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Sustainable PHBV/CuS Composite Obtained from Waste
Valorization for Wastewater Purification by Visible

Light-Activated Photocatalytic Activity

Gabriele Sarapajevaite,* Kestutis Baltakys, Micaela Degli Esposti, Davide Morselli,*

and Paola Fabbri

The persistency of antimicrobial compounds in the water cycle accelerates the
issue of antimicrobial resistance. Therefore, effective wastewater remediation
approaches, which can be implemented on a large scale, are urgently required.
This study aims at preparing a sustainable organic/inorganic composite
material that can photo-catalyze the degradation of organic pollutants in
wastewater by using visible light. Specifically, films and porous composites
are composed of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) as
supporting material, and copper sulfide (CuS) as active photocatalyst. It is
noteworthy that the proposed composite can be fully produced from waste
valorization, since PHBV is a polymer, which can be obtained by fermentation
of vegetable wastes, and Cus is synthesized from industrial sulfur wastes. The
produced composites show remarkable capabilities in the photodegradation
of tetracycline and methylene blue, selected as model organic pollutants.
Moreover, the PHBV/CuS composites can be reused multiple times with
minimal loss in photocatalytic efficiency. The suggested approach is not only

1. Introduction

More than 2 billion of the human pop-
ulation use water contaminated with
excrement, confirming that clean drink-
ing water supply to all human beings
is still an unresolved issue through-
out the globe.l!l For this reason, the
United Nations has proposed the sixth
sustainable development goal (SDG)
to highlight that the clean water sup-
ply for everyone is an urgent call for
action by all countries—developed and
developing—in a global partnership.
In particular, one of the main targets
of the mentioned SDG is to halve the
amount of hazardous compounds in
untreated wastewater until 2030.12] One

sustainable and cost-effective, but also solves issues occurring in the
application of the photodegradation techniques currently reported, such as
the consumption of fossil-based chemicals and photocatalyst removal from

the purified water using with expensive procedures.
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of the main pollutants found in under-
ground and surface waters is antimi-
crobial compounds, such as antibiotics,
which are introduced into wastewa-
ter due to human consumption or as
antimicrobial manufacturing waste.l!l
Moreover, antimicrobial compounds
are broadly applied in agriculture,
livestock farming, and aquaculture, consequently causing the hu-
man body as the center of the antibiotic provision cycle.?! It has
been reported that even 80% of administered antimicrobial sub-
stances are emitted as active metabolites in human feces that
are also collected by wastewater.l'*] The applied conventional
wastewater remediation processes are usually ineffective since
the detected amount of antibiotics in purified wastewater has
been increasing in recent years.['3] As a consequence of the con-
stant exposure to antimicrobial compounds in the environment,
the unforeseen acceleration of human antimicrobial resistance
has become a major issue of healthcare systems worldwide.!*>]
The development of novel solutions to degrade antibiotics in
wastewater is crucial, therefore several emerging technologies
have been recently proposed. Among them, adsorption processes
using carbon-based adsorbents (graphene-based membranes, ac-
tivated granular powders) have been widely investigated.[®”] A
growing number of research groups are focusing on physico-
chemical processes for antibiotic degradation, such as electro-
chemical oxidation, ozonation, and the Fenton process, since
only harmless compounds emerge as pollutant degradation
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products in the presence of generated strong oxidizing radicals.®!
Due to the relatively low processing cost and the developed high
degradation efficiency (DE), photocatalysts as metal oxides (e.g.,
TiO, and ZnO), metal chalcogenides (e.g., NiS, MoS,, and CuS),
or metallic organic frameworks (MOF) are considered a promis-
ing approach for photodegradation in wastewater.>*]

