental analysis using life cycle assessment is needed and
will be performed in a future study to evaluate the environmental impact of the MED-TVC
desalination system and improve its ecological performance.
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Nomenclature

Symbols Description

A heat transfer area (m?)

C cost rate (USD/h)

Colec electricity cost (USD/kWh)

C cost per exergy unit (USD/G]J)

Crk cost rate of the exergy of fuel (USD/G]J)
D distillate production (m3/h)

E exergy rate (kW)

Eq, chemical exergy (kW)

E Dk exergy destruction (kW)

E Fk exergy rate of the fuel (kW)

E ph physical exergy (kW)

E Pk exergy rate of the product (kW)

h specific enthalpy (kJ/kg)

hy specific enthalpy at ambient conditions (kJ/kg)
I interest rate (%)

K kth component

m mass flow rate (kg/s)

N operating hours(h)

P pressure (kPa)

N lifetime of the unit desalination (yr)

s specific entropy (kJ/kg K)

S0 specific entropy at ambient conditions (k] /kg K)
T temperature (°C)

SCC specific chemical cost (USD/ m?)
SHC specific heat consumption (USD/m?)
SLC specific labor cost (USD/m?)

u heat transfer coefficient (W/m?2°C)
Wp brine pump power (kW)

WCond condensate pump power(kW)

Wp product pump power (kW)

Wsw feed pump power (kW)

Z component purchasing cost (USD)

z capital investment cost rate (USD/h)
Q maintenance factor (%)

Wk mass fraction (kg/kg)

1 chemical potential (k] /kg)

np pump efficiency (%)
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Abbreviations

LMDT Logarithmic Mean Temperature Difference
MEB Multi-Effect Boiling

MED Multiple-Effect Desalination

MVC Mechanical Vapor Compression

PCF Parallel Cross Feed

SPECO Specific Exergy Costing Method

TBT Top Brine Temperature

TVC Thermal Vapor Compression

TWP Total Water Price
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Abstract: One of the most widespread global challenges is the insufficient provision of potable water,
which affects individuals across diverse geographical regions. It is anticipated that issues related to
water scarcity and quality will escalate in tandem with the expanding human population and the
rapid pace of global development. Water sources are massively polluted hence, not safe for drinking
nor irrigation. As a consequence, it is very important to have a water purification treatment plant
to provide good water quality. Given the pressing need to ensure universal access to safe and clean
drinking water, this investigation aims to engineer a compact and space-efficient apparatus that can
expeditiously produce purified water. The proposed system seeks to optimize water purification
performance while minimizing spatial requirements and operational duration. Its size is minimized
by combining the three processes: coagulation, flocculation, and clarification together in one tank.
Following to the aforementioned reservoir, an integrated natural system is employed to reduce the
usage of chemicals and establish an ecologically sustainable platform. A hydraulic study is conducted
to obtain the dimensioning of the several units which can be later scaled according to the flowrate.
The latter was assumed in this study to be 2 L/s, then the compact unit can serve up to 800 persons
by scaling the model and adjusting it.

Keywords: disinfection; filtration; purification; reed bed; water

1. Introduction

Access to clean and safe water is essential for human survival and well-being. How-
ever, in many parts of the world, access to clean water is limited or non-existent, particularly
in developing countries and rural areas. The scarcity of unpolluted water can engender
far-reaching consequences for human and animal well-being, ecological balance, fishing,
leisure, transportation, and various commercial endeavors [1,2]. Inadequate drinking
water quality has been linked to several recognized diseases such as cholera, arsenic, and
dental/skeletal fluorosis [3,4]. Consequently, the global community has endeavored to
seek viable, economical, and effective interventions to facilitate universal access to safe
drinking water over several decades [2,5-9]. One of the main solutions is the use of water
purification treatment units.

Various studies have used several treatment techniques. The utilization of vetiver
grass, ordinary sand, rice husk, coconut fibers, activated carbon, oysters, and moringa
seeds for the remediation of lake water has demonstrated effective removal of a significant
proportion of impurities and pollutants [10]. Other treatments have been used Slow Sand
Filtration (SSF) and Rapid Sand Filtration (RSF). Studies have shown that slow sand filtra-
tion (SSF) is highly proficient in eliminating suspended particles that exceed the filter’s pore
size, whereas rapid sand filtration (RSF) is an efficient method for eliminating turbidity.
However, RSF alone may not be sufficient to eliminate viruses, fluorides, arsenic, salts,
and other contaminants without pre- and post-treatment measures [11]. A biological sand
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filter (BSF) supplemented with metallic iron Fe® has been employed for decentralized safe
drinking water treatment. The findings indicate that BSF, operating on gravity and afford-
ability, is a suitable and effective technology for decentralized water supply, successfully
removing particles and pathogens through a synergistic interplay of biological, chemical,
and physical processes [12].

Water treatment is a process that demands substantial energy inputs, with the level
of energy consumption dependent on a multitude of factors, including raw water quality,
source of water, age of water delivery infrastructure, conveyance distance, water stor-
age, and elevation variations [13,14]. The Drinking Water Treatment Plant (DWTP) in
Jamshoro Pakistan consumed 7.4 Wh/ m?3 to treat 0.017 m3/ day of river water [15]. An
existing DWTP using solar photovoltaics (PVs) to reduce carbon emission showed that
the largest consumers of energy were the processes of coagulation (1.95 Wh/m?) and
flocculation (1.93 Wh/m?) and a 500 kW PV system was found to be sufficient to offset
the energy consumption of the water treatment only operations, for a net present value of
$0.24 million [14].

The expenses of water treatment hinge on several variables, such as the quality of raw
water, the selected treatment technologies, governing regulations, energy sources, and the
volume of water processed [16]. Several research studies reveal that the enhancement of
source water quality correlates with a reduction in water treatment costs [17]. But water
quality is a worldwide problem, and Lebanon is one of the top countries facing a similar
issue, with little awareness about the importance of solving it, thus the absence of funding
for such projects. More people die every year from the consequences of unsafe water than
the greatest impacts are on children under the age of five. Every 8 s a child dies from
water-related diseases [18]. In order to protect human life, an eco-friendly compact size
of DWTP can be a great solution that serves small communities and can be movable, thus
helpful in times of natural disasters where infrastructure may be destroyed. This paper has
the potential to achieve this goal.

In this study, we present a conceptual design for a small-scale water purification treat-
ment unit using reed bed eco-friendly filtration that can be used in remote and underserved
communities. Our design is based on a combination of different treatment methods and
technologies, including filtration, disinfection, and adsorption. The goal of this paper is to
provide a detailed description of our conceptual design, including the treatment processes,
materials, and equipment used, as well as the expected performance of the unit.

2. Compact Water Purification Treatment Unit
2.1. Process Flow Diagram

A process flow diagram for the DWTP is shown in Figure 1. The solid arrows denote
the sequential advancement of water treatment, the dashed lines indicate the locations for
chemical injection, and the dotted arrows represent the discharge of sediments. The surface
water was extracted from rivers or lakes and then screened to remove large solids, rags,
and debris of 6 mm or larger. This water is pumped and channeled to the drinking water
reduction plant through an inlet pipe leading to a tank. During this stage, a coagulant is
added to the water. Therefore, the tank is used in order to carry out the following processes:
coagulation, in which chemicals are introduced to the water to initiate the formation of
gelatinous hydracids through the attraction of particles together; flocculation, where chem-
icals are gradually mixed with the water to facilitate the aggregation of small suspended
solids and the formation of flocs; and clarification, which reduces the solid load and re-
moves approximately 85% to 95% of suspended solids and colloidal matter by controlling
the speed of the propeller and introducing the necessary coagulants. Subsequently, a reed
bed system replaces the filtration unit, with water passing through a porous medium that
removes the remaining suspended solids, color, taste, odor, iron, manganese, and up to
90% of bacteria, creating a nature-based solution. Depending on the intended application
of the water, an optional disinfection tank may be situated downstream before the water is
either stored in a separate tank or distributed directly.
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Figure 1. Process flow diagram for a proposed drinking water treatment plant.

2.2. Conceptual Design

The compact unit will operate at a flowrate is equal to 2 L/s. This process can serve up
to 800 persons by scaling the model and adjusting it. The current study focused on sizing
an eco-friendly concept of DWTP by designing the various unit processes involved. This
section includes the conceptual design for all stages of the DWTP.

2.2.1. Inlet Pipe Design

Referring to Table 1, and taking the water velocity in the inlet pipe equal to 1 m/s, the
required area of a PVC circular inlet pipe is determined by dividing the flowrate by the
fluid velocity, therefore the diameter of the inlet pipe should be equal to 50 mm.

Table 1. Intake conduit design criteria [19].

Number of Conduits One Minimum, Two or More Preferred
Velocity 1.2-2.0 ft/s (46-61 cm/s) at deglgn flow; 3-4 ft/s (90-120 cm/s)
maximum
Type of construction Tunnel or pipeline
Slope or grade Continuous to drain or to an air release valve

2.2.2. Coagulant Tank Design

Generally, to determine the quantity of the required coagulant “Alum” for this process,
a jar test must be conducted to know the water quality. A minimum alum dosage of
25 mg/L is used in our design [20], with a density of 1340 kg/m? and a velocity of 0.8 m/s.
The alum coagulant is active at 100% and its commercial strength is 50%. To determine the
required volume of the alum (Equation (1)), the required mass should be divided by the
density of the fluid. Therefore, using Equations (2) and (4), the required volume of alum
must be 0.006 m>/day. Taking a depth of the alum tank equal to 25 cm, the proposed alum
tank dimension used in this conceptual design is 20 cm x 15 cm x 25 cm.

M
Valum = —ralum (1)
M
Mr,alum = alum (2)
CS
Maum = CxQ 3)

where V,jum is the required volume of alum (m3/ day), M, a1ym is the required mass of alum
(kg/day), p is the alum density (kg/m3), CS is the commercial strength (%), C is the alum
dosage (kg/ m?), and Q is the flowrate (m3/ day).
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2.2.3. Circular Tank Design

Since the circular tank is dedicated to include three processes as mentioned before:
coagulation, flocculation, and clarification, therefore its volume is determined by the largest
volume required among them.

e  For rapid mixing during coagulation, the detention time should be 10 < DT < 60 s [18].
Taking DT = 20 s, the required volume will be 0.04 m? based on Equation (4).

V= Qavg x DT (4)

where V is the circular tank volume (m?3), Qavg is the average flowrate (m3/s), and DT
is the detention time (s).

e  For the clariflocculation, the detention time should be between 2 and 4 h. Assuming
that the time it takes to complete the flocculation and clarification respectively, is 30
and 150 min [18], therefore the total detention time in this phase is 180 min. Using
Equation (4), the required volume will be 21.6 m®.

The governed value that determines the required volume of the circular tank is 21.6 m3.
Assuming a depth of 2 m, the calculated diameter will be 3.71 m. Therefore, a diameter of
4 m for the circular tank is used in the DWTP design.

2.2.4. Propeller Design

During the coagulation, a static rapid mixer is used in order to ensure a uniform
dispersion of the coagulant throughout the basin. After coagulation, the flocculation pro-
cess assists in the formation of flocs, which involves slow mixing to enhance the contact
between the coagulant and the feed water and for the subsequent formation of flocs. For
both processes, a propeller mixer is used which is placed at 1/3 of the tank depth; at 0.65 m
from its bottom.

The velocity gradient (G) remains a significant parameter for the design of the mixer.
The equation to compute the G value [21] is as follows:

©)

where G is root-mean-square velocity gradient (m/s/m), P is the power imparted to water
(N.m/s), V is the mixer volume (m?), and p is the dynamic viscosity (N.s/m?).

Using the actual volume of the circular tank that has a value of 25.13 m?, a dynamic
viscosity of the fluid (i) equal to 1.0087 N.s/m?, and a specific value of G that depends
on the duration of the two processes [18], the value of the power of the propeller can be
determined as follow:

e  For rapid mixing operating for 20 s, the rate of change of velocity should be 600 m/s/m
< G <1000 m/s/m, taking G equal to 1000 m/s/m the corresponding power of the
mixer during this phase will be 25,349 W.

e  For flocculation operation for 30 min, the velocity gradient will be taken 50 m/s/m
then the propeller power will be 64 W.

Hence the propeller will operate at a power of 25,349 W for 20 s during the rapid
mixing phase, then operates at a power of 64 W for 30 min to form the flocs needed during
the flocculation after which it stops for two and a half hours during the sedimentation to
let the flocs deposit and quit through a sludge pipe, then restarts its cycle again.

In order to determine the mixer diameter, Table 2 can be used. Having a radial flow,
the corresponding range is 0.14-0.5. For a tank diameter (T) of 4 m, and taking D/T equal
to 0.25, the required impeller diameter (D) will be 1 m.
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Table 2. Tank and impeller geometries for mixing [20].

Geometric Ratio Range
D/T (radial) 0.14-0.5
D/T (radial) 0.17-0.4

H/D (either) 2.0-4.0
H/T (axial) 0.34-1.6
H/T (radial) 0.28-2.0

B/D (either) 0.7-1.6

2.2.5. Sludge Removal Pipe Design

Assuming that the sludge will accumulate during the flocculation in the last 10 cm of
the tank, the volume of the deposits and its corresponding flowrate will be respectively
1.26 m3 and 0.7 L/s. The velocity in the pipe should be between 1.2 and 1.8 m/s. Taking a
velocity of 1.5 m/s, the PVC pipe diameter should be equal to 25 mm.

The sludge should be treated first and then disposed of; the treatment process is as
follows: Sludge Pasteurization, Mesophilic Anaerobic Digestion, Thermophilic Aerobic
Digestion, Composting (Windrows or Aerated Piles), Lime Stabilization of Liquid Sludge,
Liquid Storage, Dewatering and Storage. According to the Waste Framework Directive,
the sludge could undergo preparation for reuse, recycling, disposal, or other recovery
processes. From these, two groups of disposal methods can be derived: organic recycling
and energy and material recycling.

