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• Catalytic wet oxidation with MnCeOx

removes 94 % of organics.
• CuCeOx is much less efficient and leads to
severe copper leaching.

• MnCeOx has 12–98 % lower life cycle en-
vironmental impacts than CuCeOx.

• The impacts of catalytic wet oxidation are
94–99 % lower than of ozonation.

• Catalytic treatment improves the overall
environmental sustainability of fracking.
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Water scarcity and the consequent increase of freshwater prices are a cause for concern in regions where shale gas is
being extracted via hydraulic fracturing. Wastewater treatment methods aimed at reuse/recycle of fracking wastewa-
ter can help reduce water stress of the fracking process. Accordingly, this study assessed the catalytic performance and
life cycle environmental impacts of cerium-based mixed oxide catalysts for catalytic wet oxidation (CWO) of organic
contaminants, in order to investigate their potential as catalysts for frackingwastewater treatment. For these purposes,
MnCeOx and CuCeOx were tested for phenol removal in the presence of concentrated NaCl (200 g L−1), which repre-
sented a synthetic fracking wastewater. Removal of phenol in pure (“phenolic”) water without NaCl was also consid-
ered for comparison. Complete (100 %) phenol and a 94 % total organic carbon (TOC) removal were achieved in both
the phenolic and fracking wastewaters by utilising MnCeOx (5 g L−1) and insignificant metal leaching was observed.
However, a much lower activity was observed when the same amount of CuCeOx was utilised: 23.3 % and 20.5 % for
phenol and TOC removals, respectively, in the phenolic, and 69.1 % and 63 % in the fracking wastewater. Further-
more, severe copper leaching from CuCeOx was observed during stability tests conducted in the fracking wastewater.
A life cycle assessment (LCA) study carried out as part of this work showed that the production of MnCeOx had
12–98 % lower impacts than CuCeOx due to the higher impacts of copper than manganese precursors. Furthermore,
the environmental impacts of CWO were found to be 94–99 % lower than those of ozonation due to lower energy
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and material requirements. Overall, the results of this study suggest that the adoption of catalytic treatment would im-
prove both the efficiency and the environmental sustainability of both the fracking wastewater treatment and the
fracking process as a whole.
1. Introduction

Natural gas extracted from shale formations is commonly known as
shale gas. The relative abundance and low price of this unconventional
source of natural gas (Li et al., 2022; Wang and Li, 2019) makes shale gas
a suitable substitute for coal in the energy sector and other industrial activ-
ities, potentially reducing the carbon emissions of various industries
(Bellani et al., 2021) in the transitional period before a wider deployment
of renewables. Moreover, shale gas production can help to improve na-
tional energy security, depending on the extent of the reserves and the tech-
nical/economic feasibility of extraction.

Hydraulic fracturing is commonly utilised for the extraction of shale
gas. However, this extraction method requires large volumes of water
(10,000–22,000 m3 per well) to force the release of entrapped hydrocar-
bons from the reservoirs (Birdsell et al., 2015). A portion (5–40 %) of the
injected fracking fluid mixed with subsurface brine returns to the surface
(flowback water) within the first 7–10 days from the injection. After this
point, a slowerflow of contaminatedwaters known as “producedwater” re-
surfaces during the lifespan of a well (20–40 years). Environmental con-
cerns caused by hydraulic fracturing are mainly related to water
utilisation andwastewater treatment, including stress on the regional fresh-
water reserves and water pollution due to wastewater leakages (Agarwal
and Kudapa, 2022). The significant water requirements of hydraulic frac-
turing can also increase the cost of freshwater in regions surrounding the
well by up to 300 % (Ellafi et al., 2020). Therefore, wastewater treatment
strategies aimed at the recovery of fracking wastewater could mitigate
the stress on local freshwater resources, the risk of water pollution due to
leakages from disposal sites and, possibly, reduce the prices of freshwater
in regions surrounding the well.

In attempt to minimize the impacts and costs of hydraulic fracturing,
various technologies, including membrane-based treatments, evaporation,
coagulation, biological treatment and advanced oxidation processes (e.g.
catalytic wet oxidation and ozonation), are being investigated (Sun et al.,
2019). However, most of these technologies show limitations in the treat-
ment of fracking wastewaters. For example, high iron oxide content in
fracking wastewaters is a limiting factor for the use of membrane technolo-
gies due to fouling (Guo et al., 2018). Moreover, toxic contaminants dis-
solved in fracking wastewaters as well as the high ionic strength can
deactivate microorganism and significantly reduce the effectiveness of bio-
logical treatment. Similarly, the presence of contaminants can lead to the
passivation of electrodes during electrocoagulation, resulting in an ineffi-
cient removal of suspended salts, while the high energy use for evaporation
leads to an increase in operating costs (Sun et al., 2019). Advanced oxida-
tion processes, such as ozonation, are effective in the removal of COD
from fracking wastewaters, but the presence of chlorine or bromine leads
to the formation of chlorinated and brominated compounds of higher toxic-
ity compared to their precursors (Lim et al., 2022). By contrast, catalytic
wet oxidation (CWO) has been proven effective for the complete oxidation
of toxic contaminants and can be utilised for the treatment of high ionic
strength wastewaters without causing the formation of toxic by-products
(Ou et al., 2022). It is also an effective method for the removal of organic
contaminants from fracking wastewaters, reducing their chemical oxygen
demand (COD) by 97 % (Liu et al., 2017).

Cerium oxides show good potential for the use in CWO of fracking
wastewater. They are widely utilised in industrial applications, including
advanced oxidation processes for water treatment due to their appealing
redox properties, oxygen storage and transfer capacities, thermal stability
and biocompatibility (Kurian, 2020). In particular, the oxygen storage
and transfer capabilities of cerium oxide are very desirable properties for
2

CWO applications due to the low solubility of oxygen in water (Ou et al.,
2022). However, pure cerium oxides show poor catalytic activity for
CWO and thus dopants, including other rare earth elements (e.g., Pr and
La) and transition metal oxides, are incorporated into the cerium oxide lat-
tice structure to form oxygen vacancies, enhancing oxygenmobility and the
catalytic activity (Hammouda et al., 2017; Tsiotsias et al., 2022).

The utilisation of MnCeOx and other cerium-based mixed oxides for
wastewater treatment have been widely reported (Arena et al., 2012; Kim
and Ihm, 2011; Silva et al., 2004). In 1985, Imamura et al. demonstrated
the effectiveness of MnCeOx (Mn/Ce= 7/3) in the wet oxidation of ammo-
nia (Imamura et al., 1985), achieving a total nitrogen conversion of 69.9 %
(Imamura et al., 1986). Complete oxidation of organic pollutants, including
poly(ethylene glycol), acetic acid, n-butylamine and pyridine over MnCeOx

catalyst was also investigated and total organic carbon (TOC) conversions
up to 99.5%were reported (Imamura et al., 1986). The remarkable activity
of MnCeOx was attributed to an improved oxygen storage capacity and an
enhanced oxygenmobility on the catalyst surface compared to those of sin-
gle metal oxide catalysts due to the interaction between cerium andmanga-
nese (Chen et al., 2001). In addition, MnCeOx catalysts were proven to be
resistant to chloride poisoning during CWO of phenol (Ou et al., 2022).

A Cu-Cr/activated carbon catalyst (10 g L−1) was utilised in CWO for
fracturing flowback fluid treatment at 250 °C under 2.5MPa oxygen partial
pressure, achieving a 97 % reduction in COD (Liu et al., 2017). It was also
reported that copper oxide exhibits higher oxygen donation potential in ox-
idation reactions compared to manganese oxides (Matatov-Meytal and
Sheintuch, 1998). Notably, the interaction between copper and cerium in
CuCeOx catalyst can give rise to oxygen ion vacancies around copper ions,
resulting in high activity for oxidation (Pintar et al., 2005). Overall, CuCeOx

emerged as a promising catalyst in CWO of refractory organics in wastewa-
ter (Hočevar et al., 1999; Hočevar et al., 2000). Hence, CuCeOx could have
the potential for the treatment of fracking wastewaters which have a high
organic load, which has not been investigated previously.