However, many investigated techniques for photocatalytic
degradation of organic pollutants are activated by UV irradiation
since the most efficient investigated materials are mainly based
on semiconductors such as TiO,,[1% Ce0,,""l and ZnO.'213] To
harvest irradiation in the visible light range for electrons—holes
formation, the band gap (E,) of the photocatalyst has to be re-
duced. Typically, a lower E, value is achieved by doping the semi-
conductor with a suitable noble metal or by forming a heterojunc-
tion by combining different photocatalysts.'*1%] The latter ap-
proach also intensifies the separation of photogenerated charge
carriers leading to enhanced photocatalytic performance.[**16-18]
Nevertheless, these approaches significantly increase the process
costs, thus a more economically appealing material, which is able
to degrade pollutants under visible light, is needed.’”! For exam-
ple, chalcogenides, which possess low band gap values by nature,
are not exploited enough for the photodegradation of antibiotics.
Specifically, copper sulfide is considered as a promising photocat-
alyst due to its economical synthesis, tunable composition, and
morphology, hence has briefly revealed its potential in the degra-
dation of antibiotics under visible light irradiation.[1%2"]

It is worth noting that most of the aforementioned tech-
niques lack sustainability because of the used harsh conditions
and/or toxic fossil-based reagents.[*!"?? In addition, the proposed
approaches can be also very expensive on an industrial scale
due to the cost of the used materials such as graphene, ozone,
and MOF.I723] Whether adsorption membranes are applied for
wastewater remediation, the antibiotics removal from the adsor-
bent will be mandatorily required adding a further step to the
process, thus enhancing the process costs.[?}! Although particle
photocatalysts have achieved promising results at the lab scale,
this application at the industrial level shows several drawbacks.
The removal (e.g., by filtration) of the spent photocatalyst parti-
cles after wastewater treatment is a relevant issue, which further
could complicate the process and cannot be ignored during the
material design, especially when nano-sized particles are used as
an active material for the degradation.®]

According to the literature, few attempts have been made to
make antimicrobial photodegradation more scalable. For exam-
ple, to facilitate the separation of photocatalysts from wastew-
ater, it has been previously reported the incorporation of a
semiconductor in a composite material based on fossil-based
matrixes (e.g., N,N’-dimethylacrylamide and graphitic carbon
nitride).?22%1 Nevertheless, there are not enough studies re-
porting cost-effective organic pollutant degradation approaches,
which are possible to implement on a large scale. Moreover, cur-
rently suggested technological solutions for antibiotics removal
from wastewater are not suitable from the environmental point
of view due to the aforementioned drawbacks. Thus, a more sus-
tainable approach is required.

For this reason, in this work, we have combined a biopoly-
meric supporting material for CuS particles as a visible-light-
driven photocatalyst for enhancing organic molecules degra-
dation. Specifically, poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
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(PHBV) has been selected as supporting material, since it is one
of the most promising and versatile biopolymers!**! with several
potential applications(?>-?! thanks to its higher ductility with re-
spect to its homopolymers poly(3-hydroxybutyrate).*"! Moreover,
PHBV is a fully bio-based and biodegradable polymer, that can be
obtained by fermentation of vegetable waste.3!! In addition, this
polymeric material can be easily shaped in different structures
ranging from films,3? fibers,¥] and porous architectures.*
Due to the low band value and the possibility to be excited under
visible light spectra, copper sulfide was chosen as a photocatalyst
in this work. It is noteworthy that the used CuS photocatalyst is
also obtained by valorizing industrial sulfur waste from sulfuric
acid production, thus the final composite is a material fully ob-
tainable from waste valorization. Since the photocatalyst particles
are embedded into the polymeric matrix, the separation of the
catalyst is no longer needed, thus avoiding cost-demanding pro-
cedures. The goal of this research is to produce sustainable com-
posites with different architectures for the degradation of model
pollutants such as tetracycline (TC) and methylene blue (MB).
Moreover, we have also tested the recyclability of the proposed
composite for a fresh stream of pollutants and its performance
during the simultaneous photodegradation of a mixture of dif-
ferent pollutants.

2. Results and Discussion

Composites made of PHBV as polymeric support and CuS
(15 wt% with respect to the polymer) as photocatalysts have been
prepared in both films and porous structures. As summarized
in Scheme 1, the films have been prepared by solvent casting
method, whereas the porous architecture has been fabricated by
the thermally induced phase separation (TIPS) method, adjust-
ing the procedure described elsewhere to fabricate scaffolds for
bone tissue regeneration.?®! In brief, first, CuS has been dis-
persed by dip-sonication in a PHBYV solution (experimental de-
tails in Section 4). Then, the so-prepared mixture/dispersion was
solidified in the freezer and afterward, the solvent was extracted
from the frozen sample with ethanol by forming the porous ar-
chitecture (Scheme 1).