2.2.6. Filtration

For the filtration unit, the filtration rate should be between 5 and 7 m/h. Assuming its
value equal to 7 m/h, the required area of the filtration system should be 1.03 m?. Taking
a length of 1 m, a width of 1.5 m and a depth of 0.8 m for the filtration system, the real
volume of the reed bed system will be 1.2 m>.

The filtration unit will include three layers:

Bottom layer: made of gravel of size 25 to 40 mm with a 25 cm thickness.
Middle layer: made of gravel of size 10 to 25 mm with a 25 cm thickness.
Top layer: made of silty sand with a 10 cm thickness.

On top of all the layers, a reed bed is planted as shown in Figure 2 to ensure the
consumption of organic matter in water by the bacteria present in the roots of the plants [22].
Finally, a PVC perforated pipe is placed above the bottom ground by 15 cm to let the
drainage occur and collect the clean water. To build a prototype a sieve analysis test is
conducted to place the three different layers, followed by the plantation of the reeds which
requires six to eight months to fully grow and give the desired outcome. The species of
reeds used include Phragmites australis and Typha latifolia with a density of 4 to 8 plants per
m?. They have long, thin stems that can grow up to several meters in height. Their roots
are shallow and spread out, allowing the reeds to grow in wet soils.

Slope 1%

150

Figure 2. Reed bed filtration unit.
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2.2.7. Disinfection

For the DWTP, filtered water is disinfected using sodium hypochlorite (NaClO), which
is a chemical compound that contains chlorine. The chlorination design is achieved using
the design criteria provided by [23]. Taking a chlorine dosage of 50 mg/L, its consumed
mass will be 8.64 kg/day. Referring to the chlorine institute, the density of chlorine in its
liquid state at a temperature of 15.6 °C is 1422 kg/m?, then the required chlorine volume
should be 0.006 m?/day. Taking a 25 cm chlorine tank depth, its required area should be
0.024 m?. Therefore, the proposed chlorine tank dimension is 20 cm x 15 cm x 25 cm.

Disinfection storage time is 30 min, this gives a stored volume of 3.6 m®. Assuming a
disinfection tank depth of 1.25 m, the minimum required area should be 2.88 m?2. Using
4 cylindrical tanks with the same depth, the required diameter should be 0.96 m. Therefore,
in the disinfection DTWP phase, 4 cylindrical tanks with a depth of 1.25 m and a diameter
of 1 m are used. To ensure that these dimensions are optimal, the detention time should be
checked. The actual time is the total volume of tanks divided by the average flowrate. The
calculated time is 32.7 min greater than 30 min which indicates that the disinfection tank
dimensions are acceptable.

After the disinfection process, the chlorine level in water is monitored using am-
perometric meters to ensure that disinfection level is safe and efficient while also avoiding
the risk of secondary pollution.

3. Impact

In September 2015, the United Nations (UN) adopted the Sustainable Development
Goals (SDGs) aiming to significantly improve human well-being by 2030 [24]. This concep-
tual unit shown in Figure 3 is designed to address several SDGs in an eco-friendly way by
employing recycled materials, resulting in up to a 50% reduction in cost. Its environmental
and social impacts include:

e  SDG number 3: “Good health and well-being”, by eliminating water borne diseases
that cause serious health issues.

e  SDG number 6: “Clean water and sanitation”, achieved by providing water that is
palatable, odorless, and visually appealing

e  SDG number 13: “Climate action”, achieved by ensuring the safe and easy disposal of
used materials.

This concept optimizes the size of the unit by integrating the first three processes
in a single tank, followed by a nature-integrated system that relies on reed plants to act
as chemical removers of bacteria and sand layers to facilitate natural filtration processes.
Additionally, this approach encourages small communities, particularly those in small
villages that lack the resources to construct an entire treatment plant.
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Figure 3. (a) Side view and (b) top view of the conceptual design of DWTP (all dimensions are
expressed in cm).

4. Conclusions

An overview of the design of the main processes for drinking water was presented
in this work. Despite the availability of many filtration processes, this paper proposed a
new filtration concept using a reed bed system. Fixed bed filtration is widely regarded as
the most significant filtration process due to its versatility and ease of operation. Among
the various types of filtration, adsorptive filtration is considered the most cost-effective
technology, owing to the availability of diverse adsorbents. Reed plants, which serve as
natural adsorbents, not only augment pollutant removal but also enable us to achieve the
long-sought-after sustainability goals. These techniques aid in eliminating waterborne
illnesses, which pose a significant threat to public health.

Author Contributions: Conceptualization, E.F.; Formal analysis, M.K., M.R. and C.A.H.; Method-
ology, E.F,; Software, M.K., M.R. and C.A.H.; Supervision, E.E,; Validation, E.F; Writing—original
draft, M.K,, M.R. and C.A .H.; Writing—review & editing, E.F. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ali, I. Water treatment by adsorption columns: Evaluation at ground level. Sep. Purif. Rev. 2014, 43, 175-205. [CrossRef]

2. Shannon, M.A.; Bohn, PW.; Elimelech, M.; Georgiadis, ].G.; Marinas, B.].; Mayes, A.M. Science and technology for water
purification in the coming decades. Nature 2008, 452, 301-310. [CrossRef] [PubMed]

3. World Health Organization. Guidelines for Drinking-Water Quality; World Health Organization: Geneva, Switzerland, 2004;
Volume 1.

4. Jain, SK.; Agarwal, PK,; Singh, V.P; Jain, S.K.; Agarwal, PK,; Singh, V.P. Water quality and related aspects. Hydrol. Water Resour.
India 2007, 57, 997-1033.

5. Tong, Y.; McNamara, PJ.; Mayer, B.K. Adsorption of organic micropollutants onto biochar: A review of relevant kinetics,
mechanisms and equilibrium. Environ. Sci. Water Res. Technol. 2019, 5, 821-838. [CrossRef]

310



Separations 2023, 10, 194

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.
20.
21.
22.

23.
24.

Noubactep, C.; Caré, S.; Crane, R. Nanoscale metallic iron for environmental remediation: Prospects and limitations. Water Air
Soil Pollut. 2012, 223, 1363-1382. [CrossRef] [PubMed]

Gonzalez-Perez, A.; Persson, K.M.; Lipnizki, F. Functional channel membranes for drinking water production. Water 2018, 10, 859.
[CrossRef]

Ali, I. New generation adsorbents for water treatment. Chem. Rev. 2012, 112, 5073-5091. [CrossRef] [PubMed]

Chen, W.; Mo, J.; Du, X.; Zhang, Z.; Zhang, W. Biomimetic dynamic membrane for aquatic dye removal. Water Res. 2019, 151,
243-251. [CrossRef]| [PubMed]

Patel, A.; Shah, A. Sustainable solution for lake water purification in rural and urban areas. Mater. Today Proc. 2020, 32, 740-745.
[CrossRef]

Shabiimam, M.; Kazi, T.; Anas, P.; Shifa, S. Treatment of water using various filtration techniques: A review study. In Proceedings
of the 3rd International Conference on Construction, Real Estate, Infrastructure and Project (CRIP) Management, Pune, India,
23-25 November 2018; pp. 229-235.

Yang, H.; Hu, R.; Ndé-Tchoupé, A.L; Gwenzi, W.; Ruppert, H.; Noubactep, C. Designing the next generation of Fe0-based filters
for decentralized safe drinking water treatment: A conceptual framework. Processes 2020, 8, 745. [CrossRef]

Goldstein, R.; Smith, W. Water & Sustainability (Volume 4): US Electricity Consumption for Water Supply & Treatment—The Next Half
Century; Electric Power Research Institute: Washington, DC, USA, 2002.

Bukhary, S.; Batista, J.; Ahmad, S. Design aspects, energy consumption evaluation, and offset for drinking water treatment
operation. Water 2020, 12, 1772. [CrossRef]

Bukhary, S.; Weidhaas, J.; Ansari, K.; Mahar, R.B.; Pomeroy, C.; VanDerslice, J.A.; Burian, S.; Ahmad, S. Using Distributed Solar
for Treatment of Drinking Water in Developing Countries. In Proceedings of the World Environmental and Water Resources
Congress 2017, Sacramento, CA, USA, 21-25 May 2017; pp. 264-276.

Plappally, A.K.; Lienhard, J.H. Costs for water supply, treatment, end-use and reclamation. Desalination Water Treat. 2013, 51,
200-232. [CrossRef]

Price, ].I.; Heberling, M.T.; Nietch, C.T. Economic support for decisions on source water protection. J. -Am. Water Work. Assoc.
2018, 110, 56. [CrossRef] [PubMed ]

Jagadeesh, A. Safe drinking water for all through solar disinfection. J. Rural Dev. 2010, 58, 11-13.

American Water Works Association. Water Treatment Plant Design; McGraw-Hill Education: New York, NY, USA, 2012.

Davis, M.L. Water and Wastewater Engineering: Design Principles and Practice; McGraw-Hill Education: New York, NY, USA, 2010.
Hendricks, D.W. Water Treatment Unit Processes: Physical and Chemical; CRC Press: Boca Raton, FL, USA, 2018.

Prasad, R.K.; Chatterjee, S.; Sn, D.; Sharma, S.; Vairale, M.; Veer, V. Reed Bed Plants & Their Role in Waste Water Treatment &
Reclamation. In Proceedings of the National Conference on Recent Advances in Biodegradation of Human Wastes, Tezpur, India,
16-17 December 2014.

Lee, C.; Lin, S.D. Handbook of Environmental Engineering Calculations; McGraw-Hill Education: New York, NY, USA, 2007.
Hering, ].G.; Maag, S.; Schnoor, ]J.L. A call for synthesis of water research to achieve the sustainable development goals by 2030.
Environ. Sci. Technol. 2016, 50, 6122-6123. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

311



. water @\py

Review

A Review of Bubble Aeration in Biofilter to Reduce Total
Ammonia Nitrogen of Recirculating Aquaculture System

Putu Ayustin Suriasni !, Ferry Faizal 12, Camellia Panatarani -2, Wawan Hermawan 23 and I Made Joni 1/?*

Department of Physics, Faculty of Mathematics and Natural Science, Padjadjaran University,
J1. Raya Bandung-Sumedang KM 21, Sumedang, West Java 45363, Indonesia

Functional Nano Powder (FiNder) University Center of Excellence, Padjadjaran University,
J1. Raya Bandung-Sumedang KM 21, Sumedang, West Java 45363, Indonesia

Department of Biology, Faculty of Mathematics and Natural Science, Padjadjaran University,
J1. Raya Bandung-Sumedang KM 21, Sumedang, West Java 45363, Indonesia

*  Correspondence: imadejoni@phys.unpad.ac.id

Abstract: Aeration becomes an essential aspect of biofilter performance to reduce ammonia nitrogen
in the Recirculating Aquaculture System (RAS). Efficient aeration introduces air into water media
and offers an aerobic environment in the biofilter for microbial degradation of organic matter and
ammonia nitrogen. The efficiency of the bubble aeration depends on the size of the bubbles; these
include coarse bubble, microbubble, fine bubble, and ultrafine bubble or nanobubble. This review
highlights an overview of bubble aeration features in a biofilter to reduce ammonia nitrogen. More-
over, key aspects responsible for the ammonia nitrogen removal efficiencies, such as oxygen transfer,
microbial community, and biofilm thickness, are evaluated in this review. In conclusion, the bubble
size of aeration affects the microbial community of nitrifying bacteria, consequently determining the
growth and thickness of biofilm to improve ammonia removal efficiency. It is emphasized that fine
bubble and nanobubble aeration have very positive prospects on improving biofilter performance,
though they are currently not widely used in RAS.

Keywords: aeration; biofilter; RAS; bubble

1. Introduction

In recent years, the RAS has become extensively applied in aquaculture production to
decrease the impact of wastewater pollution on the environment [1]. The RAS is a closed
aquaculture system that reuses water by replacing water volume by less than 10% [2]. Water
replacement is conducted through recirculation and implementing various treatments to
reduce contaminants in the wastewater. Wastewater is polluted water generated from
industrial processes, including aquaculture waste. Therefore, wastewater treatment must
remove the contaminants and leave an effluent with a less negative impact on aquaculture
and the environment. The stages broadly incorporate physical, biological, and chemical
processes that take place in that order. The first stage is primary treatment using a physical
process such as sedimentation and flotation to remove organic and inorganic solids. The
second stage is secondary treatment using a biological process to transform pollutants into
stable forms through oxidation or nitrification. Finally, the third stage is tertiary treatment
using a chemical process to remove specific wastewater pollutants that are unresolved from
secondary treatment [3,4].

Ammonia nitrogen is a critical process parameter to be controlled in the RAS, which
strongly affects the health and growth of aquaculture species [5]. Therefore, introducing
effective and efficient wastewater treatments is very crucial in RASs. A biofilter is one of
the methods in RAS wastewater treatments. Efficient aeration enables the introduction
of air into the water media, offering an aerobic environment as a biofilter for microbial
degradation of contaminants such as ammonia nitrogen. Therefore, aeration becomes
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essential in aerobic biofilters where enhanced dissolved oxygen probably improves organic
degradation performance. However, when selecting an aeration system, it is also needed
to consider its energy usage. The advantages of advanced aeration technology offer
multiple economic and environmental benefits, correspondingly reducing operating costs
and energy savings. Therefore, recent aeration technology needs to consider implementing
low-carbon technology in line with the demand of every nation to meet net-zero carbon
emissions goals [6]. It means that a reliable biofilter with efficient aeration contributes to
energy-saving solutions and cutting greenhouse gas emissions. Thus creating affordable,
sustainable, long life-cycle and high-performance biofilters is the next urgently needed and
significant challenge.