Accordingly, this is the first study to compare the activities of MnCeOx

and CuCeOx for CWO of synthetic fracking wastewater containing phenol
(as a model compound of organic pollutants) in the presence of high con-
centration of NaCl (200 g L−1) in a synthetic fracking wastewater
(Warner et al., 2013). A further novelty of this work is that the environmen-
tal impacts of cerium-based CWO are quantified for the first time via life
cycle assessment (LCA) in comparison to ozonation as a more mature tech-
nology. Moreover, the environmental impacts from the production of the
two catalysts are also estimated for the first time as part of this work be-
cause these data are not available in literature or LCA databases.

2. Materials and methods

2.1. Catalyst synthesis and characterisation

Manganese (II) nitrate tetrahydrate (Mn(NO3)2·4H2O) was obtained
from Alfa Aesar while other precursors, including cerium (III) nitrate hexa-
hydrate (Ce(NO3)3·6H2O) and copper(II) nitrate trihydrate (Cu(NO3)
2·3H2O), as well as phenol, were obtained from Sigma-Aldrich. Sodium hy-
droxide (NaOH)was obtained fromHoneywell. All the chemicals were used
as received.

MnCeOx and CuCeOx catalysts were synthesised by co-precipitation of
aqueous manganese, copper and cerium nitrates with excess NaOH and
the theoretical molar ratio of Mn/Ce or Cu/Ce was 1.5. To synthesise the
catalysts, typically 9 mmol of manganese/copper nitrate and 6 mmol ce-
rium nitrate were dissolved in 20 mL deionised water. Thereafter, 40 mL
of 120 mM NaOH solution was added into the prepared solution dropwise
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under vigorous stirring. Themixture was stirred for 30min at room temper-
ature to allow the precipitation of the desired binary metal oxide. The pre-
cipitate was separated from the aqueous phase by centrifugation and
washed with deionised water to remove the excess NaOH until the waste-
water achieved a pH value of about 7. The obtained precipitate was dried
in an oven at 100 °C overnight and then calcined at 400 °C for 6 h in a
muffle furnace.

The XRD patterns of the fresh catalysts were measured by a Bruker D2
Phaser benchtop X-ray powder diffractometer using Cu Kα radiation at
30 kV and 30 mA. The intensity data were collected in a 2θ range from
20° to 85° with a scan rate of 1° s−1 with a sample rotation rate of 20 rpm
during the measurement. The molar ratio of Mn/Ce and Cu/Ce in the
fresh catalysts were characterised by XRF (PANalytical MiniPal 4); metal
content and distribution were measured by EDX elemental mapping with
SEM (Quanta 250, beam acceleration voltage = 20 kV). N2 physisorption
analysis was carried out by a Micromeritics ASAP 2020, and the degas pro-
cedure was performed at 300 °C for 12 h prior to the adsorption. The redox
properties of MnCeOx and CuCeOx catalysts were investigated via a
QuantaChrom ChemBET Pulsar TPR/TPD Analyser. Reduction of the cata-
lyst was carried out by passing 40 mL min−1 of H2 (5 vol% in Ar) over the
catalyst and increasing the catalyst temperature from room temperature to
750 °C at 10 °C min−1. The XPS analysis of CuCeOx was performed accord-
ing to the same experimental procedure as for the previously reported re-
sults for the MnCeOx catalyst (Ou et al., 2022). The results were obtained
using a Kratos AXIS Ultra DLD apparatus equipped with a monochromated
Al Kα X-ray source, a charge neutraliser, and a hemispherical electron en-
ergy analyser; CuCeOx powders were affixed to carbon-coated specimen
holder before measurements. During data acquisition, the chamber pres-
sure was kept below 10−9 mbar and a pass energy of 40 eV was used.
The spectra were analysed using CasaXPS software and correction for
charging was performed using the C 1s binding energy as the reference at
284.8 eV.

2.2. Catalytic wet oxidation

Synthetic phenolic wastewater was prepared using pure water to which
an initial concentration of 1.0 g L−1 of phenol was added; this water was
used for comparison with the synthetic fracking wastewater. The latter
was prepared using the same initial phenol concentration as for the pheno-
lic water, also adding 200 g L−1 of NaCl to simulate typical fracking waste-
water. Catalysis tests (catalyst concentration: 1 and 5 g L−1) were carried
out in a CWO reactor (Parr stirred autoclave reactor, mode: 4598) filled
with 50 mL of synthetic wastewater at 110 °C and 0.5 MPa O2 partial pres-
sure. The stirring speed in the CWO was set at 1800 rpm, and the catalysts
were pelleted and sieved to select particles of size 63–95 μm with a low
Weisz-Prater value (0.1) to ensure that the reaction was not mass-transfer
limited. Details regarding the Weisz-Prater value calculation are reported
in the Supporting Information (SI). Catalyst stability was investigated by
performing a second CWO cycle. This involved reusing the used catalysts
in the reaction system under the same reaction conditions as in the first
cycle. The initial phenol concentration of the second cycle was kept at
1.0 g L−1 by adding more phenol into the reaction solution. All the experi-
ments were repeated two times, and the deviation in the results was within
5 %.

The concentration of phenol and the intermediate products were mea-
sured by HPLC, while the organic carbon concentration was determined
by a TOC analyser (TOC-VCSH, Shimadzu). Metal leaching was assessed
by ICP-OES (PlasmaQuant PQ 9000 Elite, Analytic Jena) and the desorption
properties of deposited carbon on the used catalysts were investigated by
TPO-MS. Approximately 30 mg of the spent catalyst was exposed to O2

(10 vol% in Ar) with a total flow rate of 100 cm3 min−1 for 10 min at
100 °C before ramping the temperature up to 600 °C at a rate of 10 °C
min−1. Desorbed CO2 was monitored using a Hiden Analytical HPR20
quadrupole mass spectrometer. The overall mass balance of the CWO pro-
cess was estimated according to the abovementioned measurements and
the results are reported in Table S1 in the SI.
3

2.3. Life cycle assessment

The LCAwas conducted according to the ISO 14040/44 standards (ISO,
2006a; ISO, 2006b). The goal and scope of the study, inventory data and the
impacts assessmentmethod used in the study are described in the following
sections. The interpretation of the findings is presented in the Results and
Discussion section. The assessment followed the attributional approach
and the GaBi 10.0 software was used for system modelling (Thinkstep,
2019).

2.3.1. Goal and scope definition
The main goal of this LCA was to assess the environmental impacts of

treating fracking wastewater to remove the organic fraction by CWO in
comparison to ozonation, with the aim of identifying benefits and draw-
backs of CWO as well as improvement opportunities. The second goal
was to estimate the impacts related to the production of Cu and Mn-based
catalysts as these are not available in life cycle databases, to be able to iden-
tify the environmentally more sustainable catalyst for CWO.

The functional unit for the LCA of the catalysts was defined as ‘1 kg of
catalyst produced’. For the wastewater treatment LCA, the functional unit
was ‘1 m3 of treated wastewater’.

A cradle-to-gate approach was considered for the production of metal
catalysts (Fig. 1) as its utilisation and disposal are considered as part of
the fracking wastewater treatment. As described in Section 2.1, metal ni-
trates are co-precipitated with NaOH in the co-precipitation step. The pro-
duced catalyst is then washed to remove impurities, dried and calcined.

A cradle-to-gate system boundary was also adopted for the assessment
of the wastewater treatment, focusing on the removal of suspended solids
(SS) and the complete oxidation of the organic fraction. The removal of
SS was included within the system boundary as SS might block the access
to the active sites of the catalyst, leading to its rapid deactivation. Two pos-
sible options were considered for the removal of SS prior to CWO: coagula-
tion/flocculation and microfiltration (Fig. 2a & b, respectively). In the first
option, aluminium sulphate is added to the wastewater, mixed, allowed to
settle and then filtered. In the microfiltration option, the wastewater is fil-
tered through a ceramic membrane before being sent to the catalytic reac-
tor; this is followed by backwashing chemical cleaning.