The added CuS is synthesized by using industrial sulfur
waste as a sulfuring agent, according to the method previously
reported.3°] In order to validate the applicability as a waste-based
photocatalyst (CuSw), we have also synthesized a reference sam-
ple of CuS by using pure sulfur, as a standard sulfurizing agent
(CusSr, reference sample). The photocatalytic activity in the degra-
dation of TC (50 mg L) of both photocatalysts has been tested.
Furthermore, micro-fibrillated cellulose (MFC) (5 wt% with re-
spect to the polymer) has been added to the composite formula-
tions, to enhance the typical low hydrophilicity of PHBV, which
limits the wettability of the composites by aqueous pollutants so-
lutions (Scheme 1). The detailed composition of each prepared
sample and related sample codes are presented in Table 1. Fur-
thermore, representative photographs of films and porous struc-
tures are reported on the left side of Figure 1.

The performed XRD analysis of neat and composite samples
revealed that hexagonal covellite (CusS reference pattern: PDF 04-
006-9635) was the main crystalline constituent of composite sam-
ples (Figure S1, Supporting Information). This data corresponds
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Scheme 1. Schematic representation of the sample preparation and photodegradation tests.

Table 1. Summary of the composition of each prepared sample.

Sample code Sample architecture

Type of photocatalyst (sulfurizing agent)

Hydrophilicity modifier filler

CuSr/Po Porous
CuSw/Po

CuSr/MFC/Po

CuSw/MFC/Po

PHBV/Po

CuSr/Fi Film
CuSw/Fi

CuSr/MFC/Fi

CuSw/MFC/Fi

PHBV/Fi

Reference -
Waste -
Reference MFC

Waste MFC
Reference -

Waste -
Reference MFC

Waste MFC

perfectly with the composition of powder CuS samples reported
in detail in our previous work, also proving that no new com-
pounds were formed between polymer and photocatalyst.*>] Fur-
thermore, all samples have been initially analyzed by field emis-
sion scanning electron microscope (FE-SEM) to investigate both
the dispersion and distribution of the incorporated photocata-
lyst (CuS) and the formation of the desired porous structure by
TIPS. Figure 1 displays the top-view FE-SEM images of film and
porous composites recorded with backscattered electrons to bet-
ter highlight the inorganic particles from the surrounding poly-
meric matrix. For both types of samples, the micrographs have
revealed a homogeneous distribution and a good dispersion of
CusS particles regardless of the origin of photocatalytic filler (CuSr
FE-SEM images are reported in Figure S2, Supporting Informa-
tion). Concerning CuSw samples, it can be noticed that the in-
organic particles are less evident in CuSw/MFC/Fi compared to
CuSw/Fi (Figure 1). This can be associated with the overshadow-
ing of the CuS particles by MFC, which is composed mainly of
carbon atoms, as well as the polymeric matrix. Since the surface
area is much larger in porous structure than in the films, this phe-
nomenon does not appear for porous samples. Most importantly,
it is evident that the high interconnected porosity of porous com-
posites with homogeneously distributed CuS has been achieved
(Figure 1). Moreover, the FE-SEM images of film cross-sections
have shown that CuS particles have only partially aggregated
throughout the film’s thickness (Figure S3, Supporting Informa-
tion).
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The photocatalytic activity of the prepared composite material
has been evaluated by investigating the degradation efficiency of
tetracycline as a model antibiotic pollutant, under visible light ir-
radiation that activates the photocatalytic activity of CuS. In par-
ticular, the degradation efficiency was determined by measuring
the absorbance peak centered at 351 nm of TC solution (50 mg
L) containing the composite sample immersed in the cuvette
(representative spectra at different timepoints reported in Figure
S4, Supporting Information) by UV-vis spectroscopy (more ex-
perimental details in Section 4, and the experimental setup is
shown in Figure S5, Supporting Information).