Based on the growth of the microorganisms, biofilters classify as suspended growth or
fixed film [7]. In the suspended growth system, heterotrophic bacteria remain suspended
in the water through stirring [8]. On the other hand, in an attached growth system or
fixed film, autotrophic bacteria attach to a solid surface, such as rock, sand, metal, and
plastic [9]. One of the most common fixed film bioreactors in an RAS is a Moving Bed
Biofilm Bioreactor (MBBR). An MBBR utilizes small floating plastic media to serve as a
surface for bacterial attachment and biofilm growth [10]. Furthermore, under aerobic
conditions, nitrification occurs in biofilm when Total Ammonia Nitrogen (TAN) oxidizes
into nitrite (NO, ™) and nitrate (NO3 ™) [11]. Another example of the bioreactor in the
RAS is the Biological Aerated Filter (BAF). The biofilm formed in the BAF reactor contains
aerobic and anaerobic layers, which guarantee biomass structure stability and contaminant
degradation [12].

The essential factors that influence biofilter performance are mass transfer and oxygen
distribution. First, dissolved oxygen (DO) is responsible for enhancing biofilm growth and,
consequently, TAN degradation through nitrification [13]. The mass or oxygen transfer
from DO in the water to biofilm depends on many factors, such as biomass concentration,
aeration rate, hydrodynamic condition, and biofilm characteristics [14]. Therefore, an aera-
tion system with natural or mechanical aeration is usually utilized to provide a sufficient
amount of DO for the biofilter. One of the mechanical aeration types used to provide DO is
a bubble aerator. A bubble aerator with a finer size leads to a higher interfacial area and
induces higher DO transfer [15,16]. As a result, the TAN removal efficiency of an MBBR
with a similar reactor utilizing a fine bubble aerator was higher (45%) compared to a larger
or coarse bubble size (33%) [17,18].

A study was done to review the properties of microbubbles and size measurement
from available bubble generation technologies and provides the perspective of future
major applications in water and wastewater treatment [19]. Another review focuses on
applying Micro-Nano-Bubble (MNBs) generators for domestic and industrial wastewater
treatment [20]. The MNBs technology considers an effective method to improve the
adhesion of suspended particles due to the unique characteristics of bubbles, such as
small-sized bubbles, higher surface area, slow rising velocity, negatively charged zeta
potential, generation of free radicals, and stability. The MBBR applies through conventional
nitrification and simultaneous nitrification—denitrification pathways for residual water
of the RAS [21]. However, there is no study on the effect of the bubble size and oxygen
volumetric transfer on the biofilm growth and microbial communities concerning TAN
removal efficiency in treating RAS residual water. Therefore, the objective of this review
is to provide an updated evaluation of bubble size and oxygen volumetric transfer of the
aerator on TAN removal efficiency and the effect of bubble size on the growth and microbial
communities of biofilms in biofilters applied for the treatment of residual water from an
RAS.

2. Materials and Methods

This review aims to understand the effect of bubble aeration on ammonia removal
efficiency and biofilm growth in biofilters applied in RASs. A systematic review with four
steps was conducted to achieve this goal. The first step was identifying the database and
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then screening the result from the title and abstract. Furthermore, the selected papers in
the full text were analyzed. The last step was choosing a group of documents to include. In
this review, the PRISMA guideline was also adopted.

2.1. Objective

The main objective of this study was summarized in two research questions (RQ).

RQ1: How does bubble size affect oxygen transfer and ammonia removal efficiency in
various types of biofilters in RASs?

RQ2: What is the relation between aeration and biofilm growth to remove ammonia
in various types of biofilters in RASs?

Several keywords were determined from the research questions. The keywords, which
consist of bubbles (and synonyms such as nanobubble), aeration, ammonia, biofilter (and
correlated expressions such as MBBR), biofilm, and RAS, were included in the screen-
ing process. The Boolean operators were combined with these keywords and used as a
search expression [22]. The search was carried out in ScienceDirect and Google Scholar.
From the search, 1899 documents were found, as shown in Table 1, and proceeded to the
screening step.

Table 1. Identification step results.

Search Local Search Expression Search Result Types of Documents
e 55 Review articles
e 239 Research articles
e 19 Encyclopedia
(bubble! OR nanobubble!) AND (aeration) e 79 Book Chapters
ScienceDirect AND (ammonia) AND (biofilter! OR MBBR!) 445 e 10 Conference abstracts
AND (biofilm!) e 2 News
e 3 Short communication
e 38 Other
(bubble! OR nanobubble!) AND (aeration) e 27 Patents
Google Scholar AND (ammonia) AND (biofilter! OR MBBR!) 454 e 43 Review articles

AND (biofilm!) AND (RAS!)

2.2. Screening

This step determined the year of publication screening from the total identified docu-
ments. The years of publication were limited to 2011-2022 in ScienceDirect and 2011-2021
for Google Scholar. As a result, 324 documents from ScienceDirect and 320 documents from
Google Scholar were selected. Then, the type of paper screening was utilized to exclude all
documents except for research papers. When the filtering considered only “research article”
in ScienceDirect, 170 articles were received.

In contrast, in Google Scholar, the received articles totaled 251. Then, screening was
performed by checking the title and abstract. If the title and abstract contained one or
more keywords or search queries, it was included for full-text analysis. Consequently,
369 articles were excluded by this step. Furthermore, the screening step was done in
November—December 2021.

2.3. Eligibility

Eligibility assessment was started by downloading the 52 articles from 2 search engines.
Then, the 52 articles were analyzed, seeking the effect of bubble aeration on reducing
ammonia nitrogen and its effect on the biofilm growth of biofilters. Out of 52 articles, five
were excluded due to duplication, and 28 were excluded because the aeration/biofilter was
not implemented in an RAS.
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2.4. Inclusion

After full-text analysis, 19 articles were included in this study. These articles described
the effect of bubble aeration on biofilm growth and reduced ammonia in the biofilter at the
lab or a pilot of an RAS. The articles searched were published in the time range between
2011 and 2022. The analysis steps introduced in the PRISMA procedure are shown in
Figure 1.

Records through
database searching
(n=899)

A

Records after year
filtering (201 1_2021) Records excluded
(n=644) (n=255)

l

Records after filter only
Research article L, Recordi excluded
(n=421) (n=223)
Records after title and A ———
abstract screening > -
(o= 52) (n=369)
Records after
duplicates removed > Recorclls e,)_c\cluded
(= 47) (n=5)
A
Full-text articles Full-text articles
assessed excluded
(n=19) (n=28)

A4

Articlesincluded in
this study
(n=19)

Figure 1. Document selection based on PRISMA workflow.

3. Types of Biofilter in RASs and Role of Bubble Aeration in Biofilter

There are two well-known biofiltration types based on the growth of microorganisms,
i.e., attached and suspended growth, as shown in Figure 2. A fixed or attached film system
is generally used in the RAS since it is more stable than a suspended growth system. The
fixed film is classified as the emergent filter or the submerged filter. The emergent filter uses
a water cascade that directly flows over biofilter media to maximize oxygen transfer [7].
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The trickling filter is one emergent filter that uses wastewater infiltration sprayed from the
top of the filter towards the bottom drain to form a biofilm on the surface of the packing
media. Biofilm formation degrades the organic matter in wastewater passing through the
packing media [23]. In comparison, the rotating biological contactors treat the wastewater
by rotating the media in and out of the wastewater [24].
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Figure 2. Types of biofilters in RASs.

In the submerged filter, surfaces of submerged biofilter media are used to support the
attachment and growth of microbes, subsequently increasing biofilm growth [25]. Three
types of submerged filter media are based on dynamic behavior: packed bed, expandable,
and expanded. The packed bed filter utilizes a compact and immobile stack of media that
behaves as porous media [26]. This biofilter creates a biofilm that is more stable and is
not easily damaged in a small amount of oxygen [27]. The expandable filter utilizes bead
media simultaneously to stimulate the growth of desirable microbes and to remove waste
from the water [28]. The filtration process occurs by capturing suspended solids of the
recirculating wastewater that passes through the packed beads media and subsequently
causes pollutant degradation [29]. Thus, periodic cleaning of the packed beads is necessary
to maintain the filtration performance and is achieved by mechanical, pneumatic, or
hydraulic means [28,30]. In contrast, the expanded filter of an MBBR utilizes the motion
of media; in this condition, the cyclic formation and erosion of biofilm occurs because of
the hydraulic and pneumatic behavior of media [7]. However, an efficient biofilm for the
MBBR needs a high specific surface area and to be provided a large growth zone. Therefore,
precaution is needed to control the hydrodynamic behavior of aeration.

Bubble aeration is critical in determining biofilter efficiency in reducing ammonia
nitrogen, as described in Figure 3. Bubble aeration utilizes air or gas in the form of bubbles
to provide dissolved oxygen to the media of biofilm growth. The rising gas bubbles transfer
oxygen into the liquid phase as dissolved oxygen. The dissolved oxygen is diffused into
the biofilm towards the oxidative-phosphorylation sites. The biofilm is attached to the
media as a solid phase. The oxygen transport suffers various resistances from the bubbles,
liquid, and solid phases, as seen in Figure 3e. The resistance of the bubble comes from the
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liquid film resistance (k) around the bubble, which usually controls the overall transfer
rate from the bubble to the liquid phase and the final destination of the biofilm, as seen in
Figure 3e [31].
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Figure 3. Oxygen transfer at various types of bubble aerators(a) diffused aerator; (b) propeller aerator;
(c) bubble generator; (d) submersible aerator, and (e) transfer oxygen process in the biofilter.

Bubble aerators are classified as a diffused, propeller, and submersible, as shown in
Figure 3a—d. The characteristics of generated bubbles depends on the mechanism of bubble
formation, the location, and the interaction of the generator with water. For example,
pressurized air or oxygen gas from a blower or compressor introduced in the diffuser
method generated bubbles with the size and distribution of the bubbles depending on the
pore size and morphology of the diffuser [32]. In comparison, the high-velocity agitated
propeller-generated bubbles create highly dynamic behavior causing turbulence in the
water, and the bubbles mix easily with the water. The submersible aerator consists of a
pump that draws atmospheric air through a hollow suction pipe connected to the propeller
at the other end submerged in water. The propeller rotates at a high-speed rpm, enough to
cause air suction in the hollow pipe to generate bubbles due to the turbulent water and air
mixture created by the propeller [33].

In contrast, the Bernoulli principle of fluid mechanics generates smaller and uniformly
distributed bubble sizes, where the free air enters the pipes due to pressure differences
in the pipes and the atmosphere [34]. In this review, the application of diffused aerators
and bubble generators is highlighted in terms of their bubble size and oxygen transfer
concerning the biofilm growth or biofiltration performances.

3.1. Bubble Size

Many researchers classified bubbles as nanobubbles (diameter <200 nm), fine bubbles
(diameter 200—10 pm), microbubbles (diameter <50 um), and macro bubbles (diameter
2—5 mm) [35,36]. However, ISO 20480-1 classifies a bubble with a volume equivalent to
diameter. Thus, bubble terms based on their size are defined as micro, fine, and ultrafine
bubbles/nanobubbles ranging from 1 to 100 um, less than 100 pm, and less than 1 um,
respectively [37]. In conventional aerators, there are medium bubbles with a diameter of
1.5 to 3 mm, and giant bubbles or coarse bubbles with a diameter of over 3 mm.

Fine bubbles can be generated from a porous diffuser or membrane with tiny holes,
while medium bubbles from an orifice, and coarse bubbles through pipes or plates [38]. The
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relation between the bubble size (d,) and pore size (d,) can be written in Equation (1), where
g is gravitational acceleration, p is the density of the liquid, and o is surface tension [39].

dh_ o 1/3
A 1.8 [pgd#} 1

3.2. Biofilm Growth

Biofilms are groups of microbial cells attached to a solid surface or a media and encased
with a matrix. The matrix contains microbial biopolymers composed of extracellular DNA,
exopolysaccharides, and proteins [40]. Figure 4 shows the growth phase of the biofilm
from the attachment stage to the release stage and its correlation with bubble size. The
smaller size of the bubble, the more the microbial community is increased. The first stage
of biofilm growth is reversible attachment. In this stage, free-floating (planktonic) bacteria
begin to adhere to media acting as biocarrier surfaces. However, the bacteria are not fully
attached and are possibly separated from the formation before being wholly attached. The
second stage is irreversible bacteria binding. Bacteria begin to adhere perfectly and grow
into mature biofilms due to the presence of an extracellular polymeric substance (EPS). The
production of a slime-like layer from the EPS supports the structure of the biofilm. EPS is
composed of proteins, polysaccharides, and nucleic acids. Then in the third stage, or the
maturation stage, bacteria have a complex architecture, pores, and charges far from the
substrate. At this stage, there is more protein, consequently increasing the bacterial number
and diversity of the biofilm. When smaller bubbles are applied, more efficient oxygen
transfer is generated to create more protein to promote an enhanced number and diversity
of bacteria. In the fourth stage, strong bacterial adherence occurs due to matured biofilm
formation. The last stage is detachment, where bacteria are detached from the biofilm due
to the reduction of the EPS or lack food supply [41,42]. Biofilm growth rate (1 in h=1) is
calculated using Equation (2) where X, (mg/ cm?) is the density of biomass at the end of
the experiment, X; (mg/cm?) is the density of biomass at the first period of the experiment,
and 6 (h) is the experiment period [43].
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Figure 4. Effect of bubble size on the phase of biofilm growth: (1) Adhesion stage, (2) Extracellu-
lar Polymeric Substance (EPS) production, maturation stage, (3) formation of complex structure,
(4) strong-adherence bacterial stage, and (5) cell detachment from the biofilm.
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3.3. Nitrification in Biofilm

Characteristics of bubbles affect the oxygen transfer efficiency from gas through water
into the biofilm [44]. Efficient oxygen transfer ensures sufficient DO for the nitrification
process inside the biofilm. Nitrification is extremely important in reducing harmful ammo-
nia in the RAS. Nitrification is one of the biological processes where NHz and NHy* are
oxidized to nitrate in two steps with the help of nitrifying bacteria with a reaction, as seen
in Equations (3) and (4) [45]. Ammonium oxidizing bacteria (AOB) such as Nitrosomonas
and comammox are responsible for converting ammonium nitrogen into nitrite (NO, ).
Then, nitrite is converted into nitrate with the help of nitrite-oxidizing bacteria (NOB) such
Nitrospira and Nitrobacter.