The removal of SS was also considered as a preliminary step for the
ozonation process, assuming the same two options as for CWO (Fig. 2c &
d). Following the removal of the suspended solids, the ozonation process in-
volves on-site production of ozone and its injection into the wastewater.
Both CWOand ozonation producewastewaters of comparable composition.
Further details on the two types of treatment are provided in the following
sections. Note that further treatment steps to lower the concentration of re-
sidual contaminants were not considered as they would be the same for
both CWO and ozonation.
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2.3.2. Inventory data
Primary data on catalyst productionwere obtained from the experiment

described in Section 2.1. Data on the wastewater treatment process for
CWO and ozonation were sourced from literature and own estimates, as de-
tailed further below. Background data for materials and energy were ob-
tained from Ecoinvent 3.6, assuming that the treatment is based in the US
(Wernet et al., 2016) due to the large-scale production of shale gas there
and data availability. All background processes were adapted where
needed to the US energy mix. Heat and electricity requirements for the
treatment processes were estimated by correcting the theoretical energy re-
quirements according to the scaling factors described in the literature
(Cuellar-Franca et al., 2016) to scale up from laboratory to industrial-
scale operations. Similarly, the energy used for mixing in both CWO and
ozonation was estimated by applying scaling factors available in the litera-
ture (Piccinno et al., 2016). An average transportation distance of 100 km
was considered for all materials andwastes. The inventory data are detailed
on the following sections.
Table 1
Inventory data for the production of CuCeOx and MnCeOx catalysts.

Reagents/wastewater Itema Quantity Unit (per kg of
catalyst)

CuCeOx MnCeOx

Reagent Cu(NO3)2 1.1 – kg
Mn(NO3)2 – 1.1 kg
Ce(NO3)3 1.3 1.3 kg

NaOH 0.5 0.5 kg
Water 19.7 19.7 kg
Heat 606 756 kJ
Electricity 2.2 2.2 Wh

Wastewaterb Nitrates 4.3 4.3 g
Copper 9.4 – mg
Manganese – 92.1 mg
Sodium 0.2 0.2 kg

a Life cycle inventory data sourced from Ecoinvent 3.6 (Wernet et al., 2016).
b Residual concentration, estimated after wastewater treatment.
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2.3.2.1. Catalyst production. The experiments described in Section 2.1 were
utilised to estimate the amounts of materials required for the preparation of
the catalysts (Table 1). A theoretical Mn/Ce and Cu/Ce ratio of 1.5, consis-
tent with the results of XRF analyses reported in Section 3.1, was consid-
ered for the LCA models. For NaOH, a 20 % excess (0.9 kg per kg
catalyst) on the theoretical amount added to the solution was assumed to
ensure the precipitation of the metal phase. The theoretical amount of
NaOH utilised by the process was estimated stoichiometrically (2 mols of
NaOH react with 1 mol of Cu(NO3)2 or Mn(NO3)2 and 3 mols of NaOH
react with 1mol of Ce(NO3)3). NaOH used in the catalysts synthesis was as-
sumed to be recovered from the process water (at a 44 % recovery rate) by
electrodialysis (Imran et al., 2015) and reused in the process. Consequently,
the consumption of 0.5 kg NaOH per kg catalyst was assumed. However,
the amount of NaOH which would be utilised at industrial scale is uncer-
tain. Therefore, a sensitivity analysis was performed (Section 3.3.1) to de-
termine the effect on the impacts of catalyst preparation using the
theoretical and amount of NaOH and the excess used in the laboratory
Comments

Produced via conventional route: reaction of elemental copper with nitric acid
Produced via conventional route: reaction of manganese oxide with nitric acid
Produced via reaction of quadrivalent cerium hydroxide and nitric acid in presence
of hydrogen peroxide (Pitts, 1979)
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experiments (0.7 and 2.4 kg per kg of catalyst added to the solution, respec-
tively, with a consumption of 0.4 and 1.3 kg per kg catalyst).

According to the literature data (Piccinno et al., 2016), the electricity
for stirring used during the preparation of the two catalysts was estimated
at 2.2 Wh kg−1 catalyst, as comparable amounts of reagents are required
for the production of the same amounts of the two catalysts. On the con-
trary, their heat requirements differ (Table 1) due to the different heat ca-
pacities of their respective reagents.

Wastewater produced during the catalyst synthesis was assumed to be
processed in a medium-size wastewater treatment plant (capacity class
3) due to the presence of toxic substances (see Table 1). Owing to a lack
of specific data, treatment of wastewater from mineral oil storage was con-
sidered as a proxy due to the similarities in pollutants content (Wernet
et al., 2016). The impacts of the water treatment were included in the
study, but the impacts of treated water discharged into the environment
were out of scope.

2.3.2.2. Fracking wastewater treatment. A wastewater flow rate of 46 L h−1

was estimated according to a volume of ~16,000 m3 per well resurfacing
during the well's lifetime (40 years). This value was used to estimate the en-
ergy consumption of coagulation and microfiltration, as well as the mem-
brane area and the amount of catalyst required by the treatment
processes. The average composition of the fracking wastewater assumed
in the study can be found in Table 2. This is based onMarcellus Shalewaste-
waters as this shale play contains 87% of the total shale gas available in the
Northeast region of the US and 55 % of the total onshore shale gas in the
country (INTEK, 2011). Note that the salinity and organic carbon content
of the synthetic fracking wastewater described in Section 2.2, which
utilised phenol as a model compound, are representative of those reported
for Marcellus Shale wastewaters (Al-Ghouti et al., 2019; He and Vidic,
2016; Lee and Neff, 2011). Accordingly, it is assumed that the performance
of the catalysts for the treatment of Marcellus Shale wastewaters would be
comparable to those reported for the synthetic fracking wastewater consid-
ered here.

The assumed concentration of suspended solids was also representative
of the concentrations found in the fracking wastewater (Table 2). Their re-
moval was included in the LCA modelling since it is part of common
fracking wastewater treatment as mentioned in Section 2.3.1. The concen-
tration of the suspended solids was utilised to estimate thematerials and en-
ergy required by the coagulation and microfiltration processes used for
their removal. The other contaminants given in Table 2 were included in
the models because they also affect the amount of reagents utilised for
the wastewater treatment. Specifically, coagulants reduce the alkalinity of
the wastewater, while ozone tends to react with dissolved iron and manga-
nese (Hussain et al., 2022). The COD of the fracking wastewater was con-
sidered to represent the total organics concentration and was utilised to
determine the total amount of catalyst or ozone required by the treatment
processes. The US energy (heat and electricity) mix was considered for all
models and fracking wastewater from the Marcellus Shale (the largest re-
serve of shale gas in the US) was selected in this study as the US is the larg-
est producer of shale gas internationally. Detailed descriptions of the
processes considered and related assumptions are provided in the following
sections, starting with the pre-treatment to remove the suspended solids
and followed by the removal of organics by either CWO or ozonation.
Table 2
Assumed composition of the fracking wastewater.

Contaminant Quantity
(g m−3 treated wastewater)a

Total suspended solids 1184
COD 26,173
Fe 4029
Mn 437
Alkalinity 143

a Average composition of Marcellus Shale wastewater (Al-Ghouti et al., 2019; He
and Vidic, 2016; Lee and Neff, 2011).
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2.3.2.2.1. Pre-treatment to remove suspended solids. As mentioned in
Section 2.3.1, two options were considered for the removal of suspended
solids: i) coagulation; and ii) microfiltration.

i) Coagulation: This process involves rapid and slowmixing, sedimentation
and rapid sand filtration. The inventory data are summarised in Table 3.

