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Abstract: Water contamination with various micropollutants is a serious environmental concern since
this group of chemicals cannot always be removed efficiently with advanced treatment methods.
Therefore, alternative chemical- and energy-intensive oxidation processes have been proposed for
the removal of refractory and/or toxic chemicals. However, similar treatment performances might
result in different environmental impacts. Environmental impacts can be determined by adopting
a life cycle assessment methodology. In this context, lab-scale experimental data related to 100%
iprodione (a hydantoin fungicide/nematicide selected as the model micropollutant at a concentration
of 2 mg/L) removal from simulated tertiary treated urban wastewater (dissolved organic carbon
content = 10 mg/L) with UV-C-activated persulfate treatment were studied in terms of environmental
impacts generated during photochemical treatment through the application of a life cycle assessment
procedure. Standard guidelines were followed in this procedure. Iprodione removal was achieved
at varying persulfate concentrations and UV-C doses; however, an “optimum” treatment condition
(0.03 mM persulfate, 0.5 W/L UV-C) was experimentally established for kinetically acceptable,
100% iprodione removal in distilled water and adopted to treat iprodione in simulated tertiary
treated wastewater (total dissolved organic carbon of iprodione + tertiary wastewater = 11.2 mg/L).
The study findings indicated that energy input was the major contributor to all the environmental
impact categories, namely global warming, abiotic depletion (fossil and elements), acidification,
eutrophication, freshwater aquatic ecotoxicity, human toxicity, ozone depletion, photochemical ozone
creation, and terrestrial ecotoxicity potentials. According to the life cycle assessment results, a
concentration of 21.42 mg/L persulfate and an electrical energy input of 1.787 kWh/m3 (Wh/L)
UV-C light yielded the lowest undesired environmental impacts among the examined photochemical
treatment conditions.

Keywords: environmental impacts; life cycle assessment (LCA); advanced oxidation processes
(AOPs); photochemical treatment of micropollutants; fungicide; iprodione; tertiary treated
urban wastewater

1. Introduction

Due to serious water pollution problems arising from intensive agricultural activities,
it is becoming mandatory to examine the environmental impact of wastewater treatment
systems to properly protect and manage water resources. The recommendation of a proper
wastewater treatment method is typically based on its performance, which is commonly
measured as an absolute or relative removal efficiency/rate. However, such a limited
assessment will probably fail since a wide range of environmental impacts are easily
overlooked. A combined assessment of economic and environmental impacts is particularly
critical when it comes to decision-making in developing countries where the application
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of high-energy, expensive, and advanced treatment methods is very hard to implement
and questionable.

Treatment alternatives applicable to municipal wastewaters are evaluated based on
conventional polluting parameters such as the chemical oxygen demand (COD) without
addressing micropollutants. It is a known fact that quite an array of micropollutants are not
removed during conventional municipal wastewater treatment [1–4]. As a result, since they
are mixed with the water resource, the micropollutants, in further scarce concentrations,
continue to pose a threat to the water ecosystem in which they are introduced. Depending
on the use of the mentioned water body, another treatment might be required to remove
these micropollutants when water is withdrawn from it.

One of the most improved tools for objectively obtaining the environmental impacts of
products [5,6], processes [7–9], and services is the life cycle assessment (LCA) methodology.
The environmental impacts generated during different life stages of treatment systems
have been investigated in the literature, such as the operation [10,11] and construction [12]
of municipal water treatment work, the operation of a domestic wastewater treatment
facility [13], and the operation and maintenance of two alternative industrial water treat-
ment systems [14]. Addressing sustainability issues along with preliminary treatability
evaluations is of importance for soundly defining the treatment alternatives and operating
conditions of treatment systems. A study combining the treatability results with the envi-
ronmental impacts arising from the treatment alternatives for a segregated textile dyebath
discharge can be considered a pioneering effort [15]. The mentioned study addresses a
sound roadmap to reach the most environmentally favorable treatment conditions [15].

As indicated earlier, wastewater treatment issues are strongly linked to micropollutants
released into the aquatic environment, causing serious management concerns. So far,
several studies have already investigated the outcome, impact, and treatability of various
micropollutants originating from industrial, household, and agricultural activities [16].
For instance, the micropollutant iprodione (3-(3,5-Dichlorophenyl)-2,4-dioxo-N-(propan-2-
yl)imidazolidine-1-carboxamide) is a hydantoin fungicide used on crops to fight various
fungal plant diseases. It has been applied to a variety of crops, such as fruits, vegetables,
ornamental trees, and lawns, as a contact biocide that inhibits the germination of fungal
spores and the growth of fungal mycelium [17]. More recently, iprodione was also used to
kill nematodes and filed for patent protection for that purpose [17]. Although its approval
in the EU market was not renewed in 2017 [18] and the product was banned later in
2019 [19], since there was no alternative or replacement product recommended for this
fungicide, its use in agricultural activities continued for a while in some countries, such as
Turkey, that had used the fungicide intensively [20].