The obtained kinetic curves of TC degradation under visible
light with porous or film composites as photocatalysts are re-
ported in Figure 2 (standard deviations for each experimental
point of Figure 2 are reported in Table S1, Supporting Infor-
mation, in order to have more readable plots). According to the
degradation efficiency data, it is observed that the majority of
tested samples have reached the 100% of degradation efficiency
within 180 min of photooxidation regardless of the sample ar-
chitecture (Figure 2A,B). Furthermore, no significant differences
in degradation efficiency have been noticed whether using CuS
synthesized from waste or a reference sulfurizing agent. As a
representative, CuSr/Po and CuSw/Po samples are able to de-
grade 56% and 60% of pollutants, respectively, after 120 min
(Figure 2A). Photodegradation has a similar initial reaction rate
by both waste and reference samples with porous architecture.
On the other hand, when reference and waste photocatalysts are
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Figure 1. On the left: representative photographs of porous and film PHBV/CuS composites. On the right: FE-SEM top-view images (back-scattered

electrons) of film and porous composites with CuSw and MFC as fillers.

embedded in films, the degradation rate reaches a value 1.4 times
higher with CuS particles obtained from waste (CuSw/Fi sam-
ple — 0.5203 min~!; CuSr/Fi - 0.3834 min~!) (Figure 2C,D). It is
known from previous work!**] that CuSw has a larger crystallite
average size than CuSr (39 and 35 nm, respectively), which can
result in a higher degradation rate as reported by Goktas et al.l*¢]
in their work on ZnO.

The well-known high hydrophobicity of PHBV can slow down
the kinetic degradation, limiting the contact between the aque-
ous pollutant solution and photocatalyst. As a possible solution,
we tried to reduce the water contact angle (WCA) of PHBV by
adding MFC, which can decrease the typical high hydrophobic-
ity of PHBV thanks to the hydroxyl groups in its structure as
also observed for other polymers.’”] In addition, a positive in-
fluence on TC degradation can be observed when MFC is incor-
porated into the porous composites, leading to a degradation ef-
ficiency that is enhanced by up to 13% throughout the whole ir-
radiation time (Figure 2A). It is also important to underline that
the initial reaction rate constant is 3.3 and 4.2 times higher for
CuSr/MFC/Po and CuSw/MFC/Po samples, respectively, com-
pared to the samples without MFC (Figure 2C). This confirms
that photocatalytic reaction is more rapid in the presence of MFC-
modified porous samples (Figure 2C). In particular, the MFC sig-
nificantly increases the wettability of porous composites by 11°
(WCA data in Figure 3 and Table S2, Supporting Information)
and consequently leads to an increase of the permeability of the
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porous structure by the TC aqueous solution and thus increases
the active surface of the sample exposed to the solution.

On the contrary, MFC has a negative influence on degrada-
tion efficiency by film composites when both types of photocata-
lysts are used (Figure 2B). More in detail, itis observed that 100%
degradation efficiency is achieved after 150 min of irradiation by
the sample without MFC (CuSw/Fi and CuSr/Fi). While, by us-
ing the MFC-modified film composites, TC complete degrada-
tion is achieved 30 min later (Figure 2B).

The reaction rate constants are also slightly lower by 12%
and 24% for CuSr/MFC/Fi and CuSw/MFC/Fi, respectively
(Figure 2D). In the film samples, both types of fillers are dis-
tributed throughout a flat substrate, which has less free surface
area compared to the composite with a porous structure. In the
film samples, the photocatalyst particles are more likely partially
shielded by MFC than in porous structure, resulting in less con-
centrated exposed particles on the surface as shown by FE-SEM
investigations (Figure 1). This result in lowering the number of
electrons/holes, which are involved in photodegradation, thus
leading to an overall lowering of the degradation efficiency. Be-
sides, it has been observed that the MFC only slightly affects the
hydrophobicity of the film samples with a reduction of WCA of
only 4° (Figure 3 and Table S2, Supporting Information). The very
low standard deviations of the WCA measurements (Figure 3)
also provide indirect information about the MFC homogeneous
distribution and the effectiveness of the MFC dispersion method,
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Figure 2. Degradation efficiency as a function of the time evaluated by degrading TC under visible light with A) porous and B) film composites immersed
in the solution. Pseudo-first order kinetic curves of TC photocatalytic degradation by C) porous and D) film composites.

considering that each WCA measurement is the average of five
repetitions in different parts of the sample surface.