NH4++202 A NO; +2 HF H,0 3)
1
NO; +50, RiSN(o) @)

3.4. Oxygen Transfer

An effective nitrification process depends on having enough dissolved oxygen ob-
tained from the aerator with a small bubble size. Bubbles with smaller sizes have higher
oxygen mass transfer [15]. Furthermore, small bubbles facilitate oxygen distribution
through biofilm for the nitrification process. Thus, a smaller bubble size potentially pro-
duces higher ammonia degradation than a coarse bubble size. The relation between bubble
size and oxygen transfer can be associated with specific interfacial area a. This value is
related to fractional gas hold up ¢ and Sauter mean diameter of bubble d;, as written
in Equation (5) [16,46]. Based on this equation, a smaller bubble diameter increases the
gas-liquid interfacial area.

_ b
db (1 — & g)

The value of a influences the mass transfer rate, which can be described with dC/dt as
written in Equation (6) [47] where dC is the change of oxygen concentration with time dt,
kpa(ry is the oxygen volumetric transfer coefficient at temperature T (the temperature at
the time of the experiment), which is determined from K; (liquid film coefficient) and a(r)
(unit interfacial media at a certain temperature), C* is the oxygen saturation, and C is the
DO concentration at time . The kpa()(C* — C) is the Oxygen Transfer Rate (OTR). The
value of kpa ) is an indicator of DO mass transfer in biofilters which is one of the critical
factors in the aeration rate [14,48]. Furthermore, k LA(T) is calculated using Equation (7),
which can be integrated from Equation (6) [49].

a

©)

dCdt = kpa(p)(C* — C) ©)

C
In (1 — C*) = kLLZ(T)t (7)

4. Results and Discussion
4.1. Biofilm Performance with Bubble Aeration
4.1.1. Effect of Medium and Coarse Bubble Aeration on the Biofilter Performance

The recent development of bubble aeration applied for fixed film biofilters is sum-
marized in Table 2. The larger size of bubble aeration affected the media in the MBBR
to maintain biofilm thickness by shear forces and allow diffusion transport of DO and
ammonia ions to the biofilm. However, aggressive aeration on the media caused excessive
biofilm erosion [50]. Medium bubble aeration was used to aerate five types of media with
different surface areas and percentages of voidage in a pilot plant MBBR. The surface
area of various media with spherical shapes, such as media 1 (Biofil), 2 (Bioball), and
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3 (Biomarble), were 135, 220, and 310 m?/m? with voidage of 95, 92, and 90%, respectively.
In contrast, the surface area of media 4 (Biopipe) and 5 (Biotube) with cylindrical shapes
were 600 and 1000 m?/m? with voidage of 82.5 and 80%, respectively. The airflow rate was
controlled at 3.6-18.7 m®/m?.h to keep stable DO levels. The ammonia removal efficiencies
have reached 50 £ 13%, 64 & 13%, and 63 =+ 7% for media 1, 2, and 3, respectively after 30,
22, and 17 days. Media 4 and 5 have achieved ammonia removal efficiency percentages
of, respectively, 32 &= 17% after 46 days and 34 & 5% after 47 days. The highest removal
efficiency has been achieved by media 2 due to the open spherical structure, higher voidage
compared to media 3, 4, and 5, and even higher surface area than media 1. These factors
caused an increase in oxygen distribution all over the media, and they offered larger surface
areas for biofilm to attach to the media surface [17].

A coarse bubble from a disc diffuser was tested in the MBBR to enhance the media
movement and degassing. Three media (MB3, K1 Kaldness, AMB) were used as MBBR
media for water treatment in the red drum fingerlings hatchery. The highest TAN removal
efficiency for those three media was generated when the DO was 6.9 & 0.7 mg/L in high
feed load rates (8.2 kg feed/m> media). The TAN removal efficiency reached 15.6 + 0.4%,
15.4 £ 0.2%, and 11.6 £ 0.3% for MB3, K1 Kaldness, and AMB, respectively. MB3 me-
dia resulted in the highest TAN removal efficiency because it had a larger surface area
(604 m? /m? surface area) than the other media. The firm structure and larger size of MB3
media were easily aerated and provided enhanced TAN removal rates [50].

Meanwhile, coarse bubble diffusers were also tested on a lab-scale MBBR by main-
taining DO concentration at 5.5-7.5 & 0.5 mg/L [51]. The novel sponge carrier (SB) and
Kaldness K5 were used as biofilm media. The TAN removal efficiency of SB media was
91.65 £ 1.3% which was higher than Kaldness media (86.67 £ 2.4%) for 6 h of hydraulic
retention time (HRT). Higher removal efficiency in SB media was due to the enhancement
of aerobic conditions, which led to a complete nitrification process. In addition, the porous
structure of the SB media provided sufficient protection, so the bacteria were not easy to
wash away [51].

Another study compared a coarse bubble diffuser and biofilm chip media (900 m? /m?3
surface area) to control the water quality in an RAS for Atlantic Salmon smolt. The system
consisted of three MBBRs with three nominal alkalinity treatments: 10 mg/L, 70 mg/L, and
200 mg/L. The DO was controlled between 85% and 90% of saturation in the experiment.
The TAN concentration of inlet MBBR based on the 10 mg/L, 70 mg/L, and 200 mg/L
alkalinity treatments were 0.65 £ 0.08, 0.43 £ 0.04, and 0.39 £ 0.05 mg/L, respectively.
While the TAN generated from the outlet of MBBR based on the 10 mg/L, 70 mg/L, and
200 mg/L alkalinity treatments were 0.39 £ 0.06, 0.22 £ 0.03, and 0.23 £ 0.04 mg/L, re-
spectively. The 70 mg/L alkalinity treatment contributed the highest mean TAN removal
efficiency (around 50%) in the 20 week experiment. This efficiency occurred due to the
higher inlet TAN of the 10 mg/L alkalinity treatment causing higher removal rates based
on kinetic studies [52]. Similarly, a coarse bubble diffuser with a high flow rate (3.17 L/min)
was applied to enhance the media movement of K1 Kaldness (500 m?/m? surface area) in an
MBBR for rearing Florida Pompano. The DO concentration was 8.2 &= 1.0 mg/L in the cul-
ture tanks. During the experiment, the average TAN concentration was 0.46 £ 0.27 mg/L,
and TAN removal per pass was 33.0 £ 11.9% with a range of 8.3-62.4% [53]. At the same
time, a coarse bubble was applied as the aeration system to ensure oxygen saturation of
>100% for the MBBR in RAS culturing of European sea bass (Dicentrarchus labrax). Sea
bass culture was exposed to four different nitrates: control (C) 0 mg/L, low nitrate (LN)
125 mg/L, medium nitrate (MN) 250 mg/L, and high nitrate (HN) 500 mg/L. Mean values
(£SD) of TAN for different nitrate C, LN, MN, and HN had reached 0.10 & 0.09 mg/L,
0.11 £ 0.10 mg/L, 0.11 + 0.08 mg/L, and 0.11 & 0.08 mg/L, respectively [54]. The MBBR
with coarse bubbles showed that the TAN concentration meets the safety range for culturing
sea bass (<2-6 mg/L) [55,56].
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4.1.2. Effect of Micro, Fine, and Nanobubble Aeration on the Biofilter Performance

Recently, aeration systems with a finer bubble for RASs have gained much interest
because of their high mass transfer and long-term existence in an aqueous environment.
The RAS with cultured Nile Tilapia used microbubble aeration aimed to maintain the
correct concentration of DO. This RAS used the aeration system of the airlift fluidized
bed reactor. By maintaining the air flow rate at 10 L/min, the aerator guaranteed the
needed quantity of DO concentration (4.61 mg/L). Thus, the mean removal efficiencies of
BOD, COD, phosphorous, TAN, and total nitrogen had reached 47, 77, 38, 27, and 24%,
respectively [2].

A fine bubble diffuser generating micro- and nanobubble was evaluated for the
aeration performance in a BAF reactor intended to reduce the concentration of ammonia
nitrogen. The DO concentration was maintained >2 mg/L, and the aeration rate was kept at
0.33 L/min. The sampling points were made in some places based on the biofilter’s depth, 3,
4.5,7.5,12.5,22.5,32.5, and 40 cm. This investigation aimed to know the effect of hydraulic
retention time (HRT) in correlation to biofilter performance. The average DO concentrations
in the long term decreased along with biofilter depth. Ammonia removal efficiency between
50% and 80% received from sections between 3-7.5 cm depth was associated with high
availability of DO (over 2.1 mg/L), and formed higher biofilm thickness (0.4-0.6 mm) [57].
The ammonia concentration was higher at a higher depth (12.5-40 cm). Higher ammonia
concentrations occurred due to the effect of lower HRT causing high DO demand and
consequently lowering the biofilm thickness because of a decrease in the availability of DO
compared to the depth of 3-7.5 cm.

Similarly, a fine bubble diffuser was also used to study the effect of aeration in a fixed-
bed reactor [58]. The study consisted of three treatment groups: anoxic, low DO, and aera-
tion, producing DO concentrations ranging from 0.12 to 0.55 mg/L, 1.82 to 3.99 mg/L, and
5.29 to 6.56 mg/L, respectively. All treatments gave a DO concentration below 0.02 mg/L
in the outlet. Reduced DO indicated oxygen consumption due to bacterial growth under
aerobic conditions. The removal efficiency of NOs-N after the start-up period of 11-18 days
was maintained at 90% in the anoxic and low DO treatments. However, it decreased to
75% for the aeration treatment at the end of the experiment. Although aeration treatment
showed a low NOs3-N removal efficiency, Total Nitrogen (TN) removal efficiency was the
highest (90%) among other treatments. This efficiency in TAN removal was possibly due
to complete nitrate removal, designating the effective nitrate transformation into nitrogen
gas. Conversely, in the anoxic and low DO treatments, NO3-N might be transformed into
ammonia or nitrite (NO,), and they remained in the system. In addition, the average
TAN accumulation in all three treatments was observed at 1.93 4+ 0.37, 1.37 + 0.15, and
1.72 + 0.46 mg/L during the steady-state period [58]. Therefore, the aeration efficiency in
aerobic systems enhanced the total removal efficiency, especially in removing nitrite.

An aerator made from a combination of nanobubbles (420 nm) and air bubbles (coarse
bubbles) has also been tried and compared to just nanobubbles used for biologically aer-
ated filters (BAF) in a laboratory-scale wastewater treatment plant (WWTP) [59]. Both
treatments used the same filter size and eight variations of aeration treatment with different
oxygen resources (air/water ratio). The application of only nanobubbles enabled obtaining
NHZ — N and TN removal efficiency at the maximum levels of 74.89 and 70.69%, respec-
tively, if the DO concentration was 5.59 mg/L. When the combination of nanobubbles
and coarse bubbles was used in BAF, the highest NH; — N and TN removal efficiency
were obtained at 98.02 and 54.98%, respectively, if the DO concentration was 6.52 mg/L.
The DO was obtained at 6.52 mg/L when the air/water ratios were set up to be 0.2 and
0.5 for nanobubble and coarse bubbles, respectively. The highest removal efficiency of
NH; — N and TN were due to the dynamic interaction between the bubbles and media
and the roles of bubbles size in oxygen mass transfer efficiency from bubbles to media
at a particular air/water ratio. In addition, the coarse bubbles played an essential role
in reinforcing the shear stress to the biofilm in correlation to the cyclic growth of biofilm
formation. In contrast, nanobubbles gave effective mass transfer to provide high dissolved
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oxygen in the media. The allowable shear stress of the coarse bubble on the biofilm enabled
film detachment. In addition, it maintained the thickness to effectively transport nutrients
and oxygen into the biofilm [59]. Thus, higher dissolved oxygen generated in nanobubble
aeration could provide higher TAN removal than coarse bubble aeration systems.

In contrast, nanobubbles with an aeration rate of 0.2 L /min was used in the lab-scale
experiment, and coarse bubble aeration was applied to the system as a comparison [12].
A membrane filter of 1.2 um thickness (& =50 mm) commercial mixed-cellulose (MC)
membrane was used as the biofilm carrier. The higher DO peak (10.012 mg/L) in biofilm has
resulted in using nanobubble aeration compared with coarse bubble aeration (8.581 mg/L).
The dissolved oxygen generated from nanobubble aeration remained higher than the coarse
bubbles after 200 s. Consequently, higher ammonia removal (75%) has been achieved using
nanobubble aeration. Thus, it also remarked that higher transfer oxygen in nanobubble
than coarse bubble was considered responsible for the higher removal efficiency [12].

4.2. Biofilm Growth
4.2.1. Microbial Community

In wastewater treatment, the microbial community is an essential factor affecting
biofilter performance to reduce ammonia through nitrification. One way to determine
biofilm diversity is using the Shannon diversity index [60]. The Shannon index was used
to describe variation at multiple levels of genetic organization from single nucleotide
polymorphisms (SNP) through whole species or larger taxonomic units to ecosystems [61].
The Shannon index was calculated from the operational taxonomic unit (OTU). The OTU is
a collection of 165 rRNA sequences with specific sequence divergence percentages [62]. We
can know the number of necessary bacteria such as AOB and NOB in biofilm from the OTU.
The diversity in the biofilm, which correlated with the bubble aeration, is summarized in
Table 3.

Table 3. Summary of microbial community in biofilter.