More recently, photochemical advanced oxidation processes (AOPs) have been applied
to remove toxic and/or recalcitrant micropollutants found in water and wastewater, with
promising results [21,22]. AOPs most often combine high-energy short ultra-violet (UV-
C) light with common oxidants, including ozone or the peroxides hydrogen peroxide,
peroxydisulfate, or percarbonate, to produce the reactive oxidizing agents hydroxide
(HO•), sulfate (SO4

•), and carbonate (CO3
•−) radicals, respectively [23,24]. Free radicals

are known to react with organic (micro)pollutants a million-to-billion times faster than
strong oxidants such as chlorine dioxide or ozone [25,26].

In persulfate (PS)-based AOPs, reactive oxygen species are generated upon activation
of persulfates (mostly two precursor salts, namely peroxy disulfate and peroxy monosulfate)
by UV-C light, metal oxides, transition metal ions, and zero-valent metals, as well as
sonolytic and radiolytic activation [21,23,24]. PS activation involves O–O bond-breakage
(bond distance = 1.497 A◦; bond energy = 140 kJ/mol), which is similar to the more
conventional peroxide H2O2 [22,23]. Among the variety of PS activation methods available,
UV-C activation of PS is the most efficient and direct way to form SO4

•−, wherein one mole
of PS undergoes UV-C photolysis at λ = 254 nm and is cleaved into two moles of SO4

•−

through the following reaction [24]:

S2O8
2− + hv→2SO4

•− (1)
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The highest quantum yield of the above reaction in neutral solution is unity [24].
As with many other fungicides, iprodione is chemically, photochemically, and bio-

chemically very stable and has long-term negative effects on the environment as well as
human health [16]. In fact, an appreciable fraction of the AOP literature has focused on
pesticide treatment. However, only limited information is currently available describing the
photochemical degradation of iprodione [27–30]. In these few studies, dechlorination has
been reported as a primary stage of iprodione degradation, followed by hydroxyl group
replacement [27,28]. Only a few papers have reported the removal of iprodione using UV-C
light and its combination with hydrogen peroxide from an aqueous solution [20,27–30].
Moreover, there is no study available in the scientific literature dealing with the environ-
mental impacts of these rather energy-intensive, chemical-consuming treatment processes.
Considering the above-mentioned gaps, in the present work, the UV-C/PS (the peroxide
used in this work is sodium peroxydisulfate, PS) photochemical treatment process was
applied under previously optimized PS concentration, pH, and UV-C dose to completely
remove the model micropollutant iprodione (2 mg/L) from synthetic, tertiary treated munic-
ipal wastewater (overall DOC of the synthetic wastewater + DOC of the 2 mg/L iprodione
solution = 11.2 mg/L) to examine its environmental impacts. These were assessed in more
detail using the LCA methodology. This study focused on identifying the most sustain-
able energy and chemical management options for the treatment of the selected model
micropollutants and the photochemical treatment process (UV-C/PS) at the lab scale.

2. Materials and Methods

UV-C/PS treatment of iprodione was carried out in synthetic wastewater samples
mimicking real, tertiary treated urban wastewater. Tertiary treated urban wastewater
(TWW) was prepared to represent wastewater taken from the effluent of a typical mu-
nicipal wastewater treatment plant practicing tertiary biological treatment (combined
biological C, N, and P removal). All chemicals and reagents used in this study were
purchased from Sigma-Aldrich® (Merck, Istanbul, Turkey) and were of analytical grade.
The composition of the TWW sample was composed of different organic and inorganic
components: (NH4)2SO4 (12 mg/L), tryptone (50 mg/L), meat extract (50 mg/L), yeast
extract (7.5 mg/L), urea (7.5 48 mg/L), K2HPO4 (10 mg/L), CaCl2.2H2O (1 mg/L), and
MgSO4.7H2O (1 mg/L) [20]. In addition to the above-mentioned chemicals, 4 mg/L of hu-
mic acid was also added to the reaction solution as an organic compound, which rendered
the TWW composition more complex and typical for urban effluent. Urban wastewater
generally contains a mixture of industrial wastewater, domestic wastewater, and run-off
rainwater [20]. The pH of the TWW was around 6.4–6.8, and it was 5-fold diluted with
distilled water (DW) to obtain a final DOC content of 10 mg/L, which is a typical DOC
for tertiary treated effluent TWW. A more detailed preparation procedure for the TWW, as
well as other details about its environmental characteristics, can be found in [20,30]. Before
each experimental run, iprodione was spiked into either DW or TWW, depending on the
experimental concept. All treatability experiments were conducted in a stainless-steel UV
chamber (Luzchem Research Inc., Ottava, Canada) equipped with ten short-UV (UV-C)
fluorescent lamps, a magnetic stirring unit, and a cooling air fan to keep the temperature
stable. A 500 mL-capacity, three-neck quartz flask (Yuwinsil Scientific Technology, Noida,
India) was used as the photoreactor, and the introduced UV-C light flux was measured
with a lux-meter incorporated in the reaction chamber and calculated as 0.5 W/L. More
details of the experimental set-up can be found elsewhere [20,30].