Aluminium sulphate was selected as one of the most common coagu-
lants utilised in water treatment (Adebayo et al., 2021; Barrios et al.,
2008; Lapointe et al., 2021). The amount of coagulant utilised was calcu-
lated according to the turbidity of the wastewater (Takić et al., 2019):

Turbidity NTUð Þ ¼ 2:511 � 0:162Xþ 0:003X2 (1)

where X is the amount of aluminium required in ppm and NTU represents
nephelometric turbidity units. Turbidity is also correlated with concentra-
tion of suspended solids as follows (Serajuddin et al., 2019):

Turbidity NTUð Þ ¼ Total suspended solids ppmð Þ
0:3747

� 1:3598 (2)

Given the concentration of suspended solids in the wastewater of
1184 ppm (Table 2), the turbidity of wastewater is equal to 3157 NTU
and, thus, 247 g m−3 of aluminium sulphate is required for coagulation.
Moreover, removal of the alkaline fraction of the wastewater considered re-
quires additional 14.2 g m−3 treated wastewater, hence the total consump-
tion of the coagulant is 261 g m−3 (Table 3). Note that the organic fraction
would also be affected by the coagulation process, as intake of organic car-
bons in flocs is commonly observed (Chorghe et al., 2017). However, low
COD removal efficiencies (<20 %) are reported for the coagulation of
fracking wastewaters (Jin et al., 2018; Sun et al., 2019). Moreover, process
optimisation with respect to the coagulant and operating conditions is nec-
essary to achieve the expected removal efficiencies. As the optimisation of
the coagulation process for the removal of the organic fraction is beyond
the scope of this study, this process was considered only as a means to re-
move suspended solids from the wastewater.

Additional materials required for the maintenance of sand filters in-
clude phosphoric acid for chemical washing and water for backwashing
(6.4 mg and 68 mL m−3 treated wastewater, respectively) (Barrios et al.,
2008). Solid residues produced by the process (1.4 kg m−3 treated waste-
water) are considered hazardous waste and were assumed to be disposed
in hazardous-waste landfill.

The total energy requirements (0.12 kWh m−3 treated wastewater)
were estimated based on the expected wastewater flow rate (46 L h−1)
and themixing andfiltration (including backwashing) energy requirements
reported in the literature (Barrios et al., 2008; Vadasarukkai and Gagnon,
2017).

ii) Microfiltration: This technology is widely utilised for the removal of
suspended solids of sizes >1 μm in various applications, including
fracking wastewater treatment (Sun et al., 2019). Among different
membranes investigated for the treatment of fracking wastewaters
from Marcellus Shale, ceramic membrane emerged as an effective op-
tion due to their higher resistance to fouling and corrosion, as well as
better thermal stability andmechanical strength compared to polymeric
membranes (Hakami et al., 2020; He and Vidic, 2016). Accordingly,
Table 3
Inventory data for the coagulation process.

Process Itema Quantity Unit
(per m3 of treated wastewater)

Inputs Aluminium sulphate 261 g
Electricity 0.12 kWh
Phosphoric acid 6.4 mg
Water 68 mL

Outputs Solid waste 1.4 kg

a Life cycle inventory data sourced from Ecoinvent 3.6 (Wernet et al., 2016).



Table 4
Inventory data for the microfiltration process.

Process Itema Quantity Unit
(per m3 of treated wastewater)

Inputs Membrane (aluminium oxide) 11.4 cm2

Electricitya 0.41 kWh
NaOH 301 mg

Outputs Solid wastea 1.2 kg

a Suspended solids. Life cycle inventory data sourced from Ecoinvent 3.6 (Wernet
et al., 2016).

Table 5
Inventory data for the catalytic wet oxidation process.

Process Itema Quantity Unit
(per m3 of treated wastewater)

Inputs Catalyst 10 g
Heat (natural gas) 706 MJth

Outputs Carbon dioxide 68.8 kg
Residual COD 1.7 kg
Manganese leaching 12.6 mg
Spent catalyst 10 g

a Life cycle inventory data sourced from Ecoinvent 3.6 (Wernet et al., 2016).b

Table 6
Inventory data for the ozonation process.

Process Itema Quantity Unit
(per m3 of wastewater)

Inputs Oxygenb 561 kg
Electricity 1.1 MWh
Cooling water 1108 kg

Outputs Carbon dioxide 73.3 kg
Solid waste (FeOH and MnO2) 8.4 kg
Cooling water 1108 kg

a Life cycle inventory data sourced from Ecoinvent 3.6 (Wernet et al., 2016).
b For on-site generation of ozone.
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aluminium oxidemembraneswere considered as a filter medium in this
study. The total surface area of the membrane (2.3 m2) was estimated
according to an operating flux of 20 L m−2 h−1 (wastewater flow
rate: 46 L h−1), as lower fluxes tend to increase the operating costs
(Tangsubkul et al., 2006). The manufacturing data for membrane mod-
ules were based on LCAdatabases and literature data (Tangsubkul et al.,
2006; Wernet et al., 2016), adapted for the use of aluminium oxide
(Table S2 in the SI). Electricity requirements of the process (0.41 kWh
m−3 treated wastewater) were estimated according to a transmem-
brane pressure of 70 kPa, a backwash frequency of 1 cycle per hour
(Basu, 2015; He and Vidic, 2016). Furthermore, it was considered
that chemical cleaning using NaOH (301 mg m−3 treated wastewater)
would be performed every 10 days to prevent membrane fouling
(Parameshwaran et al., 2001). As discussed in Section 2.3.2.3, solid re-
siduals were considered as hazardous wastes and disposed by landfill.
The membrane lifetime was assumed at five years (Tangsubkul et al.,
2006). The inventory data for the microfiltration process are
summarised in Table 4.

2.3.2.2.2. Catalytic wet oxidation. Experimental observations on the cat-
alyst performance reported in Section 3.2 were utilised to model the CWO
treatment process at commercial scale. Only theMn-based catalyst was con-
sidered for LCAmodelling as the Cu-based alternative showed poor activity
(~63%TOC removal), whichwould not achieve the TOC concentration re-
quired for water reuse as fracking fluid or for other production activities
(Sun et al., 2019). It should be noted that the dissolved iron, one of the con-
taminants in fracking wastewaters (Table 2), might also react with the or-
ganic fraction, possibly increasing the effectiveness of the catalysts above
the catalytic activity considered (Esteves et al., 2022; Kaldas et al., 2020).
However, no experimental observations quantifying the promoting effect
of dissolved iron on CWO of fracking wastewaters are currently available.
Thus, its potential effect on the catalytic activity was not included as part
of this assessment. Nonetheless, dissolved iron was considered as one of
the contaminants which affects the amount of ozone required for the
ozonation-based treatment (Section 2.3.2.2.3). It should also be borne in
mind that the catalyst was tested by utilising phenol as a model molecule.
Hence, it was assumed that the whole organic fraction would behave as
pure phenol. This assumption was made as the activity of the catalysts in
a more complex organic matrix, which might cause competitive effects
and, possibly, lead to lower catalytic activity, is currently unknown.

Based on the averagewastewater flow rate reported in Section 2.3.2.2.1
(46 L h−1) and on COD concentration of 26,173 g m−3 wastewater, it was
estimated that the catalytic reactor would require 12 kg of catalyst. Accord-
ing to an average catalyst lifetime of three years (Argyle and Bartholomew,
2015), a catalyst consumption of 10 g m−3 treated wastewater was esti-
mated (Table 5), with the waste catalyst landfilled. However, the lifetime
of catalysts considered by this study is currently unknown as they are in
their early development stages. Therefore, a sensitivity analysis, which con-
sidered shorter (0.5 years) and longer (five years) lifetimewas conducted to
determine the effect on the CWO process.

Temperatures of about 200 °C have been reported for frackingwastewa-
ters from deep shales (3200–4100 m) in southern regions of the US
(Kahrilas et al., 2016). Such temperatures would allow operating the
6

CWO process without the aid of external heating sources. However,
downhole water temperatures in shallower wells (<1200 m) can fall
down to 40–100 °C (King, 2008). Moreover, as wells tend to experience
pressure and temperature cycles during operation, water temperature can
be as low as 18 °C (EPA, 2016). Accordingly, an average wastewater tem-
perature of 70 °C was considered, which would require 706 MJth m−3

treated wastewater to reach the process operating temperature (110 °C).
However, the effect of lower (18 °C, requiring 1.6 GJth m−3 treated waste-
water) and higher temperatures (200 °C, no heat requirements) was consid-
ered in a sensitivity analysis. Note that for wastewater temperature higher
than the operating temperature of CWO (110 °C) no external heat sources
would be required by the process. Moreover, higher reaction temperatures
might increase the COD removal (Bhargava et al., 2006). However, the ef-
fect of higher reaction temperatures on the catalytic activity was not in-
cluded as part of the assessment due to the lack of experimental data.