. Biofilter Type Biofilter Culture Performance
Aeration Type (Volume ir)i}i) Volume (L) Species Shanon Ammonia TN Reference
Removal (%) Removal (%)
Coarse bubble diffuser MBBR 0.7 N/A 1.30 97.1 N/A [63]
Atlantic
Coarse bubble diffuser MBBR N/A salmon 2.87 50 N/A [64]
post-smolts
Coarse bubble diffuser BAF 10,850 Seawater RAS 5.04 41.7 41.3 [65]
Coarse bubble diffuser BAF 10,850 Seawater RAS 8.36 85 N/A [66]
Coarse bubble diffuser MBBR 5 N/A 2.30 96 N/A [13]
Coarse bubble diffuser MBBR 0.4 N/A 2.85 36.04 N/A [11]
Fine bubble diffuser MBBR 0.4 N/A 2.88 51 N/A [11]

Coarse bubble aeration was applied to investigate microbial communities in three
MBBRs with different salinity [63]. The system used an air stone aerator to keep oxygen
concentration at 7.2-7.6 mg O, L~ ! in three MBBRs with K1 AnoxKaldness media. Each
MBBR was fed with basal synthetic wastewater medium (freshwater reactor or FR), a mix
of tap water and seawater (brackish reactor or BR), or only seawater (seawater reactor
or SR). Nitrifying bacteria were classified in the family of Nitrosomonadacea (AOB) with a
composition of 6 &= 0.4%, 34.7 & 1.9%, and 14.7 &= 2.3% for FR, BR, and SR, respectively. NOB
consisted of Nitrospiraceae, Nitrospira, and Nitrobacter. The OTU of NOB was 27 £ 1.0%,
8.1 £ 1.3%, and 13.4 £ 1.7% for FR, BR, and SR, respectively. The average ammonia
removal efficiency of FR, BR, and SR reached 97.1%, 95%, and 95.4%, respectively. The
other nitrification performances of the three reactors might be related to the ratio of NOB
and AOB. The higher ammonia removal efficiency was attained from FR because of a
higher population of NOB than AOB (NOB:AOB ratio of 4:1). The dominance of NOB
over AOB correlated with good nitrification. Nevertheless, FR resulted in a lower Shannon
diversity value (1.3 & 0.08) than SR (1.4 £ 0.56) [63]. Similarly to coarse bubbles, this
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was also used in another study to investigate microbial communities in the biofilm of
the MBBR. Three salinities, 12, 22, and 32 ppt, were used in a semi-commercial RAS for
salmon post-smolt treatment. From the study, sampling was done in the MBBR inlet, outlet,
and biofilm. Biofilm communities are higher regarding their Bray—Curtis similarities in
comparison between time points. Biofilm communities seemed less influenced by salinity
than water communities and more stable over time. The nitrifying biofilm was adapted
to increase salinity over 2—4 weeks. The highest removal TAN was received when the
average Bray—Curtis similarity was 0.75, and the Shannon index was 2.87 [64].

A coarse bubble was used as aeration in an experiment with four different microbial
agents (DW, CES-1, BM-5-1, KBM-1) for a marine finfish RAS [65]. This study investigated
four bioreactors: packed, aerated, floating, and mesh biofilters. Aeration was provided
with a flow rate of 800 L/min in a floating bed biofilter. The ammonia nitrogen degradation
rate reached 13.4, 41.0, 33.9, and 41.7% for DW, CES-1, BM-5-1, and KBM-1 over eight
days of the experiment. The result showed that on the fourth day of the experiment, the
KBM-1 community was more diverse than BMS-1, with 575 OTU and a 5.04 Shannon
value. In all treatment groups, proteobacteria were dominant in 60-70% at the phylum
level. Another abundance in the system consisted of Bacteroidetes, Firmicutes, Fusobacteria,
Actinobacteria, and others [65]. A similar plant was also used to investigate bacterial
diversity in a seawater RAS. The system used a packed bed biofilter, aerated biofilter,
floating bed biofilter, mesh biofilter, and maturation tank [66]. Bubble aeration with a flow
rate of 1000 L/min was applied as an aeration system in the aerated biofilter. The result of
the experiment showed that the packed bed and mesh biofilter contained a high number
of nitrifying bacteria. Phylotypes related to Nitrosomonadaceae, which contained most of
the AOB occupied 0.06-3.56% (average 1.22%) of the packed bed biofilter and 1.19-6.41%
(average 2.80%) of the mesh biofilter. The Nitrospirae group was also detected at values
0.02-10.56% (average 2.55%) and 0.32-9.45% (average 3.57%) in the packed bed and mesh
biofilter, respectively. Nitrospina, a nitrite-oxidizing group belonging to Deltaproteobacteria,
was detected up to 9.0%. This result showed that packed bed and mesh biofilter types
had affected ammonia removal in the RAS. Whereas in the aerated biofilter, the value of
Nitrosomonadaceae was about 0.1-1% and Nitrospirae about 0.5-1.5%. The highest Shannon
Index was 8.36 for the packed bed biofilter [66].

Coarse bubble aeration with a 48 L/min flow rate and three media (microfiber carrier,
nanofiber carriers, and AnoxKaldness K3) was used in a lab-scale MBBR [13]. As a result,
a relative abundance of nitrifying bacteria, Nitrosomonas (AOB) showed more noticeable
development between month 1 (0.289%) and month 3 (1.835%) on microfiber, and Nitrospira
(NOB) on nanofiber (from 3.11% on month 1 to 11.20% on month 3) and AnoxKaldness
(from 5.41% on month 1 to 10.22% on month 3). AOB preferred an environment with a
high amount of biomass and a large active area; meanwhile, NOB thrives better in slowly
forming biofilm. Based on Shannon index diversity, nanofiber obtained the highest number
among all media. However, based on respirometry data, the highest O, consumption
was obtained by microfiber carriers due to the sufficient internal space of the microfiber
to allow high-speed capture of biomass. In addition, O, consumption in microfiber was
increased due to endogenous respiration. Nevertheless, Op consumption of nanofiber
media increased with time due to the slow increase in biofilm activity. In comparison,
AnoxKaldness K3 had a less effective structure because of a longer bacterial colonization
time [13].

Other studies reported that fine bubble and coarse bubble aeration were applied in
lab-scale experiments to study the influence of aeration on the biofilter microbial com-
munity [11]. Three media were used for growing microbial biofilm in a working volume
of 0.4 L in a lab-scale batch reactor. The aeration rate was divided into six stages: fine
bubble 0.1 L/min (Startup and Stage A), fine bubble 1.0 L/min (Stage B), coarse bubble
1.0 L/min (Stage C and Stage D), and coarse bubble 5.0 L/min (Stage E). In stage A, all
biofilms resulted in relatively high abundances of autotrophic AOB/NOB (Nitrosomonas
7.49 + 1.89% and Nitrobacter 7.4 £+ 1.89%). By the end of stage B, all biofilms became
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more heterotrophic (11 £ 2.4% Comamonas, 10.3 £ 3.3% Ferruginibacter, and 4.8 £+ 0.9%
Bradyrhizobium) and less autotrophic. Ferruginibacter may play a role in the produced and
exported EPS. A similar pattern occurred in stages C and D (3.3 & 0.4% Nitrobacter). At
the end of stage E, the biomass detachment occurred. In stages A until D, ammonia flux
increased with increasing aeration. However, it decreased by approximately 50% when
coarse bubble aeration was increased in stage E. The decreased ammonia flux was because
of the loss of biofilm mass due to the high shear rates. The highest Shannon diversity (2.88)
of all media was achieved in stage B. In contrast, in stage E, the Shannon diversity became
lower [11].

4.2.2. Biofilm Thickness

Biofilm thickness can influence biofilter oxygen transfer and enhance the microbial
community in the biofilter. The biofilm thickness and its influence on reducing TAN are
summarized in Table 4. The effect of DO on biofilm thickness was investigated using a
coarse bubble in 27.7 L of a cylindrical bioreactor with semi-suspended spindle media [14].
Three phases of aeration were setups in this study, phase I with 1.5 L/min aeration rate
(On and Off 30 min) on days 1-5, phase Il with 1.5 L/min aeration rate on days 6-56, and
phase Il with 2.5 L/min aeration rate on days 57-73. Initially, the biofilm thickness was
fixed at 10 um. In the first and second phases, a thin layer of biofilm of no more than
500 um was formed on the surface of the media. The DO concentration has increased in
phase II from 1.95 mg/L to 4.88 mg/L because of the change in aeration mode. In this
phase, the thickness of the biofilm grew to 350 um after 15 days and more than 1000 pm
after 25 days. In the third phase, DO increased from 2.21 mg/L to 3.22 mg/L after 55 days,
some biofilm detached from biocarrier, and the remained biofilm exhibited lots of pores
and channels. Nevertheless, DO was still increased even when the biofilm was very thin,
and the maximum depth of DO that could penetrate the biofilm was no more than 900 pm.
Total nitrogen removal constantly increased, with max TN removal around 14.3% on the
55th day. However, it decreased slowly after day 55th. This pattern coincided with the
growing trend of biofilm [14].

Table 4. Summary of biofilm thickness in the biofilter.

Culture Biofilm
Aeration Type Biofilter Type Biofilter Species Thickness Performance Ref.
P (Volume in L) Volume (L) P (um) elerence
Ammonia TN
Removal (%) Removal (%)
Coarse bubble diffuser MBBR 27.7 N/A 1000 N/A +14.3 [14]
Coarse bubble diffuser MABR 1050 N/A 1000 N/A >70 [67]
Coarse bubble diffuser Me;ri‘lkt’;a“e N/A N/A 1016 + 236 38 N/A [12]
Medium bubble MBBR 2000 Litopenaeus 71+ 22 64 + 13 N/A [17]
diffuser vannamei
Fine bubble diffuser BAF 1.6 N/A 470 + 50 50-80 N/A [57]
Nanobuble generator Meﬁkt’;f“e N/A N/A 1188 + 322 75 N/A [12]
Nanobubble generator
and combination with BAF 19 N/A 136.1 89.22 34.51 [59]

coarse bubble diffuser

A coarse bubble was also used in a membrane-aerated biofilm reactor (MABR) to study
the impact of oxygen surface loading on biofilm thickness [64]. Approximately 0.04 m® gas
volume was applied for aeration and supporting biofilm growth through the gas-permeable
membrane. The highest TN removal efficiency in oxygen surface loading of 2.72 was >70%
at steady state biofilm thickness of 1000 um. Increased biofilm thickness results in increased
total nitrogen removal [64]. Medium bubble aeration with 3.6-18.7 m3/m?.h flow rate was
utilized in the MBBR with five different media [17]. A medium spherical shape media with
an initial biofilm thickness of 71 &+ 22 um was evaluated for ammonia removal at various
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growth times 30, 22, 17, 46, and 47 days. Approximately 68% of the media’s total area
(148 m? /m?) was covered by biofilm. Even though the medium spherical shape owns the
open structure lower protected surface area, the circulation and oxygen distribution were
preferable in all areas of the media. Consequently, the highest TAN removal efficiency was
given to using medium spherical shape media [17].

In comparison, a fine bubble diffuser was evaluated as an aeration system in BAF
with different depths of sampling points (3, 4.5, 7.5, 12.5, 22.5, 32.5, and 40 cm) [57]. In
three sampling points, the biofilm thickness during steady-state conditions had reached
0.47 £ 0.05 mm (depth of 4.5 cm), 0.28 £ 0.05 mm (depth of 7.5 cm), and 0.02 £ 0.01 mm
(depth of 22.5 cm). The thicker biofilm has resulted in a closer potion to the aeration source.
Higher DO and biofilm thickness in sampling points at a depth of 4.5 cm and 7.5 cm had
related to higher ammonia removal [57].

In the lab scale test, biofilm thickness grew faster with nanobubble aeration compared
with coarse bubble aeration [12]. The maximum biofilm thickness of 1188 + 322 um
was obtained using nanobubble aeration within 15 days of the experiment. Nevertheless,
the maximum biofilm thickness of 1016 £ 236 um had produced using coarse bubble
aeration. The average aerobic layer increased, triggering of gain in the growth rate for
the nanobubbles application. Moreover, biofilm growth comes from protein (PN) and
polysaccharides (PS) which is part of EPS. The maximum PN/PS ratio using nanobubble
was 7.46, whereas using coarse bubble was 4.81 [12].

Similarly, in an experiment using nanobubble aeration, biofilm thickness increased
from 50.1 um to 109.5 um with a PN/PS ratio of 0.2, then decreased to 78.5 um at the
end. In contrast, a biofilm thickness of 116.7 um was formed under coarse bubble with a
PN/PS ratio of 1 [59]. When equipped with both coarse and nanobubbles for ratios of 1
and 0.2, a thick biofilm was formed (136.1 um). In contrast, the biofilm thickness decreased
to approximately 50 pm using coarse and nanobubbles at the ratios of 0.5 and 02. Biofilm
thickness in ratio 0.2 was increased compared to ratio 1 due to the addition of nanobubbles
enhancing the biofilm core, which is related to bio-volume [59].

5. Author Perspective

A summary of the biofilter performances with bubble aeration is represented in Table 2,
the k Lar)t value was calculated based on Equation (7) with DO concentration data from the
studies presented in Section 4.1. The kj.a(7) is useful to determine how efficiently oxygen
is transferred from the bubble to the water medium [14]. From Table 2, we can see that
high DO does not necessarily result in high ammonia removal efficiency; this is related
to the effectiveness of the oxygen getting into the biofilm (kpa(7)). Also from Table 2, the
highest kpa(r) is achieved using nanobubble aeration. Theoretically, the smaller bubble
will produce a higher kLa(T) because of the larger interfacial area of the bubble [15,16].
Additionally, the high value of kja 1) will produce higher TAN removal efficiency, because
the higher value of oxygen is transferred to the cell for nitrification. However, a high
ammonia removal efficiency is achieved using coarse bubbles [51] due to the effective
contribution of porous media as biofilm media. It showed that the type of media is an
important aspect affecting the distribution of oxygen into the biofilm. The ka7 is not
the only factor determining the distribution of oxygen into the film, but also other factors
such as microorganism concentration and morphology, medium composition, biocatalyst
properties, and also mechanical design, operating conditions, and aeration rate affect the
oxygen supply [68].