In the photochemical treatability and optimization experiments that can be found in
detail in [20,30], a range of sodium peroxydisulfate (Na2S2O8; called PS) concentrations
(0–1 mM) and pH values (3–11) at different levels of electrical energy input (applied UV-C
dose) were used. Table 1 outlines the conditions set for various experimental runs. In this
work, these optimum photochemical treatment conditions were further assessed in terms
of their environmental impacts to establish the most sustainable treatment strategy for this
micropollutant in TWW.
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Table 1. Experimental conditions yielding 100% iprodione removal from TWW (iprodione concentra-
tion = 2 mg/L; overall DOC (iprodione + TWW) = 11.2 mg/L; original pH = 6.8).

Run PS Concentration
(mg/L)

Electrical Energy Consumption
(kWh/m3)

1 7.14 2.680
2 14.28 2.233
3 21.42 1.787

Some control experiments (PS only, UV-C only, aeration and mixing only, etc.) were
also conducted with the TWW sample. All experimental results, data analyses, together
with their respective kinetic calculations, were published elsewhere [20,30].

The LCA procedure was used to carry out an environmental impact assessment for
each category based on the UV-C/PS treatment variables of iprodione using GaBi v7.3
software [31] and the Ecoinvent database [32] with the CML 2001 impact assessment
method [33] on the basis of ISO 14040/14044 [34,35]. Hence, the iterative stages of goal and
scope definition, inventory analysis, impact assessment, and interpretation are followed as
defined by ISO 14040/14044. The purpose, scope, system boundaries, and functional unit
for the system were defined during the goal and scope definition step. The raw material
and energy components that entered the system for the life cycle inventory analysis,
as well as the product and other components that left the system, were calculated in
the inventory analysis step by associating them with the functional unit. The next step
involved calculating environmental impact categories for each system component based
on the life cycle impact assessment, and the final step involved interpreting the findings.
The studied environmental impact categories were as follows: global warming potential
(GWP), abiotic depletion potential (ADP fossil and elements), acidification potential (AP),
eutrophication potential (EP), freshwater aquatic ecotoxicity (FAETP), human toxicity
potential (HTP), ozone depletion potential (ODP), photochemical ozone creation potential
(POCP), and terrestrial ecotoxicity potential (TETP). The functional unit was “1 m3 of
treated wastewater”. Therefore, environmental impacts are presented on the basis of this
functional unit.

The system boundaries set for the study are illustrated in Figure 1. As can be seen from
the figure, the degradation of iprodione in a TWW sample is considered. Raw materials and
energy input for the production of PS, together with the energy requirement for treatment,
are covered. Waste due to treatment is not generated in this kind of photochemical process.
The spent PS containers were collected by the supplier. Transportation of PS to the treatment
site was also taken into account in this study.
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The company that supplied the reagents is located in China. Therefore, 18,625 km
of sea and 19 km of highway distance were considered for transportation. The highway
transportation took place in trucks using diesel fuel.

Energy was taken from the Turkish electrical grid. For this purpose, a model was
generated from the Ecoinvent database [32] by using the following percentages: hard coal
(22%), natural gas (19%), lignite (15%), hydropower (29%), and other sources obtained from
the Electricity Generation and Transmission Statistics of Turkey [36].

3. Results and Discussion

In the first stage of this experimental study, the UV-C/PS treatment of iprodione
was optimized in terms of PS concentration, pH, and applied UV-C dose [20,30]. The PS
concentration resulting in a kinetically superior iprodione removal rate and efficiency was
established as 0.03 mM, the natural and working pH of DW/TWW was 6.2/6.8, and the
treatment time was 120 min in total with UV-C radiation at 0.5 W/L. No pH adjustment
was performed in the reaction solutions for the below-given experimental runs prior to
photochemical treatment, and in this way, the pH was kept at a near-neutral value.