A residual COD content of 1.7 kg m−3 treated wastewater was esti-
mated according to Eq. (3) (Dubber and Gray, 2010), based on the TOC re-
moval rate of 94 % (for the latter, see Section 3.2):

COD ¼ 49:2þ 3 x TOCÞ (3)

Moreover, CWOalso releases 68.8 kgCO2m−3 treatedwastewater from
the complete oxidation of the organic fraction and 12.6mgMnm−3 treated
wastewater due to metal leaching (0.52 wt%), as reported in Section 3.2.

2.3.2.2.3. Ozonation. Ozone is a powerful oxidant utilised in various in-
dustrial processes, includingwater treatment (Aguilar-Alarcón et al., 2022),
chemical synthesis (Phung Hai et al., 2022), agriculture (Botondi et al.,
2021) and gaseous pollutants control (Lin et al., 2020). Due to its instabil-
ity, ozone is produced in situ via electrical discharge utilising oxygen as
the feedstock (Ikehata and Li, 2018). In recent years ozonation was also
proven to be effective for the removal of COD, colour and phenol from
frackingwastewater (Sun et al., 2019). Nevertheless, the possible formation
of chlorinated or brominated by-products of reaction, which might bemore
hazardous than their precursors, is a cause of concern in the treatment of
high-salinity wastewaters. However, direct observations are required to de-
termine the type and concentration of these hazardous by-products. Thus,
due to a lack of data, this possible effect was not considered in this study.

Inventory data for the ozonation process are provided in Table 6. Ac-
cording to literature data on ozonation of several wastewaters, including
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fracking wastewaters (Lim et al., 2022; Nijdam et al., 1999), it was consid-
ered that the oxidation process requires 2.5 g O3 g−1 COD. This is a conser-
vative assumption as a lower amount of ozone would be required if the
treatment was limited to the oxidation of phenol (2.1 g O3 g−1 phenol
are required) in the pH range of fracking wastewaters (Gould and Weber,
1976; Joshi and Shambaugh, 1982). Based on the assumed COD of the
fracking wastewater (Table 2), 65.4 kg O3 m−3 treated wastewater is re-
quired. Ozone also reacts with dissolved iron, reducing Fe(II) to Fe(III),
which hydrolyses to Fe(OH)3(s), and with manganese, which is oxidised
from Mn(II) to MnO2(s). Produced particulates are commonly removed by
filtration. Based on the reaction stoichiometry, it was estimated that 1.8
and 0.3 kg O3 m−3 treated wastewater would be required for the removal
of dissolved Fe and Mn, respectively. Energy (1.1 MWh m−3 wastewater)
and materials required for the production of O3, including oxygen and
cooling water (561 and 1108 kg m−3 wastewater, respectively), were cal-
culated according to literature and Ecoinvent data (Munoz et al., 2009;
Wernet et al., 2016), while the amount of CO2 generated by the oxidation
of the organic fraction (73.3 kgm−3 wastewater) was determined stoichio-
metrically. Similarly, the amount of solid waste produced, including Fe
(OH)2 (7.7 kg m−3 wastewater) and MnO2 (691 g m−3 wastewater) was
also calculated stoichiometrically, based on Fe and Mn concentrations in
the wastewater (Table 2). It should be noted that the formation of by-
products of reaction is expected during ozonation of phenols and other or-
ganic compounds (Barlak et al., 2020; Xiong et al., 2020; Zhou et al., 2020).
However, similar to chlorinated and brominated by-products, the type and
amount of by-products are strongly influenced by the reaction conditions
and wastewater composition due to the complex reaction mechanisms
and kinetics involved (Lim et al., 2022). Thus, direct observations are re-
quired to determine if by-products are formed during the ozonation step
and at what concentrations. Further treatment steps might be required to
remove the by-products formed during this treatment step. These were
not considered due to a lack of data.
2.3.3. Life cycle impact assessment
The life cycle impactswere estimated by applying the ReCiPe 2016V1.1

impact assessment method at the mid-point level, following the hierarchist
approach (Huijbregts et al., 2016).

All 18 impact categories included in this version of ReCiPewere consid-
ered, as follows: climate change (CC), fossil depletion(FD), metals and min-
erals depletion (MMD), water depletion (WD), human toxicity cancer &
non-cancer (HTc & HTnc), freshwater (FET), marine (MET) and terrestrial
ecotoxicity (TET), freshwater (FE) and marine eutrophication (ME), land
use (LU), terrestrial acidification (TA), particulate matter formation
(PMF), photochemical ozone formation ecosystems & human health
(POFe & POFh), ozone depletion (OD) and ionizing radiation (IR).
Fig. 3. XRD patterns (a) and N2 sorption isother
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3. Results and discussion

3.1. Catalyst characterisation

XRD patterns of MnCeOx and CuCeOx catalysts are shown in Fig. 3a. As
expected, diffraction peaks of CeO2 were observed in both catalysts. More-
over, manganese oxides with different oxidation states (2θ = 37.0°, 38.2°,
65.1°, 66.2°, 69.8° and 77.5°) (Bah, 2013) were observed in the MnCeOx

catalysts, whilst crystalline CuO was clearly observed in the CuCeOx cata-
lysts (2θ = 35.53° and 38.75°) (Hou et al., 2022; Lamonier et al., 1996;
Papadopoulos et al., 2022; Tadjarodi and Roshani, 2014). Compared to
the MnCeOx catalysts, the addition of copper in the CuCeOx catalysts led
to the formation of amore amorphous CeO2, as demonstrated by the broad-
ening ceria peaks located at 28.6°, 33.3°, 47.5°, and 56.5° 2θ, respectively.
Both MnCeOx and CuCeOx catalysts are mesoporous, as demonstrated by
the type IV adsorption-desorption isotherms with a H3 hysteresis loop
(Fig. 3b) and show a narrow pore size distribution, with 6 nm pores being
dominant onMnCeOx and 4 nm pores on CuCeOx (Fig. S1). The BET surface
areas of MnCeOx and CuCeOx catalysts were 191.5 and 108.7 m2 g−1, re-
spectively. The larger surface area and pore size of MnCeOx allows easier
accesses for phenol to the active sites and, thus, itmay promote catalytic ac-
tivities.

The elemental analysis of MnCeOx and CuCeOx shown in Fig. 4 shows
the uniform metal distribution of the considered active phases in the two
cerium-based mixed oxides. The Mn/Ce atomic ratio in MnCeOx was
~1.3 and the Cu/Ce atomic ratio in CuCeOx was ~1.7. The XRF tests fur-
ther confirmed that the Mn/Ce and Cu/Ce ratio in the catalysts were ~
1.4 and ~ 1.5; this was consistent with the theoretical value (i.e. 1.5) con-
sidered in the LCA models (Section 2.3.2.1).

The TPR profiles of MnCeOx and CuCeOx catalysts are shown in Fig. 5
with a two-step reduction profile observed for both catalysts. The reduction
temperatures of MnCeOx were 349 and 444 °C, where the peak at 349 °C
was attributed to the reduction of MnO2/Mn2O3 to Mn3O4, while the
high-temperature peak corresponded to the reduction of Mn3O4 to MnO,
as well as the reduction of surface cerium (de Lima et al., 2022; Tang
et al., 2006). Notably, results of the TPR analysis showed the presence of
Mn with different oxidation states in MnCeOx, which was consistent with
the XPS analysis (bothMn3+ andMn4+were present withMn3+ as the pre-
dominant oxidation state on theMnCeOx surface) (Ou et al., 2022). Regard-
ing CuCeOx, the low-temperature (235 °C) reduction peak was attributed to
highly dispersed CuO, whereas the high-temperature (306 °C) peak attrib-
uted to bulk CuO, as established by the previous studies (Papavasiliou
et al., 2022). The results of the XPS analysis also showed that Cu2+ was
the main oxidation state of Cu on the surface of CuCeOx (Fig. S2). These
findings are consistent with the results from the XRD analysis, which
showed the presence of bulk CuO in CuCeOx. In regard to cerium oxides,
ms (b) of the MnCeOx and CuCeOx catalysts.