The architecture of the composite also affects the photodegra-
dation rate. It was observed that photodegradation is significantly
faster in the film than in porous samples, with the initial reac-
tion rate constant of 0.083 min~! for CuSw/Po and 0.5203 min~!
for CuSw/Fi, which is about six times higher (Figure 2C,D).
The addition of MFC increases the degradation rate of porous
composites up to a rate comparable with film samples of equal
composition. Specifically, the initial reaction rate achieved with
CuSw/MFC/Fi and CuSw/MFC/Po is 0.3932 and 0.3642 min~!,
respectively (Figure 2C,D).

Since the tests of TC photocatalytic degradation by compos-
ites with waste-based CuS have shown results very similar to the
CusS prepared from reference sulfurizing agent (Figure 2), and
taking into account the sustainability point of view, only compos-
ites with CuS from sulfur waste valorization have been selected
for further investigations. Furthermore, due to the highest initial
reaction rate and degradation efficiencies throughout the whole
irradiation time, only CuSw/MFC/Po and CuSw/Fi samples have
been further analyzed.

The reusability of composites for the photodegradation of
fresh batches of pollutants is another key parameter to evalu-
ate. The research findings have shown that both CuSw/MFC/Po
and CuSw/Fi samples can be reused at least five times, reaching
100% of TC degradation after each cycle (Figure 4A,B). Specifi-
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cally, after 60 min of irradiation during the first cycle, the degrada-
tion efficiency is 33% and 37% for CuSw/MFC/Po and CuSw/Fi,
respectively (Figure 4C,D). It is worth noting that both sam-
ples double their degradation efficiency during the second pho-
todegradation cycle achieving, after 60 min of irradiation, values
of 61% and 75% for CuSw/MFC/Po and CuSw/Fi, respectively
(Figure 4C,D). Furthermore, during the second cycle, 100% of
TC degradation is achieved 30 min quicker than during the first
cycle by both samples (Figure 4C,D).

Most importantly, the evident performance enhancement of
pollutant photodegradation by both sample types is achieved. It
has been seen that, in the second cycle, the initial reaction rate
constant obtained using CuSw/MFC/Po has increased 2.5 times
from 0.3642 min~! to a value of 0.9036 min~"! (Figure 4E). A com-
parable increase is also observed for CuSw/Fi sample with the re-
action rate constant that increases by 2.3 times reaching a value of
1.2051 min~! compared to the value that has been recorded dur-
ing the first cycle of photodegradation (0.5203 min~!) (Figure 4E).
Accordingly, both tested samples also show performance en-
hancement in the values of degradation efficiency.

This unexpected behavior suggests that during the second cy-
cle, the photodegradation already starts by harvesting the charge
carriers, which were generated during the first cycle and then
were trapped in the subsurface of the semiconductor.[*8] Re-
gardless of the used composite, after the second cycle, the reac-
tion rate constant starts gradually decreasing. This is even more
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Figure 3. Water contact angle (WCA) of A) films and B) porous structures of neat PHBV and composites with and without MFC. C) Representative
images of water drop used for the shape analysis under static conditions to determine the contact angle on the different tested samples.

visible from the third cycle when the photocatalyst begins los-
ing efficiency according to the previously reported phenomenon
called mild photocorrosion of CuS.1>**??! Specifically, during this
process, the generated charge carriers oxidize the sulfur ions of
CusS, thereby resulting in the loss of photocatalyst active sites, as
observed elsewhere.[*"]