The other factor contributing to ammonia removal in biofilters is the microbial com-
munity of the biofilm. In Table 3, the Shannon index indicates an increasing number of
microbial communities in the biofilm. The higher the Shannon index value, the more abun-
dant the microorganisms in the biofilm [69]. Nevertheless, as shown in Table 3, Shannon
diversity is not directly correlated with ammonia removal efficiency since this value only
represents broad species in the community. Thus, information on the species and numbers
of nitrifying bacteria is necessary for their efficiency in ammonia removal.
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In addition, the Shannon index was not directly correlated with ammonia removal
efficiency, even when conducted in a different type of bubble aeration with a similar reac-
tor [11]. This enhanced efficiency is possible due to the higher number of nitrifying bacteria
produced using fine bubble aeration. Additionally, a lower Shannon index can result
in high ammonia removal efficiency since it could indicate a high amount of nitrifying
bacteria, compared to other studies with a specific ratio of AOB and NOB [63]. In addition,
biofilm diversity is affected by some factors such as temperature, pH, ionic strength, and
hydrodynamic conditions [70]. Another factor is fluid hydrodynamics that impact oxygen
and nutrient transport rates and biofilm cycles [71]. The attachment and detachment of
biofilms are stimulated by the hydrodynamic conditions, i.e., air flow rate. A high flow
rate can support oxygen and nutrient transport to the surface, contribute to the growth of
microorganisms in the microbial layer, and produce the exopolymers that make the attach-
ment stronger. However, the increasing flow rate will raise the shear rates and cause biofilm
detachment, yielding a decrease in the amount of biomass attached to the solid surface or
media [72]. As long as a higher flow rate is provided, high ammonia removal efficiency
can be achieved using coarse bubble aeration [13], but it is more energy-consuming.

The microbial community plays an important role the biofilm growth and thickness.
Conversely, biofilm thickness may also affect microbial activity and diversity due to dif-
fusion limitation and substrate penetration in the biofilm [73,74]. The increase in biofilm
thickness may lead to a more heterogeneous and biodiverse biofilm because of the strati-
fication of metabolic processes and higher concentration gradient [75]. From Table 4, we
can see higher ammonia removal was achieved with a thickness of 136.1 um by using a
combination of nanobubble and coarse bubble aeration [59]. Thus, higher ammonia degra-
dation may be achieved with an acceptable thickness of biofilm [76]. Excessive biofilm
thickness will cause oxygen diffusion limitation, accumulate toxic metabolic by-products,
and result in less active biomass in the deeper biofilm due to low oxygen penetration.
Therefore, the microbial diversity decreases in less active biomass, consequently increasing
the detachment from the deeper layer of the biofilm [77].

6. Conclusions

The recent study on bubble aeration system in biofilters for treatment of waste water
in the RAS was reviewed. Nano, fine, medium, and coarse bubble aeration are used to
oxygenate the biofilter in different scenarios. Oxygen transfer affects ammonia nitrogen
oxidation and affects biofilter performance to remove contaminants from wastewater.
Higher removal efficiency tends to result from finer bubble aeration. Approximately >80%
TAN removal efficiency was achieved by the biofilter with an aeration system consisting
of either fine, micro- and nanobubbles or a combination thereof. Furthermore, a higher
volumetric mass transfer coefficient (ka(7)) resulted in higher oxygen transfer from bubbles
to liquid media due to finer bubble aeration.

Based on the correlation between the microbial community and biofilm thickness due
to different types of bubble aeration, it is concluded that the aeration system equipped with
finer bubbles improves the ratio of nitrifying bacteria, and consequently, biofilm growth
and thickness. Increasing biofilm thickness increases ammonia nitrogen removal in the
system. However, it must be noted that the ammonia nitrogen removal decreases when an
excessive thickness is formed, thereby limiting the diffusion of oxygen penetration into the
deeper layer due to less active biomass.
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Abstract: Thermal desalination technologies involve two primary processes: vapor generation from
saline water, and effective recovery of the resulting condensate. Membrane distillation (MD) systems
are among the emerging thermal desalination technologies which use a hydrophobic membrane to
recover condensate through either direct or indirect contact (with the cooling fluid) condensation.
The specific process technology (for thermal energy transfer and condensate recovery) depends on
the type of MD. Direct contact membrane distillation (DCMD) and vacuum membrane distillation
(VMD) are two significant MD processes, with DCMD having the advantage of direct condensation
and simple design, while VMD systems have high yield through sub-atmospheric vapor generation.
This work focuses on developing an eductor-based MD process incorporating the strengths of both
DCMD and VMD. It is an experimental study with a water jet eductor replacing the vacuum pump
and condenser in a typical VMD system for active permeate vapor transfer and condensation. Unlike
the exiting VMD systems, the proposed design recovers condensate by direct contact condensation.
The sub-cooled water acts as a motive flow which entrains the secondary vapor into the stream,
causing mass transfer via condensation at the interface. The modified VMD was found to have
achieved better flux compared to the conventional VMD system. The performance of the eductor,
sensitivity to parameters, and the practicality of the technology have been analyzed.

Keywords: eductor; membrane distillation; compact design

1. Introduction

Although about 71% of the earth is covered by water, only 0.5% of it is in a usable
freshwater form in rivers, lakes, and aquifers [1,2]. This fact of limited availability and
increasing scarcity due to rapid urbanization is undeniable. Limited availability, overcon-
sumption, and deterioration of freshwater sources are additional factors impacting this
intensified shortage [3,4]. Despite the counterarguments, water recycling and freshwater
production from sea water come forward as immediate remedies [5,6]. A variety of de-
salination technologies have been developed as effective solutions for brackish and saline
water treatment. Broadly, they are classified based on the methods used, such as evapora-
tion and condensation, filtration, and crystallization, which are actuated either by thermal,
mechanical, electrical, or chemical energies from either renewable or non-renewable energy
sources [7,8]. Thermal desalination (evaporation and condensation) has been one of the
most preferred methods for freshwater production, with recent focus shifting towards
membrane distillation (MD) (a membrane-based thermal desalination process). In compari-
son to pure thermal distillation, MD has higher energy efficiency and yield. The process
involves separation of vapor from saline feed with porous hydrophobic membranes. Like
many other desalination technologies, MD requires pre-treatment (coagulation, flocculation,
clarification, filtration, etc.) [9].

The commercial and academic research on MD technologies involves membrane fab-
rication, module configuration, thermal energy sources, and spacer configuration. The
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primary focus is on strength enhancement, increasing yield, optimizing energy consump-
tion, and minimizing gap losses. There are different types of MD configurations that are
named based on how the feed, membrane, and permeate interact. This paper focuses on the
design optimization of the vacuum membrane distillation (VMD) system. The conventional
VMD system uses a mechanical vacuum pump to maintain the vacuum on the permeate
side while the permeate vapor is condensed around an indirect contact condenser.

This work uses an eductor for active vapor transfer and condensation in a VMD
system. This work experimentally studies the possibility of using eductors to replace
vacuum pumps and condensers in VMD units. Unlike existing VMD, this process performs
direct contact condensation i.e., the vapour condenses in direct contact with the cooling
water. This work has been performed with an aim to reduce the footprint of MD for
developing a simple and compact portable desalination unit.

2. Technology and Mechanism Description
2.1. Eductor

Eductors are static mechanical devices that utilize pressure energy in a primary fluid
(motive fluid) for suction and compression of a low-pressure secondary fluid. Both the
primary and secondary fluid can be any combination of liquid, condensable gas, or non-
condensable gas. Some other applications also use particles at the secondary fluid inlet.
In an MD application, an eductor replaces the large vacuum pump and condensers for
combined active vapor transfer and condensation. Water is used as the motive fluid for
suction of saturated vapor from the permeate side of the desalination module.

Eductors consist of a primary nozzle, secondary fluid inlet pipe, suction chamber,
mixing chamber, throat, and diffuser. Figure 1a shows the functional components of an
eductor. The pressure energy in the motive fluid is converted to kinetic energy through
the nozzle such that a low-pressure zone is created in the suction chamber which entrains
the secondary fluid, explained within Figure 1b. The momentum transfer between the
high-velocity motive fluid jet and the surrounding vapor carries forward the entrained
fluid. The collapsing of vapor bubbles during direct contact condensation (DCC) at the
interphase interface increases the secondary fluid-carrying capacity of the motive fluid.
Condensation progresses along the axial direction of the eductor, and it has been found
that the entrained vapor becomes completely condensed within the throat. The diffuser
of an eductor is analogous to a compressor which discharges the low-pressure condensed
secondary fluid to an elevated pressure. Both the mechanical and thermal activity within
the system contribute to the performance of the eductor. The general performance of an
eductor is measured by its entrainment ratio (Equation (1)) and pressure ratio (Equation (2)).

E, == (1)

mp
_ P, — Ps

P. =
" P — P

()

where E; is the entrainment ratio, mg is the suction mass flow rate, rhp is the primary
(motive fluid) mass flow rate, and P; is the pressure ratio. P}, is the back pressure that can
be controlled by opening or closing a valve at the outlet of the eductor (beyond the pressure
rising diffuser). Ps is the suction pressure that is experienced by the secondary fluid, and it
is measured at an inlet to the suction port. P; is the inlet pressure, i.e., the pressure at which
the motive fluid (primary fluid) is supplied to the eductor.
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Figure 1. Components of an eductor and their function.

The entrainment of vapor into the eductor can be defined by applying an energy

balance to the adiabatic secondary fluid pipe, giving the Equation (3):
2(hgo —hgp) — Vgo =0

where hg, is the specific enthalpy of vapor at the nozzle inlet, hg is the specific enthalpy of

the primary nozzle outlet, and Vy; is the outlet velocity of the nozzle.

For condensation based on Clausius—Clapeyron and Bernoulli’s theorem, the DCC

heat transfer coefficient of vapor into a sub-cooled water jet (Hc) is defined by [10] as:

1.414 K3/2
H, — fsg

\/Ug(vg — o) Ty (T = T)

where hgg is the latent heat, v is the specific volume of vapor, v; is the specific volume of

liquid, Ty is the temperature of vapor, and T is the temperature of liquid.

The energy balance at the interface of the annular flow defines the condensation rate

(dMg/dt) within the eductor as follows [11]:

dMg B HC(Tg — Tl),B
dar hfg

Practically, there are two geometric points in an eductor at which chocking occurs.
This chocking phenomenon helps in understanding the fundamental flow mechanism
within the single and multiphase flow paths. It occurs when a flow passes a restriction
towards a lower pressure zone at a constant mass flow rate. The first point is at the exit
of the primary nozzle while the second one is in the throat. In some cases, the secondary
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chocking of a two-phase flow may not be clearly observed due to the influence of outlet
pressure. Koirala et al. computationally explored the entraining and condensing capacity
of an eductor (Figure 2). The commercial eductor used for the work was able to achieve
an entrainment ratio of 0.004, and complete condensation was achieved within the total
length of 14 cm. This supports the early assumption regarding the usability of an eductor
for combined vacuum generation and condensation [12]. The figure further describes the
single species two-flow mechanism within an eductor. The region of interphase interaction
is the zone of mass transfer, and the rate of mass transfer is higher after the throat. Similarly,
complete condensation of vapor occurs within an eductor system.

Primary nozzle

Outlet

Mass transfer Rate Pressure distribution Vapor Volume Fraction

Figure 2. Two phase flow inside eductor.

2.2. Mechanism of Membrane Distillation (MD)

The condensation of permeate vapor in the primary or motive fluid (low TDS liquid
water) leads to a rise in the temperature of the motive fluid which adversely effects the
vacuum. It should be noted that the vacuum pressure generation capacity of an eductor is a
function of the motive fluid velocity and temperature. Therefore, it is important to maintain
the motive fluid flow rate above a minimum value to minimize the temperature rise of the
motive fluid. In the proposed system vapor transport from the feed to the permeate side is
driven by the feed temperature and vacuum pressure, like in a typical VMD system. On the
other hand, the permeate vapor is condensed directly in the stream of fresh liquid water
like a DCMD system and hence the proposed system could be considered as analogous to
a combination of VMD and DCMD.

The thermal mechanism of freshwater production has been discussed with the aid of
existing mathematical models and schematic diagram shown in Figure 3. In this section,
heat and mass transfer in both direct contact membrane distillation (DCMD) and vacuum
membrane distillation (VMD) are discussed. A flat plate and frame membrane module,
with a flat sheet membrane, has been considered for the description of the mechanism. In
both configurations (DCMD and VMD), the hot saline feedwater is pumped into the feed
side where, at the feed channel, the solution directly contacts the membrane surface. The
trans-membrane vapor separation mechanism and zone of condensation are two major
factors differentiating the two processes. For DCMD, vapor is captured and condensed in
the permeate side, where trans-membrane boundary travel is due to the vapor pressure
difference resulting from the temperature difference between the two sides of the membrane.
The temperature difference at the two walls is due to the boundary layer temperature of
feed and permeate flows. The condensation of vapor occurs in the cold freshwater flow
stream, which is pumped either counter-currently or co-currently into the permeate side
of the module. For VMD, vapor is carried away from the module by the action of a
vacuum pump and is condensed separately in a condenser. The transmembrane vapor
travel is still due to the pressure difference, but this time it is due to vapor pressure at
the feed side and the mechanically induced sub-atmospheric pressure on the permeate
side. The condensation of the separated vapor occurs outside the membrane module in a
specialized condenser.
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Figure 3. Heat and mass transfer in VMD and DCMD.