Fig. 4. SEM-EDS maps of the CuCeOx (top) and MnCeOx (bottom) catalysts.
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results of the XPS analysis clearly showed that the surface chemical state of
cerium is Ce4+ for both MnCeOx and CuCeOx.

3.2. Catalyst activity and stability

The catalytic performance of MnCeOx and CuCeOx (1 g L−1) is illus-
trated in Fig. 6. Notably, MnCeOx gave higher phenol (38.4 % vs. 6.8 %)
and TOC removals (37.5% vs. 5.9%) compared to CuCeOx, during catalytic
tests carried out in the phenolic wastewater. In contrast, CuCeOx showed
higher phenol removal than MnCeOx (65.4 % vs. 43.8 %) during tests con-
ducted in the synthetic fracking wastewater. However, a lower TOC re-
moval was observed during these tests for CuCeOx (32.7 % vs. 42.0 % for
MnCeOx), which was likely caused by Cu2+ ions leaching from the catalyst
(Alejandre et al., 1998; Arena et al., 2003; Matatov-Meytal and Sheintuch,
1998) in the presence of high concentration of NaCl (200 g L−1), as de-
scribed below.
Fig. 5. TPR profiles of MnCeOx and CuCeOx.

8

As reported in Table 7, an increase in the catalyst concentration to 5 g
L−1 allowed complete phenol removal to be achieved over MnCeOx in
both the phenolic and fracking wastewaters, with TOC removals of about
94 % in both wastewaters. Similarly, the phenol and TOC removals over
CuCeOx (at 5 g L−1) increased compared to that observed at 1 g L−1 catalyst
concentration for both phenolic wastewater (23.3 % and 20.5 % vs 6.8 %
and 5.9 %, respectively) and synthetic fracking wastewater (69.1 % and
63.0 % vs 65.4 % and 32.7 %, respectively). Overall, the activity of CuCeOx

catalysts was lower compared to that of the MnCeOx catalysts for the treat-
ment of both wastewaters considered. Thus, these tests demonstrated that
MnCeOx is a more effective catalyst for complete removal of phenol in
wastewaters.

Stability tests (two CWOcycles) of theMnCeOx and CuCeOx catalysts (at
concentration of 1 g L−1) for phenol and TOC removals are presented in
Fig. 6. Notable decreases in phenol and TOC removals were observed for
MnCeOx, in both phenolic wastewater (from 38.4 % to 8.0 % and from
37.5 % to 7.9 % for phenol and TOC removal, respectively) and fracking
wastewater (from 43.8 % to 23.8 % and from 41.0 % to 20.7 % for phenol
and TOC removal, respectively). With respect to CuCeOx, comparable cata-
lytic activitywas observed during the two reaction cycles in phenolic waste-
water (from 6.8 % to 5.0 % and from 5.9 % to 4.9 % for phenol and TOC
removals). Similarly, comparable phenol removal rates were observed dur-
ing stability tests in synthetic fracking wastewater (65.4 % and 64.5 % for
the first and second cycle); however, the TOC removal decreased from
32.7 % in the first cycle to 16.7 % in the second cycle. Significant concen-
trations of p-benzoquinone (87.3 mg L−1 in the first cycle and 158.6 mg
L−1 in the second cycle) were detected during the stability tests of CuCeOx

in fracking wastewater (Fig. S3), which could be attributed to copper
leaching, as reported in previous studies (Alejandre et al., 1998).

Overall, MnCeOx showed high activity for the removal of TOC (94.0 %)
during the first reaction cycle, emerging as a promising catalyst for CWO of
fracking wastewaters, while CuCeOx was less suitable for this application.
Notably, both catalysts showed significant activity losses during a second
CWO cycle and, in the case of CuCeOx, significant metal leaching was
also observed. Accordingly, no additional CWO cycles were performed as
part of this study.

To confirm whether copper leaching was the main reason for the low
TOC removal of CuCeOx in the synthetic fracking wastewater, metal



Fig. 6. Stability evaluation of MnCeOx (top) and CuCeOx (bottom) catalysts in CWO of phenolic and fracking wastewater (conditions in each cycle: Cphenol = 1 g L−1, PO2
=

0.5 MPa, Ccatalyst = 1 g L−1, t = 2 h). The experimental error is within 5 %.
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concertation was examined after the two CWO cycles. Although negligible
metal leaching of CuCeOx was measured in phenolic wastewater, 27 wt%
and 55 wt% copper leaching were observed in the first and second CWO
cycle, respectively, during stability tests in the synthetic fracking wastewa-
ter. The severe copper leaching was caused by the presence of high concen-
tration of NaCl, which is known to promote copper leaching from copper
ore minerals (Senanayake, 2007). Although the effect of NaCl on copper
leaching fromCuCeOx catalysts is still under investigation, it is currently as-
sumed that chloride ions enabled the copper leaching by a Cu(I)/Cu(II)
redox couple which shows large mixed potentials (Carneiro and Leão,
2007; Senanayake, 2007). On the contrary, negligible metal leaching was
found for MnCeOx during the two CWO cycles in both phenolic and
fracking wastewater. No cerium leaching was detected from either catalyst.

The used catalysts were characterised by TPO-MS, as detailed in
Table 8. The quantity of carbonaceous deposits on the surface of the used
MnCeOx catalyst in the synthetic fracking wastewater was ~45 % lower
than that in the phenolic wastewater (9.9 and 17.7 mmol g−1, respec-
tively), which suggested that the presence of NaCl partially prevented
coke formation on the catalyst surface, avoiding the loss of activity ob-
served during the second cycle in phenolic wastewaters. On the contrary,
the carbonaceous deposit over the surface of the used CuCeOx catalyst al-
most tripled in the fracking wastewater. The activity data together with
the results from ICP analyses suggested that the higher phenol removal in
the synthetic fracking wastewater was mainly caused by the catalytic effect
of leached copper ions from the CuCeOx catalyst, driving mostly phenol
Table 7
Phenol and TOC removals overMnCeOx (conditions: Cphenol= 1.0 g L−1, Ccatalyst =
5.0 g L−1, T = 110 °C, PO2

= 0.5 MPa, t = 2 h).

MnCeOx CuCeOx

NaCl concentration (g L−1)

0 200 0 200

Phenol removal (%) 100.0 100.0 23.3 69.1
TOC removal (%) 94.0 94.0 20.5 63.0
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conversion to polymerisation products, which are more stable compared
to phenol and, thus, resistant to further oxidation (Arena et al., 2003).

3.3. Life cycle environmental impacts

Life cycle environmental impacts related to the production of the metal
catalysts are discussed first, followed by the assessment of CWO in compar-
ison with ozonation and sensitivity analyses for CWO.

3.3.1. Catalyst production
The cradle-to-gate environmental impacts of catalysts are shown in

Fig. 7. As can be seen, the MnCeOx catalyst has lower impacts per kg cata-
lyst (11–98 %) than the Cu-based alternative for 17 out of 18 categories.
This is due to the use of manganese nitrate, which has 40–99 % lower im-
pacts compared to copper nitrate but leads to a 162 % higher ionizing radi-
ation. As a result, the latter is 65% higher for theMn-based than for the Cu-
based catalyst.