However, the photodegradation occurs with a slightly higher
reaction rate during the last four cycles in comparison with the
first one (as shown in Figure 4E). Also, the degradation efficiency,
by both composites at 60 min of irradiation, decreases by 20%
within reusability experiments (Figure 4C,D). Nevertheless, the
value is still higher compared to the first cycle by 18% and 5% for
CuSw/Fi and CuSw/MFC/Po, respectively (Figure 4C,D). This
data also suggests that the holes and electrons are trapped on
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the surface of the photocatalyst. Specifically, since the lifetime of
trapped charge carriers on the surface can be even up to months,
the immediate generation of radicals proceeds during the repet-
itive cycle of photodegradation.*®! Thus, this phenomenon leads
to a higher degradation efficiency and faster degradation rate ob-
tained while reusing the composites compared to the first appli-
cation of the sample. Most importantly, 100% of TC degradation
is achieved after 150 min of visible light irradiation by CuSw/Fi
composite and the same result is maintained even after the fifth
cycle of composite usage (Figure 4D). Most of the studies that use
free particles show indeed a very fast degradation rate, but also
a loss of efficiency already after the first cycle.['=**] The chemi-
cal stability of the herein-used photocatalyst was also confirmed
by XRD analysis on the composite before and after five cycles.
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Figure 4. Degradation efficiency obtained by degrading TC with A) CuSw/MFC/Po and B) CuSw/Fi composites by reusing each sample for five cycles.
Degradation efficiency as a functionof the number of cycles for C) CuSw/MFC/Po and D) CuSw/Fi samples after 60 and 150 min of irradiation. E) Reaction
rate constant as a function of the number of cycles for CuSw/MFC/Po and CuSw/Fi.

The XRD results (Figure S1, Supporting Information) revealed
the same chemical compound composition in the CuSw/Fi sam-
ple (as representative) even after five cycles of TC photodegrada-
tion, suggesting that the polymer has a protective effect on the
CusS particles.

The potentiality of the prepared composites to simultaneously
degrade different pollutants in the same solution has been fur-
ther investigated. For this reason, CuS/MFC/Po and CuSw/Fi
samples have been tested to photodegrade MB (10 mg L~!) and
TC (100 mg L) model pollutants in a mixture under visible light.

The results revealed that both pollutants are simultaneously
degraded by both CuSw/MFC/Po and CuSw/Fi composites. Dur-
ing the whole irradiation, the degradation efficiency for TC and
MB is higher for porous samples compared to films (Figure
5A,B). In particular, after 150 min of irradiation, CuSw/Fi com-
posite has degraded 78.5% of TC and 89.9% of MB, whereas the
degradation efficiency obtained by CuSw/MFC/Po is 5.7% and
6.3% higher, respectively (Figure 5A,B). Furthermore, the reac-
tion rate constant achieved by CuSw/Fi sample was 0.6979 and
0.5635 min~! for TC and MB, respectively (Figure 5C,D). Inter-
estingly, we have noticed that photodegradation started faster in
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the porous composite than in the film sample with a reaction rate
constant that achieved, for CuSw/MFC/Po sample, 0.8044 and
0.6744 min~! for TC and MB, respectively (Figure 5C,D). Never-
theless, both types of samples achieve 100% of photodegradation
for both model pollutants within 210 min (Figure 5A,B), showing
no significant differences for this experiment.

It is also worth noting that for this experiment, we have
doubled the TC concentration (from 50 to 100 mg L™!). Despite
that, both samples lead to a complete pollutant degradation
within 210 min. By increasing TC concentration, the reaction
rate constant achieved by CuSw/Fi has increased 1.4 times, and
the value obtained by CuSw/MFC/Po composite has doubled
(Figure S6, Supporting Information), confirming that the com-
posites are suitable to degrade even higher concentrations of
TC.

3. Conclusions

In this work, sustainable PHBV/CuS composites have been de-
veloped for the purification of organic pollutants from wastew-
ater by photodegradation. The proposed materials can be fully
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Figure 5. Degradation efficiency obtained with CuSw/MFC/Po and CuSw/Fi composites by simultaneous degradation of A) tetracycline (TC) and B)
methylene blue (MB). Pseudo-first order kinetic curves of photocatalytic simultaneous degradation of C) tetracycline (TC) and D) methylene blue (MB)

by CuSw/MFC/Po and CuSw/Fi.

obtained from the valorization of by-products or wastes of other
production. In particular, the investigation is focused on tetracy-
cline photodegradation activated by visible light irradiation and
catalyzed by the produced composites both in film and porous
structure. The research findings have shown that the compos-
ites, prepared from the valorization of sulfur waste, are not only
eligible to degrade organic pollutants but also have shown a
higher degradation efficiency and faster kinetics than the com-
posite with CuS obtained from conventional sulfur sources. It
was also determined that the hydrophilicity modifier (microfib-
rillated cellulose, MFC) had a positive influence only on porous
composites significantly decreasing the typical high WCA of the
PHBV polymeric support. In addition, the highest degradation
efficiency and the fastest initial photodegradation kinetics are
achieved by samples with CuS obtained from industrial waste in
film and with porous architecture modified with microfibrillated
cellulose. It is noteworthy that the latter samples have degraded
100% of tetracycline within 180 min of visible light irradiation.