The DCMD process is widely used because of its simple configuration (e.g., no need
for an external condenser system) and its relatively high freshwater production rate [13].
However, the low thermal energy efficiency, due to the high heat conduction losses across
the membrane, is a downside for DCMD [14]. For VMD, due to the lower applied permeate
pressure compared to the feed pressure of volatile vapor, which is separated from the feed
solution, the vapor molecules are transferred through membrane pores from the feed to the
permeate side [15]. In the case of VMD, the heat conduction losses and the heat transfer
resistance on the permeate side are negligible. Therefore, higher thermal efficiency and
freshwater production are expected in comparison to a DCMD module, especially at lower
temperature [16]. The main drawbacks of VMD are its complicated structure and higher
risk of pore wetting due to the greater pressure difference [17].

2.2.1. Heat Transfer

In membrane distillation, both heat and mass transfer occur concurrently. To acquire
accurate and reliable predicted results for membrane surface temperatures and permeate
flux, the dominant mechanisms of heat and mass transfer need to be determined. In
general, to predict the mass transfer, the heat transfer estimation is a prerequisite [17-19].
In DCMD and VMD, convective heat transfer from the bulk feed solution through the
thermal boundary layer to membrane surface on the feed side is demonstrated in Equation

© Qf =ht A (Tg — T ) (6)
In this equation, h¢ (W-m~2.K™1), T (K), and T,y (K) are the convective heat transfer
coefficient on the feed side, the bulk feed temperature, and the membrane surface tempera-
ture on the feed side, respectively. The bulk fluid temperature on the feed side is estimated
based on the feed inlet temperature (T¢;,) and the feed outlet temperature (T ) as in
Equation (7):
_ Tf,m ‘;Tf,out (7)
The total heat transfer through the membrane consists of sensible heat (heat trans-
ferred by conduction) and latent heat (heat transferred due to the water vapor transport
through membrane pores). For DCMD, this type of heat transfer can be calculated using
Equation (8): ) Kk

Q, = 5—m A (Tm,f - Tm,p) +Jw A AHy w (8)
m

T
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For VMD, the heat transfer by conduction is negligible. Therefore, Equation (8) is
modified to Equation (9) [17]:

Qu=Jw A AHy,w 9)

where Jy, (kg'm~2-s71) and AHy w (k] /kg) are the permeate flux and latent heat of vapor-
ization, respectively. AH, ,, can be evaluated at the mean membrane surface temperature
Tm(K) using the Equation (10) [17,20]:

AHy w= 1.7535Ty + 2024.3 (10)

The thermal conductivity of the membrane can be estimated by using Maxwell’s
model according to Equations (11) and (12) [21]:

kg [1 2Bt (2[53 - 0.1[3) ©2+0.05¢° exp(4.5[3)}
1-PBe

B=(kp —kg)/(kp+2kg); @ =1—em (12)

where kg and k;, are the thermal conductivity of the gas phase inside the membrane pores
and the thermal conductivity of the membrane material, respectively.

On the permeate side of a DCMD module, the heat transfer by convection from the
membrane surface, through the thermal boundary layer to the bulk fluid, is given by
Equation (13):

km =

(11)

Qp=hp A (Tmp — Tp) (13)

where hy, (W-m~2.K~1), Tp (K), and Trp (K) are the convective heat transfer coefficient on
the permeate side, bulk permeate temperature, and membrane surface temperature on the
permeate side, respectively. The bulk temperature on the permeate side is estimated based
on the permeate inlet temperature (Tp i) and the permeate outlet temperature (Tp out), and
is determined using Equation (14):

Tp,in +Tp,0ut

Tp = PR (14)

For VMD, the convective heat transfer is not considered due to the presence of
a vacuum.

In a steady state condition, the overall heat flux for a DCMD module can be derived
by combining Equations (8), (10), and (14):

km

he A (Tf — Tpp) = .
m

A (T — Tm,p) +Jw A AHyw=hp A (Tm,p — Tp) (15)
For a VMD module, Equation (15) can be written as shown in Equation (16):
hf A (Tf - Tm,f): ]w A AHV,W (16)

The membrane surface temperature is calculated based on an iterative approach for
energy balance in the system, defined through Equation (8).

hun (T + ELTs) +heT — JyyAHy 0
()

T = (17)

hun (T + 2 Tp ) +hpTp — Ty AHy e
b+ (1+132)

Tm,p = (18)

For a VMD module, the membrane surface temperature on the feed side can be
estimated based on Equation (16), as shown in Equation (19):
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]wAHv,w

i (19)

Tt = T —

To determine the heat transfer coefficient, the Nusselt number given by Equation (20) is appro-
priate. The values of Nusselt number can be estimated using the Equations (20a) and (20b) [18].

hydy,
Nuj = 1.62 x (RePrg(dy/L))"?Re < 2300 (20a)
Nuj= 0.023 x R.*/5 x P4'/*R, > 2300 (20b)

where j can be for feed (f) or permeate (p), k is the solution thermal conductivity, dy, is the
hydraulic diameter calculated based on spacer characteristics, L is the characteristic length,
Re Reynolds number, and P,y Prandtl number.

2.2.2. Mass Transfer Mechanism

For DCMD, water vapor is transferred from the feed side, through the membrane
pores to the permeate side, due to the vapor pressure difference, which in turn is caused by
the membrane surface temperature difference. There is a relationship between mass flux
(Jw) and vapor pressure difference (APy), expressed by Equation (21) [22]:

Jo = Bu-APy = Byy- (Pv,mf - pv,mp) (21)

where P, ¢ and Pymp are the partial pressures of water vapor at the feed-membrane
interface and permeate—-membrane interface, respectively. These pressures can be estimated
at T, ¢ and T, p by using Sharqawy’s equation [23].

In the case of VMD, the vacuum replaces the cold solution on the permeate side,
therefore the partial vapor pressure at the membrane surface on the permeate side (Pymp) in
Equation (21) can be assumed to be equal to the vacuum pressure for simplified calculation [17].
As a result, Equation (21) can be written for VMD, as showed in Equation (22):

]w = By AP, = Bm'(Pv,mf - Pvacuum) (22)

To determine the governing mass transfer mechanism in membrane pores, the Knud-
sen number, as determined in Equation (23), is used:

Kn = Aw/dp (23)
where the mean free path of water molecules (A ) can be calculated using Equation (24) [13,17].
kgTm
= — 24
= (24)

where de, dp, Pm, and kg, are Collison diameters of water vapor, pore diameter, mean
pressure within the membrane pores, and the Boltzman constant, respectively.

In DCMD, the viscous flow is negligible. Therefore, three types of mass transfer
mechanisms in the membrane pores can be taken into consideration: molecular diffusion,
combined Knudsen-molecular diffusion, and Knudsen-type diffusion [17]. In the case
of VMD, the molecular diffusion is neglected, hence the viscous flow model, Knudsen
flow model, and their combination are the mass transport mechanisms. Generally, the
membrane distillation coefficient (Bm) for DCMD and VMD can be determined using
Equations (25)-(27) as shown in Table 1 for DCMD, and Equations (28)—(30) as shown in
Table 2 for VMD.
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Table 1. Estimation of membrane distillation coefficient (By,) in DCMD [17,20].

Mass Transfer Mechanism MD Coefficient (By) Eq No. Condition
Molecular diffusion BM — Ti‘gm % % (25) Kn < 0.01
-1
Combined Knudsen-molecular diffusion BK-M _ _1 ( 3t ( m) 1/2 4 Paxz (26) 0.01<Kn<1
m T RTd, \ 2emr \ 8RT emPD
Knudsen flow model BK — 2 _emr (@) 1z 27) Kn>1
m 3 XOm \ ™™

I 7
m‘»—lc-\

m

PD = 1.895 x 107°T2072

Table 2. Estimation of membrane distillation coefficient (Bm) in VMD [17].

Mass Transfer Mechanism MD Coefficient (By) Eq No. Condition
i Vi 1 ewr?
Viscous flow model By, = RT5. % (28) Kn <0.01
Combined Knudsen-viscous mechanism BK-V — _1 {Z Eml (W) 12 + Emr” (29) 0.01 <Kn<10
m Tom |3 T ™ 8t
Knudsen flow model BK — 2 _emr (M) 12 (30) Kn>10
m 3RT T™>< 0y \ T

In Tables 1 and 2, T, 0m, €m, I, R, 1, M, Py, and p, are membrane tortuosity, membrane
thickness, membrane porosity, mean pore size radius, gas constant, fluid viscosity, the
molecular weight of water, entrapped air pressure, and average pressure in the pore,
respectively. T is the absolute temperature in the pore and Tm is the average temperature
across the membrane. P is the total pressure in the pore and D is the diffusion coefficient.

In the case of the feedwater being saline, the concentration polarization effect should
also be considered in the prediction of mass flux in both DCMD and VMD. During the
saline water treatment process by DCMD and VMD, the concentration of bulk feed solu-
tion is lower than the concentration of the solution at the membrane surface due to the
accumulation of non-volatile substances [24,25]. The relationship between mass flux and
the concentration polarization coefficient (CPC) is demonstrated through implementing
thin film theory, as shown in Equation (31) [17]:

Cunf J
CPC =22 — ex ( w ) 31
Cf P pfks ( )

where Cy, Cp ¢, pg, and kg are the bulk solution concentration, solution concentration at

the membrane surface, solution density, and mass transfer coefficient respectively. To

determine the mass transfer coefficient, the Sherwood number correlation is used, as shown

in Equation (32) [17]:

ks-dy,
D

where D (m?-s~1) and Sc; are the diffusion coefficient of the solute and the Schmidt num-
ber, which are determined in Equations (33) and (34), respectively [26]. To simplify the
modelling, it is assumed that the proposed system will operate at low salinities and the
effect of salinity on the diffusion coefficient will be negligible, hence the following equation
of the diffusion coefficient has been used.

Shy = = 0.0588-Re{*>.Sc{33 (32)

D(T ) = (0.72598 + 0.023087 x Ty +0.00027657 x T2, ) x 10~ 39
My

5= oD 34

"7 oD (34)
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3. Eductor-Based Membrane Distillation
3.1. Concept Discussion
DCMD is the simplest technology among MD configurations and operates due to a

partial vapor pressure difference between the feed and permeate side. The DCC of permeate
vapor is the most desirable trait in this process. Similarly, in VMD, degassing clears air from

the membrane pore and maintains a sufficient pressure gradient for permeate transport.

Considering the drawbacks of comparatively higher specific energy consumption and
lower flux in DCMD, and the complex and bulky design in VMD, a modified VMD has
been proposed, as shown in Figure 4. This schematic can be taken as a reference for
developing an eductor-based water desalination unit. The setup consists of a membrane
module (specifications shown in Table 3) and a commercial eductor. The saline water is

recirculated in the feed side from an electric urn (simulating a generalized heat source).

The permeate side of the module is a vacuum chamber, connected to the suction port of an
eductor. The second freshwater loop entrains permeate vapor into the water stream, where
it condenses through direct contact with the circulating liquid. The condensed permeate
is then collected in an overflow tank. By incorporating the benefit of a permeate vacuum

chamber and DCC, a very simple and compact water desalination unit can be developed.

This system also enables effective utilization of low temperature feedwater as there is a
larger potential of sub-atmospheric vapor generation.

_.Eductor

\ 4

Hydrophobic
membrane

By .
= =
* Pump \
Heat Exchanger s

Sump
2 (Cold fresh water)

Figure 4. Eductor-based membrane distillation unit.

3.2. Experimental Set-Up Description

Figure 5 shows the experimental setup developed in the lab for this performance
study. Pressure sensors and thermocouples were installed at different positions on the
eductor and membrane module. The inlet, outlet, and suction pressures and temperatures
were monitored for the eductor. Similarly, feed in and out flow rates and temperatures
were monitored in the membrane module. The concentration of the freshwater loop is
constantly monitored to ensure the functional performance of the membrane. A DataTaker
DT80 data logger was used for data monitoring and acquisition. The pressures were
measured through piezo-resistive transducers, temperatures were measured with k-type
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thermocouples, and flow rates were measured with an ultrasonic flow meter (for feed inlet)
and a vortex flow meter (for the eductor inlet).

Table 3. Physical properties of membrane module, membrane, and eductor.

Particular Description Units Symbols
Membrane Module

Width 2 mm Y
Length 180 mm L
Breadth 180 mm B
Membrane

Material PTFE

Pore size 0.22 pm dp
Thickness 190-240 wm ot
Porosity 80 %

Eductor

Inlet diameter 12 mm Ded in
Outlet diameter 12 mm Ded,out
Suction diameter 12 mm Ded suc
Eductor length 114 mm Leg

Fresh water
circulation unit  Transducer & thermocouple Heat Exchanger

Chiller

Membrane module
Figure 5. Experimental setup of the module.

4. Results and Discussion

The usability of an eductor for active vapor transfer and condensation in a modified
VMD system has been examined in this section. It includes capacity assessment of the
eductor along with the flux achieved. In addition, the thermal and electrical energy usage
and sensitivity to operational parameters were examined.

4.1. Capacity Assessment of the Eductor

The concept of this membrane distillation system is based on eductor-enhanced sub-
atmospheric phase separation. The assessment of the operational limit of the eductor with
respect to secondary fluid pressure, Ps, has been considered as the primary factor required
to plan for the operational parameters of the final water production unit.

Most of the available literature is focused on the compression of the secondary fluid
to an intermediate pressure (motive > intermediate > secondary). In contrast, the ability
to attain a given secondary pressure for different combinations of primary and secondary
pressures has not been evaluated.