The nitrate precursors used for the production of the two catalysts are
the main contributors to the impacts, with cerium nitrate accounting for
2–93 % in both catalysts, copper nitrate 29–98 % in CuCeOx and manga-
nese nitrate 7–64 % in MnCeOx. Their impacts are due to the burdens
from extraction and processing of the respective metal (Wernet et al.,
2016). NaOH consumption also has a significant contribution to climate
change (15%),marine (16%) and terrestrial ecotoxicity (49%), freshwater
(12%) andmarine eutrophication (17%) forMnCeOx, while in CuCeOx it is
significant only for climate change (12 %) due to the more impacts of
Table 8
TPO-MS data of used MnCeOx and CuCeOx catalysts (conditions: Cphenol = 1 g L−1,
PO2

= 0.5 MPa, Ccatalyst = 1 g L−1, t = 2 h).

MnCeOx CuCeOx

Temperature
(°C)

CO2 Production
(mmol g−1)

Temperature
(°C)

CO2 Production
(mmol g−1)

No NaCl 374 17.7 263 6.0
With NaCl 410 9.9 383 19.5
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Fig. 7. Life cycle environmental impacts of CuCeOx andMnCeOx production. [All impacts are expressed per kg of catalyst produced. Some impacts have been scaled to fit. To
obtain the original values, multiply with the factor on the x-axis, where relevant. Impacts: CC: climate change; FD: fossil depletion; MMD:metals andminerals depletion;WD:
water depletion; HTc: human toxicity - cancer; HTn-c: human toxicity-non-cancer; FET: freshwater ecotoxicity; MET: marine ecotoxicity; TET: terrestrial ecotoxicity; FE:
freshwater eutrophication; ME: marine eutrophication; LU: land use; TA: terrestrial acidification; PMF: particulate matter formation; POFe: photochemical oxidant
formation - ecosystems; POFh: photochemical oxidant formation - human health; OD: ozone depletion; IR: ionizing radiation. DB: dichlorobenzene].

X. Ou et al. Science of the Total Environment 860 (2023) 160480
copper nitrate. Utilising the theoretical amount of NaOH (0.4 kg per kg cat-
alyst) could reduce the impacts of catalyst preparation by≤4 %, while the
impacts would increase by 1–39 % if the excess of NaOH used in the labo-
ratory experiments (1.3 kg per kg catalyst) is considered. The contributions
of energy use, water and waste treatment is negligible (<1 %) across the
categories considered (Fig. 7).

Given that the Mn-based catalyst is environmentally more sustainable
than the Cu alternative, the rest of the LCA study related to CWO refers to
the impacts using the MnCeOx option.

3.3.2. Fracking wastewater treatment
Table 9 summarises the environmental impacts of the CWO treatment

methods in comparison to the ozonation processes. As can be seen, the
Table 9
Environmental impacts of CWO and ozonation per m3 of treated wastewater.

Impact Unit C

C

Climate change kg CO2 eq. 8
Fossil depletion kg oil eq. 6
Metal and mineral depletion g Cu eq. 3
Water depletion dm3 3
Human toxicity-cancer g 1,4-DB eq. 1
Human toxicity-non-cancer kg 1,4-DB eq. 1
Freshwater ecotoxicity g 1,4-DB eq. 6
Marine ecotoxicity g 1,4-DB eq. 7
Terrestrial ecotoxicity kg 1,4-DB eq. 3
Freshwater eutrophication g P eq. 0
Marine eutrophication mg N eq. 9
Land use Annual crop eq.·y 0
Terrestrial acidification g SO2 eq. 1
Particulate matter formation g PM2.5 eq. 6
Photochemical oxidant formation-ecosystems g NOx eq. 1
Photochemical oxidant formation-human health g NOx eq. 1
Ozone depletion mg CFC-11 eq. 6
Ionizing radiation kBq Co-60 eq. to air 0

a The results refer to the utilisation of MnCeOx catalyst.
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impacts of the CWO are 1–3 orders of magnitude lower compared to those
of ozonation for both coagulation andmicrofiltration in all the categories con-
sidered. This is due to the production of ozone which consumes significant
amounts of electricity and oxygen (1.1 MWh and 561 kg m−3 treated waste-
water, respectively), which contribute 18–77% and 22–81% to the impacts.

Comparing the two CWO-based processes, coagulation shows 1 % (cli-
mate change) to 65 % (ionizing radiation) lower impacts than
microfiltration in 11 out of 18 categories. This is mainly due to the lower
electricity consumption for coagulation (0.12 vs 0.63 kWh per m−3 treated
wastewater). The remaining seven impacts are higher for coagulation from
1 % (terrestrial acidification) to 36 % (human toxicity - cancer) due to im-
pacts from the use of the coagulant, which requires aluminium and
sulphates for its production.
WOa Ozonation

oagulation Microfiltration Coagulation Microfiltration

5.5 86.1 1334 1334
.08 6.31 474 474
0.8 23.2 965 957
9.0 38.9 18,781 18,781
78 131 53,979 53,932
.74 2.40 1154 1155
0.4 58.0 21,155 21,153
4.9 71.5 26,217 26,213
.58 2.84 1018 1017
.53 1.02 810 810
2.1 133 58,068 58,108
.09 0.09 20.2 20.2
8.1 17.9 3557 3557
.63 7.89 3147 3148
3.8 14.0 2133 2133
3.1 13.3 2109 2110
.95 7.17 480 480
.10 0.27 213 213
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The contribution analysis in Fig. 8 reveals that energy consumption in
wastewater heating (CWO) and ozone production (ozonation) is the main
contributor to most impacts (11–98 %) for all the treatment options. For
CWO, CO2 emissions from the oxidation of the organic fraction and solid
wastes removed by coagulation or microfiltration are also significant con-
tributors to climate change (~80 %) and land use (81 % and 69 %, respec-
tively). The MnCeOx catalyst shows significant contribution to metal
(23–30 %) and ozone depletion (20–21 %), but less so (1–9 %) for the
other impacts. For the CWO process, the coagulant affects mainly metal de-
pletion (19 %), human toxicity – cancer (44 %) and non-cancer (27 %),
freshwater (25 %), marine (25 %) and terrestrial ecotoxicity (30 %), fresh-
water eutrophication (23 %) and ionizing radiation (24 %). Equipment
utilised by CWO, (reported under “Facilities” in Fig. 8) has a negligible con-
tribution (<1 %).

For ozonation, in addition to energy, oxygen consumption is the most
significant contributor to the impacts (18–77 %). The equipment utilised
for the production of ozone is also significant (12–22%) for four impact cat-
egories (metal depletion, freshwater, marine and terrestrial ecotoxicity).

The lower energy consumption of CWO compared to ozonation (706
MJth vs 1.1 MWh per m3 treated wastewater) would also improve the eco-
nomics of the fracking wastewater treatment and, thus, of the fracking pro-
cess overall. Based on the industrial costs of electricity of 0.0896 USD
kWh−1 (EIA, 2022a) and natural gas of 0.0062 USD MJth−1 (EIA, 2022a,
b), and considering the average flow rate of 46 L h−1, CWO could poten-
tially reduce the annual energy costs of fracking wastewater treatment by
38,000 USD per year compared to ozonation.

3.3.3. Sensitivity analysis
This section considers the influence on the CWO impacts of two param-

eters: energy consumption related to the downhole water temperature in
fracking wells and catalyst lifetime.

3.3.3.1. Energy consumption. As mentioned earlier, significant differences in
the downhole temperatures, which lead to different energy consumption in
the CWO process, can be observed between wells according to their depth,
0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

C
W

O
 (c

oa
g.

)
C

W
O

 (m
ic

ro
fil

tr.
)

O
zo

na
tio

n 
(c

oa
g.

)
O

zo
na

tio
n 

(m
ic

ro
fil

tr.
)

C
W

O
 (c

oa
g.

)
C

W
O

 (m
ic

ro
fil

tr.
)

O
zo

na
tio

n 
(c

oa
g.

)
O

zo
na

tio
n 

(m
ic

ro
fil

tr.
)

C
W

O
 (c

oa
g.

)
C

W
O

 (m
ic

ro
fil

tr.
)

O
zo

na
tio

n 
(c

oa
g.

)
O

zo
na

tio
n 

(m
ic

ro
fil

tr.
)

C
W

O
 (c

oa
g.