Furthermore, it was observed that the produced composites
can be reused for at least five cycles and continue to reach 100%
of degradation efficiency. Besides, the investigation of composite
reusability has also revealed the enhancement of photodegrada-
tion performance within the second cycle, since 100% of pollu-
tant degradation was achieved 30/60 min earlier compared to the
data obtained during the first cycle.
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Simultaneous photodegradation experiments of two different
types of model pollutants have been also carried out. It has been
observed that produced composites can efficiently and simul-
taneously photodegrade both methylene blue and tetracycline
achieving 100% degradation for both pollutants in 240 min
of irradiation. Since the concentration of tetracycline in this
experiment is double that in the initial experiments (100 mg L~}
instead of 50 mg L), it can be concluded that the PHBV/CuS
composites can efficiently degrade tetracycline even in higher
concentrations.

The presented approach for organic molecules photodegrada-
tion under visible light catalyzed by composites produced from
waste materials represents a very efficient method not only to
valorize waste but also to face current issues concerning wastew-
ater treatment. The simplicity of the proposed systems and the
only need for visible light to be activated are important factors
that make affordable their scale up. Furthermore, model pol-
lutants that are used in this study as proof of concept demon-
strated that different types of organic molecules can be effi-
ciently degraded also when they are in a mixture. However, sev-
eral other types of organic pollutants can be treated using the
PHBV/CuS composites, thus opening up a novel route to exploit
biopolymer-supported semiconductor particles for water remedi-
ation, thus avoiding further steps as filtration, at the end of the
process.
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4. Experimental Section

Materials:  PHBV, (custom grade, Mn 209 300, Mw 586 000, 20 mol%
3HV unit) was purchased from Merck and purified before further treat-
ment as described in previous work.126] Copper sulfide (CuS) was synthe-
sized hydrothermally in an aqueous solution regardless of the used sul-
furizing agent (sulfur waste/reference). The dominant diameter of both
waste and reference copper sulfide particles was 22-50 pm (particle size
distribution in Figure S7, Supporting Information). A detailed description
of CusS synthesis is previously reported elsewhere.[3*] Dry MFC was used
as a hydrophilicity enhancer, which was produced by a previously estab-
lished method reported elsewhere.[4°]

Chloroform (CHCl;, HPLC grade), 14-dioxane (DIOX, >99%),
ethyl alcohol (EtOH, >99.8%), hydrogen peroxide (H,0O,, 30%), MB
(Cy6H13CIN3S-3H,0), and TC (Cp,Hy4N,04-HCl, analytical standard)
were purchased from Merck Group, Italy.

Samples Preparation: The porous composites were prepared by dis-
persing CuS particles (15 wt% with respect to the polymer) in a purified
PHBV/DIOX solution (1.08 g of PHBV in 30 mL of solvent). In partic-
ular, the mixing was performed by coupling magnetic stirring with dip-
sonication (ultrasonic processor UP50H, Hielsher, sonotrode MS2 oper-
ating at 50 W and 30 kHz) for 3 h. The procedure was performed at 104 °C,
under reflux. After the dispersion step, the porous structure of the com-
posite was obtained by the TIPS technique.[?°] First, the dispersed suspen-
sion was poured into a circular aluminum mold (diameter 55 mm, height
10 mm) and maintained at —18 °C temperature for 18 h. Then, the frozen
sample was extracted from the mold and immersed in an ethanol bath at
—18 °C to extract DIOX from the composite structure. Cold ethanol was
refreshed every 24 h for two times. Afterward, the formed porous structure
was rinsed with distilled water in an ultrasound bath and dried in an oven
at 50 °C for 24 h (representative photographs of the samples are reported
in Figure 1, left side).

In order to increase the hydrophilicity of samples, 5 wt% of MFC (with
respect to the polymer) was added to the dispersion before sonication to
enhance the wettability of the composite.