Figure 6 shows the inter-relationship between the motive fluid pressures (inlet, P;, and
outlet, P,) and secondary fluid pressure (suction, Ps). The measurements were taken at
constant inlet pressure and varying outlet pressure (also referred to as back pressure) and
maintaining constant volume condition at the inlet to the suction port by closing the valve.
Maintaining a constant volume condition at the suction port provided the opportunity
to estimate maximum suction pressure at different back pressures (P,). At the critical
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point (choked flow), a constant Ps of 3.4 kPa (absolute) was measured for a Py, /P; ratio of
0.27. Past this critical back pressure to inlet pressure ratio, the vacuum generation capacity
of the eductor started to decrease, i.e., absolute pressure at the suction port started to
increase. This continued until the Py, /P; ratio of 0.382, where the pressure at the suction
port was observed to rise above the atmospheric pressure, this indicates a flow reversal
(back flow) condition where the secondary flow ceases and the motive (primary) fluid
enters the suction port. Therefore, it is recommended that the proposed system be operated
at sub-critical Py, /Pj ratio to ensure forward flow of the permeate from the feed to the
motive fluid direction, and higher efficiency.
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Figure 6. Experimental study of the suction capacity of an educator.

In Figure 7, the plot for degassing duration of a vacuum sealed chamber of volume
0.0038 m? is shown. This aids the interpretation of the observation in Figure 6, as it
provides a more descriptive depiction of the influence of P},/P; on the degassing rate. A
piezo-resistive pressure transducer was installed in the chamber, which recorded time-
dependent pressure data at a frequency of 5 Hz. The inter-relationship between back
pressure and forward moving flow contributes to both momentum and thermal energy
exchange within the flow path of the eductor. When the back pressure is increased at
constant inlet pressure (i.e., increasing Py, /P;), it obstructs the forward path of two-phase
flow. This results in the compression of the secondary fluid until the physical limit, and
eventually reduces entraining mass flow rate to cause reverse flow. Figure 6 describes
the process during the compression. The average time required for complete degassing
i.e., reaching a pressure of 4.2 kPa absolute, is 5.42 min.
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Figure 7. Degassing rate of eductor at different P}, /P; for initialization of distillation desalination.

4.2. Performance of Desalination Module
4.2.1. Impact of Feed Temperature

The development and performance analysis of an eductor-based desalination system
to replace the conventional vacuum pump and condenser in VMD is the primary focus of
this work. Figure 8 shows the performance of the desalination module at four different
feed temperatures (Tg): 50 °C, 60 °C, 70 °C, and 80 °C. The mass flux (J) and instantaneous
vacuum pressure (Ps) were plotted against Py, /P;. The difference in operation before and
after the critical point is clearly visible in all four cases, with a larger flux before the critical
back pressure is reached and a sudden decline in flux after. The maximum flux for the feed
temperatures of 50 °C, 60 °C, 70 °C and 80 °C are 23.1 kg~hr‘1-m_2, 27.6 kg-hr‘l-m_z,
33.8 kg-hr~1m~2, and 43.12 kg-hr~!-m~2, respectively.
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Figure 8. Mass flux (J) with respect to Py, /P; at different Ty; (cold side temperature constant at
T, =15 °C).
P

At higher temperatures, a lower latent heat of vaporization is required, hence the
evaporation rate is faster. The sub-atmospheric conditions further aid this by allowing
the free expansion of liquid molecules with absorption of energy. In addition to the vapor
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generation, the mechanical impact (i.e., pressure propelled pumping and degassing of
pores) are some of the important associated characteristics. The mechanical work can
be clearly observed through the suction pressure measurements in Figures 6 and 8. This
gain in the suction pressure is the influence of vapor being drawn into the system. The
measurement of absolute suction pressure plotted in the secondary axis shows small
variations while remaining at extreme sub-atmospheric conditions before the critical point,
and a significant rise in the pressure after it. The characteristic of the eductor allows it to
operate in only certain design conditions. The critical point and back flow condition depend
on the design criterion considered. Increasing the back pressure beyond the critical Py, /P;
ratio results in a rapid increase in the total pressure in the suction chamber. This is due to a
decrease in the velocity of the motive fluid and hence the dynamic pressure of the motive
fluid in the suction chamber. This results in the observed rise in the static pressure in the
suction chamber and decreases the trans-membrane pressure that drives the vapor transfer.
The average absolute suction pressure at the critical points for the feed temperatures of
50 °C, 60 °C,70 °C, and 80 °C are 7.32 kPa, 8.71 kPa, 11.52 kPa, and 13.6 kPa, respectively.
Considering the utilization of mechanical energy, the region of operation around the critical
point is more efficient.

4.2.2. Impact of Feedwater Flow Rate

The objective of this section is to identify the influence of feedwater flow rate (Qg) on
freshwater production rate of flux (J). This relationship is shown in Figure 9. The plot is for
two different feed temperatures, 70 °C and 80 °C. The observations were noted for flow
rates ranging from 1 LPM to 5.2 LPM. For 80 °C, at 1.1 LPM a flux of 32.5 kg-hr~!-m~2 was
observed, which sharply increases to 41.2 kg-hr—!-m~2 for a Q¢ of 3.18 LPM and then shows
only a small variation past this point. Similarly, for the case of 70 °C, for Q¢ = 1.21 LPM, a
flux of 18.1 kg-hr~!-m~2 was noted, which then increased sharply up to 34.5 kg-hr~!.m~?2
for Q¢ = 3.3 LPM, and then showed only minute variations for further increases in Qs. This
indicates the presence of an optimum feedwater flow rate, and shows that for operation
beyond this rate, not much change in yield can be achieved. The identification of or
selection of this point through design will be advantageous from both a thermal and
electrical energy usage point of view. The average specific thermal energy consumption
(STEC) was estimated to be around 3000 kJ /kg of permeate produced.
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Figure 9. Mass flux (J) with respect to feed flow (Qg).
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4.3. Performance of the Eductor

The initial assessment of eductors in Section 4.1 was focused on single-phase and non-
condensing two-phase flows. These conditions are applicable during the start-up phase
of the desalination module. In Figure 10, a more descriptive and detailed performance
evaluation of an eductor for two-phase condensing flow, which includes mutual exchange
of momentum, heat, and mass, is shown. The plot is for entrainment ratio (E;) against
the pressure ratio (Py) for different temperatures of feedwater. The collective mechanical
and thermal performance of the eductor can be visualized. Although the experiments
were performed until reversed flow was observed, the graph only summarizes data for the
conditions until critical chocking occurred. The variation in P; is a result of changes in back
pressure, which indicates the compressible nature of the process.
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Figure 10. Performance of the eductor; entrainment ratio, E,, vs pressure ratio, P;.

The basic thermodynamic principles of fluid temperature and phase saturation pres-
sure govern the trend of the increasing entrainment ratio with increasing feedwater temper-
ature. At higher feedwater temperatures and constant sub-atmospheric pressure, the mass
transfer rate is higher. With a larger proportion of vapor entraining into the flow passage, a
larger proportion of momentum is shared with the low-pressure secondary fluid, resulting
in earlier critical chocking. Close to the critical conditions, the damping effect of the outlet
pressure ensures a greater interaction time between the secondary fluid and the motive
fluid, resulting in an increasing rate of condensation. Another noticeable phenomenon can
be observed in the process, where with increasing back pressure, the entrainment ratio
forms an asymmetric downward concave trend. Shifting of the peak Er to the left side
of the critical point is due to the combined thermal and mechanical effects on the vapor
liquid interaction.

With larger bubbles collapsing, there is an increase in voids, which are then filled with
more incoming vapor bubbles. The maximum E; of 0.0053, 0.0039, 0.0034, and 0.0027 was
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recorded for 80 °C, 70 °C, 60 °C, and 50 °C, respectively. The critical points for 80 °C, 70
°C, 60 °C, and 50 °C were observed at P, of 0.244, 0.25, 0.251, and 0.262 respectively.

5. Practicality of Modified Eductor Based VMD (E-MD)

Based on the equations presented in Section 2.2.1, a theoretical study of existing
VMD was performed. The model results were compared with the experimental work
of Mengual et al. [27] (Figure 11) and they are in good agreement. A comparison with
this experimental work has also been done by Kim et al. [28] for their theoretical study.
The prime objective of this study is to establish the position of the current eductor-based
membrane distillation system from the point of view of freshwater yield.
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305 310 315 320 325 330 335
Te [K]

Figure 11. Validation of empirical model considered for VMD.

Figure 12 is a comparative study of the flux of the modified eductor-based VMD or E-
MD with conventional VMD. The plots for VMD are based on the verified analytical model
from Figure 11. The values for E-MD are selected from the maximum experimental flux
at each of the recorded feedwater temperatures. The proposed eductor-based membrane
distillation system, which is basically a modified VMD system, was found to have better
performance compared to the model for VMD. For the feed temperature of 80 °C, the
maximum flux measured experimentally was 43.1 kg-m~2-hr~! while for the theoretical
VMD model it was 27.83 kg-m~2-hr~!. In comparison to conventional VMD (indirect
condensation), the direct contact condensation in modified VMD or E-MD is clearly more
effective [29], as there is no thermal resistance at the interface like there is in a traditional
condenser. This simultaneous thermal and mechanical activity of the cooling fluid in
E-MD enhances the performance of the system compared to standard VMD. Although
it does not use a vacuum pump, the energy consumption is relatively high compared to
other technologies because of the amount of energy required for mechanical operation in
the eductor.
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Figure 12. Flux comparison of eductor-based MD with VMD.

Figure 13 is the plot for gain output ratio (GOR) with respect to feedwater temperature
(T¢). The GOR-Critical is based on the average value of flux at the critical point, and GOR-
subcritical is based on the flux after the critical point. The value of GOR-Critical ranges
from 0.72 to 0.87 while the value of GOR-Subcritical ranges from 0.29 to 0.31. Increasing
feedwater temperature has a positive influence on the value of GOR. The value of the
temperature polarization coefficient (TPC) was calculated based on the iterative process for
calculating membrane surface temperature in Equations (17)—(20). The TPC was calculated
to be 0.92 for 50 °C and 0.85 for 80 °C. The value of TPC decreases with increasing Tt.
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Figure 13. GOR and TPC with respect to the feed temperature.

6. Sensitivity Analysis

The use of instrumentation and control systems ensured consistent data acquisition
in the experimental system. The physical parameters, such as temperature, flow rate, and
pressure, were monitored using appropriate sensors. Some other influencing parameters
were also monitored but were tedious to control. These parameters were identified during
the experiments and were observed for the purpose of sensitivity analysis. Basically, the
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temperature of eductor inlet, and rising concentration in the feedwater side are the two
factors that have been discussed here.

During the mass transfer from vapor to liquid streams, the latent heat in the vapor is
absorbed by motive fluid (water), the mixing that occurs as a result of turbulent flow is
assumed to maintain thermal equilibrium in the motive fluid stream. The thermal energy
interaction between the vapor and motive fluid stream increases the temperature of the
motive fluid at the eductor outlet. If not controlled, this rise in temperature continues. The
increase in T¢; reduces the mass transfer rate, and hence allows accumulation of vapor in the
suction track, which reduces the P, due to the increase in Ps. The experiment was conducted
for about 60 min without active cooling of the motive fluid. During this experiment, T¢;
increased from 27.6 °C to 42.1 °C. As a result, the value of P; decreased from 0.17 to 0.162.
This significantly reduced both the mechanical and thermal performance of the eductor.
This experiment was conducted for Ty = 80 °C, with the chiller turned off, and all other
conditions were as per the description in Table 4. For a multiphase same-species heat
transfer device like an eductor, the motive fluid temperature is an important influencing
parameter that needs to be considered. In addition, the design temperature needs to be set
to an easily achievable value from a work input perspective.

Table 4. Operating parameters of the hybrid system.

Particular Description Units Symbols
Membrane Module operating parameter

Feed flow 5.02 LPM Qtin
Feed temperature 50, 60, 70 & 80 (+/—2) °C T
Eductor operating parameter

Eductor inflow 4.85 LPM Qe,in
Eductor inlet 5

Temperature 15 c Tein

The effect of the rise in salinity on the permeate mass flux was also observed for the
salinity range of approximately 0.5% to 1% (i.e., SG of around 1.005 to 1.01). The specific
gravity (5G) and flux (J) were constantly monitored during the experiment. Figure 14
is the resulting plot for ] with respect to SG. The variation in ] was observed to be from
39.5 kg-h~1-m~2 to 42 kg.h~!-m~2. The average experimental uncertainty of all the experi-
ments results was around £5.4%. The variation in the flux over the SG range of 1.005 to
1.01 was within the uncertainty and it could be said that at these low salinities, the effect of
the concentration was negligible on the flux.
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50

1.006 1.0065 1.007 1.0075 1.008 1.0085 1.009 1.0095 1.01
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Figure 14. Influence of increasing concentration during freshwater production on flux (J).
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7. Conclusions

This study was focused on developing a system using an eductor as an alternative
device for active vapor transfer and condensation in a membrane distillation process. The
primary activity involved a performance study of an eductor-based membrane distillation
process. The proposed system incorporates the advantages of both DCMD and VMD
to provide enhanced performance. A flux (J) of up to 42.9 kg-h~!-m~2 was calculated,
which is significantly higher than conventional VMD under similar operating conditions.
The value of ] is dependent on Qy, hence the optimum value is to be selected to ensure
the highest energy efficiency. The operation of the eductor is segregated into critical and
sub-critical regions separated by a critical point. It is always recommended to operate the
eductor at the critical point.

The replacement of both the vacuum pump and condenser in VMD with an eductor
will present a simple and compact technology. With no moving parts and a mechanically
simple system, the adaptability and maintainability become more convenient. The E-MD
system has been shown to be sensitive to motive fluid temperature in the eductor.

In summary, a simple and compact eductor-based MD system has been developed.
This technology is simple, compact, and produces a greater freshwater flux compared to
standard MD systems. The implementation of this technology in off-grid desalination
systems will help to reduce the existing footprint of such systems. In addition, the eductor
has been practically verified to be an active vapor transfer, degassing, and condensing unit.
Further extending the understanding of two-phase single species flow in eductors would
help in creating a simple and compact desalination system.
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