)
C

W
O

 (m
ic

ro
fil

tr.
)

O
zo

na
tio

n 
(c

oa
g.

)
O

zo
na

tio
n 

(m
ic

ro
fil

tr.
)

C
W

O
 (c

oa
g.

)
C

W
O

 (m
ic

ro
fil

tr.
)

O
zo

na
tio

n 
(c

oa
g.

)
O

zo
na

tio
n 

(m
ic

ro
fil

tr.
)

C
W

O
 (c

oa
g.

)
C

W
O

 (m
ic

ro
fil

tr.
)

O
zo

na
tio

n 
(c

oa
g.

)
O

zo
na

tio
n 

(m
ic

ro
fil

tr.
)

C
W

O
 (c

oa
g.

)
C

W
O

 (m
ic

ro
fil

tr.
)

O
zo

na
tio

n 
(c

oa
g.

)
O

zo
na

tio
n 

(m
ic

ro
fil

tr.
)

C
W

O
 (c

oa
g.

)
C

W
O

 (m
ic

ro
fil

tr.
)

O
zo

na
tio

n 
(c

oa
g.

)
O

zo
na

tio
n 

(m
ic

ro
fil

tr.
)

C
W

O
 (c

oa
g.

)
C

W
O

 (m
ic

ro
fil

tr.
)

O
zo

na
tio

n 
(c

oa
g.

)

CC FD MMD WD HTc HTn-c FET MET TET

Energy Coagulant Membrane Oxygen Catal

Fig. 8.Contribution analysis for the catalytic wet oxidation (CWO) and ozonation treatm
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pressure and location (EPA, 2016; Kahrilas et al., 2016). Thus, assumptions
related to the fracking wastewater temperature present a degree of uncer-
tainty, unless direct measurements on a specific well are available. Given
that energy consumption is a significant environmental hotspot for CWO,
as discussed in Section 3.3.2 and shown in Fig. 9, it is important to investi-
gate the influence of the water temperature on the impacts. Therefore, this
sensitivity analysis considers the effects of both lower (18 °C) and higher
(200 °C) temperatures.

As can be inferred from Fig. 9, wastewater temperature has a significant
effect on most environmental impacts, in some cases increasing or decreas-
ing themby a factor of two for lower and higher temperatures, respectively.
The impacts particularly affected include depletion of fossil and water re-
sources, ecotoxicities, marine eutrophication, particulate matter formation
and ozone depletion. This is to be expected as energy consumption is a sig-
nificant environmental hotspot for these impacts (Fig. 9). By contrast, cli-
mate change and some other impacts, such as metal depletion and land
use, are affected much less by the wastewater temperature as energy did
not contribute significantly to their total values.

Therefore, these results suggest that CWOwould lead to lower environ-
mental impacts when applied to deep wells with higher downhole temper-
atures (Kahrilas et al., 2016). However, as discussed in Section 3.3.2, the
impacts of CWO are expected to be lower than those of ozonation even
for extremely low wastewater temperatures due to the avoided impacts of
ozone production.

3.3.3.2. Catalyst lifetime. As mentioned in Section 2.3.2.2.2, the lifetime of
catalyst considered in this study is currently unknown as they are in early
development stages. As the catalyst contributes for 5–30% to seven impacts
(see Fig. 8), the assumption on their lifetime presents a degree of uncer-
tainty. Therefore, this sensitivity analysis considers a shorter (0.5 years)
and longer (five years) lifetime to determine the effect on the impacts com-
pared to the base-case assumption of three years. As mentioned earlier, the
results refer to the MnCeOx catalyst.

As shown in Fig. 10, increasing the catalyst lifetime from three to five
years would decrease the depletion of metals by 9–12 % and ozone by 8
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Fig. 9. The effect of wastewater temperatures (18–200 °C) on the life cycle environmental impacts of catalytic wet oxidation. [All impacts are expressed per m3 ofwastewater
treated. The data labels represent the base case impacts (70 °C) and the error bars refer to temperature of 18 and 200 °C. See Fig. 7 for impact acronyms].
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Fig. 10. The effect of catalyst lifetimes (0.5–5 years) on the life cycle environmental impacts of catalytic wet oxidation. [All impacts are expressed per m3 of wastewater
treated. The catalyst is MnCeOx. The data labels represent the base case impacts. See Fig. 7 for acronyms].

X. Ou et al. Science of the Total Environment 860 (2023) 160480

12



X. Ou et al. Science of the Total Environment 860 (2023) 160480
% for both CWO processes, while a small (1–3 %) decrease would be ob-
served in 13 categories. The effect on climate change, fossil depletion and
human toxicity – cancer, would be negligible (≤1 %). On the other hand,
the shorter lifetime would increase the impacts from 1 % (climate change)
to 150 % (metal depletion) as the amount of catalyst would go up from 10
(three years) to 60 g m−3 treated wastewater.

Overall, these results suggest that research aimed at designing catalysts
with longer lifetimes is necessary to increase the environmental sustainabil-
ity of the CWO process. Moreover, reducing the amount of catalyst utilised
would also aid decreasing the operating costs of the CWO process.

4. Conclusions

MnCeOx and CuCeOx catalysts were utilised as promising candidates for
treating produced water from fracking operations and tested for phenol re-
moval in the synthetic phenolic and fracking wastewaters, with the former
NaCl-free and the latter containing 200 g L−1 NaCl. In general, the catalytic
performance of MnCeOx significantly surpassed CuCeOx in terms of phenol
(100 % vs. 69.1 %) and TOC (94 % vs. 63 %) removals in the fracking
wastewater treatment. Moreover, insignificant metal leaching was ob-
served when MnCeOx was utilised. By contrast, severe copper leaching
(55 wt% after two cycles) was found due to the presence of high concentra-
tion of NaCl, demonstrating that MnCeOx was a better option than CuCeOx

for CWO treatment of fracking wastewater.
The MnCeOx catalyst also had lower life cycle impacts (11–98 %) com-

pared with the CuCeOx catalyst in 17 out of 18 impact categories consid-
ered. This is mainly due to the lower burdens related to the production
and processing of manganese nitrate in comparison to copper nitrate used
as precursors in the production of the catalysts.

The LCA comparison of CWO with ozonation showed that the former
had 1–3 orders of magnitude lower impacts in all the categories due to
the lower energy and materials requirements. Of the two wastewater pre-
treatment alternatives considered, coagulation was a better option for the
removal of suspended solids from the wastewater, with up to 65 % lower
impacts than microfiltration, mainly due to the energy required to push
the water through the membrane and for backwashing.

Energy consumption is the main environmental hotspot for CWO mainly
due to the heat utilised to bring thewastewater to the operating temperature.
Therefore, applying CWO inwellswith higher downhole temperatureswould
lead to significantly lower impacts. Nonetheless, even for extremely low
wastewater temperatures (18 °C), CWO has nearly 60 % lower energy re-
quirements than ozonation, which would result in 92–99 % lower impacts.

A sensitivity analysis showed that a shorter catalyst lifetime (0.5 years)
can increase significantly (up to 150 %) the impacts of CWO. On the con-
trary, further increases to the catalyst lifetime from three to five years did
not lead to significant improvements to the CWO impacts.

Overall, these results highlight the potential of CWO to treat fracking
wastewater efficiently. They also suggest that CWO is an environmentally
more sustainable option than ozonation. However, it is important to bear
in mind that this work considered only phenol as a representative organic
substance and the performance of catalysts in a complex matrix, such as
fracking wastewater, may differ. Therefore, further work is needed in this
respect. Moreover, future research should be directed towards improving
the stability of the MnCeOx catalyst by optimising its key properties (e.g.
optimise the metal load and increase the surface area of the catalyst),
which would provide high activity and improved resistance to coking for
the treatment of fracking wastewaters. Similarly, an LCA of the whole
fracking wastewater treatment process (beyond the oxidation process)
should be conducted and coupledwith a cost benefit analysis in order to de-
termine the most cost-effective and environmentally sustainable route for
the treatment of this waste stream.
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