The composite film was prepared by solvent casting using chloroform
as a solvent with the same formulation prepared for the porous materials.
In detail, CuS and MFC were first dispersed for 3 h by dip-sonication com-
bined with magnetic stirring at 50 °C and consequently cast in a Petri dish
of 11 cm diameter and finally left drying at room temperature overnight.

Moreover, neat PHVB samples in both film and porous structures were
prepared for comparison reasons. Representative photographs of the two
types of samples are reported in Figure S8, Supporting Information.

Photodegradation Experiments: The photodegradation experiments
were performed in a 4 mL quartz cuvette in stirred solutions under irra-
diation of visible light (irradiation centered at A > 420 nm, Philips PL-S,
900 Im). 3 mL of TC solution (50 mg L~") was mixed with 60 pL of H,0,.
The porous composite sample was prepared ina 1x 1x 1cm? size cube
and immersed into the pollutant solution. The average mass of each sam-
ple was ~0.04 g. The film composite sample was prepared in a 1 cm?
area, then cut into eight equal pieces, and immersed into the experimen-
tal solution. The average mass of the sample was 0.01 g. Before starting
the irradiation, the samples were left in the dark for 10 min to reach the
adsorption/desorption equilibrium. The negligible decrease of UV-vis ab-
sorbance peak was achieved during the experiment in the dark (Figure S9,
Supporting Information). The solution was then exposed to visible light
irradiation by the light source which was placed 4 cm above the surface
of the experimental solution. After each specified irradiation interval, the
concentration of pollutant was determined by measuring the UV-vis ab-
sorption peak at 351 nm characteristic of TC (Figure S4, Supporting Infor-
mation). UV-vis absorption spectra of pollutant solutions were measured
with a UV-vis spectrophotometer (JASCO, V-650). The DE was calculated
by using the following formula

DE = (1—-A./Ay) X 100 )
where A, represents the absorbance at a generic timepoint and Ay is the

initial absorbance value before starting the light irradiation.
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The reaction rate constant was calculated from the initial linear part of
the kinetic curves using the points collected in the first 15 min. The values
were obtained by fitting the linear part of the pseudo-first-order kinetic
model with a high correlation coefficient (R?) (all values are reported in
Tables S3-S5, Supporting Information).

In (C/Co) = —kt @)

where t is the time interval and k is the reaction rate constant.

For investigation of composites reusability CuSw/MFC/Po and
CuSw/Fisamples were completely dried at room temperature after the first
photodegradation experiment and then further reused for four batches of
fresh pollutant solution.

Furthermore, photodegradation activity was also determined in a mix-
ture of different pollutants. In detail, the mixture of pollutants was pre-
pared with 100 mg L=! of TC and 10 mg L~! of MB. Photodegradation
experiments were carried out using the same procedure and conditions
described above. To determine the concentration of MB, the characteristic
absorption peak, centered at 664 nm, was used. Moreover, for comparison
reasons, the photodegradation of TC and TC/MB solutions was performed
without any photocatalyst by running blank tests and also with neat poly-
mer samples.

Each photodegradation experiment was repeated three times. The av-
erage values are presented in the figures, whereas the standard deviations
are presented in Tables S1, S6, and S7, Supporting Information, to avoid
overcrowding the images.

Characterizations:  Field emission scanning electron microscopy (FE-
SEM, Mira3, Tescan) was used to investigate the formation of the porous
structure and the filler distribution in the polymer matrix. Cross sections
of the film composites were prepared by cryo-fracturing the samples in lig-
uid nitrogen. All samples were then attached on an aluminum stub by a
conductive carbon tab and coated by the electro-deposition method with
~10 nm of gold. The cross-section and top-view images of films were ex-
amined by applying an accelerating voltage of 20 kV with a backscattered
electron detector. The porous composites were analyzed by low vacuum
mode by applying an accelerating voltage of 10 kV.

The static WCA measurements were carried out by a KRUSS, DSA30
contact angle goniometer equipped with a digital camera. 4 pL of Milli-Q
water droplets were deposited on the surface of the composite samples.
The presented average values and standard deviations were calculated out
of five measurements.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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