Figure 2 presents iprodione (initial concentration = 2 mg/L) abatements as a function
of the applied UV-C dose (shown in Wh/L units) for the following experiments:

(i) UV-C-only (0 mM PS) and UV-C/PS photochemical treatments of iprodione in DW
(DOC of iprodione = 1.2 mg/L)

(ii) UV-C-only (0 mM PS) and UV-C/PS photochemical treatments of iprodione in TWW
(DOC of TWW = 10 mg/L; total DOC = 11.2 mg/L).
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Figure 2. Iprodione (2 mg/L) abatements as a function of the applied UV-C dose (in Wh/L) for
UV-C only (0 mM PS) and UV-C/PS (0.03 mM PS) treatments in DW (DOC of DW < 1 mg/L) and
TWW (DOC of TWW = 10 mg/L; total DOC of TWW + Iprodione = 11.2 mg/L). The optimized
PS concentration was selected as 0.03 mM, the natural pH of DW/TWW was 6.2–6.8, and the
photochemical treatment time was 120 min in total.

From Figure 2 it is evident that the PS activation with UV-C light in the UV-C/PS treat-
ment combination exhibits a strong synergy to remove the fungicide iprodione promptly
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as compared to UV-C photolysis only (0 mM PS; the control experiment) acting as an AOP
and hence producing reactive oxidant species. It is also apparent from Figure 2 that the
wastewater ingredients (the high DOC content and presence of organic/inorganic ions,
etc.) inhibit iprodione degradation, acting as free radical scavengers. The synergy between
UV-C and PS functioning together as an AOP to produce the active oxidants (free radicals)
HO• and SO4

•− is needed for fast and complete iprodione removal. In fact, previous work
has already demonstrated that organic pollutant removal in complex matrices like water
and wastewater is negatively affected by the presence of their natural ingredients [37–45].

In particular, inorganic ions such as chloride could attack sulfate radicals and form
chloride radicals, which would react more selectively, and hence more slowly, with the
target pollutant and its metabolites, as shown in reaction Equation (1) [37,41,42].

SO4
•− + Cl−→SO4

2− + Cl• (2)

In a similar manner, iprodione removals would be seriously halted during UV-C/PS
treatment in the presence of organic matter, speculatively due to bulk phase competition
reactions between iprodione and dissolved organics (present in the reaction solution) for
sulfate radicals (similar to reaction Equation (1)). Among the organic compounds found in
water and wastewater, carboxylic acids and natural organic matter (humic or fulvic acids)
are known as strong free radical scavengers beyond a critical concentration [37–39,41,42].

In order to determine the most sustainable treatment alternative, the experimental
conditions resulting in 100% iprodione removal from TWW (as presented in Table 1) are
investigated in terms of their environmental impacts. Raw materials and energy used to
produce PS, transportation of PS to the treatment site, and electricity required to generate
UV-C are considered while revealing the environmental impacts using the LCA. The
results of the LCA study are outlined in Table 2, and a comparative assessment of the
environmental impacts of runs is illustrated in Figure 3.
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Figure 3. Comparative evaluation of the environmental impacts of iprodione removal from TWW.

As evident from Figure 3, Run 3 with 21.42 mg/L PS and a 1.787 kWh/m3 (Wh/L)
UV-C electrical energy input gave the lowest undesired environmental impacts among
the examined photochemical treatment options when energy is obtained from a grid
electricity mix. For ODP, similar levels of environmental impacts are obtained for all the
runs. Approximately 30% reductions can be achieved by applying the conditions of Run 3
instead of Run 1, apart from ODP and ADP elements. Run 3 (Iprodione 3) is observed to
decrease ADP elements by around 15% in comparison with Run 1 (Iprodione 1).
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Table 2. Environmental impacts of iprodione removal from TWW.

Impact Category Experimental Runs

Run 1 Run 2 Run 3

ADP Elements (kg Sb-Equiv.) 2.31E−06 2.13E−06 1.95E−06
ADP Fossil (MJ) 1.71E+01 1.45E+01 1.18E+01

AP (kg SO2-Equiv.) 1.08E−02 9.13E−03 7.50E−03
EP (kg PO4-Equiv.) 6.69E−03 5.60E−03 4.52E−03

FAETP (kg DCB-Equiv.) 1.56E+00 1.30E+00 1.05E+00
GWP (kg CO2-Equiv.) 1.68E+00 1.42E+00 1.15E+00
HTP (kg DCB-Equiv.) 1.05E+00 8.91E−01 7.28E−01

MAETP (kg DCB-Equiv.) 3.77E+03 3.17E+03 2.56E+03
ODP (kg R11-Equiv.) 2.22E−08 2.21E−08 2.19E−08

POCP (kg C2H4-Equiv.) 5.43E−04 4.62E−04 3.81E−04
TETP (kg DCB-Equiv.) 1.23E−02 1.04E−02 8.46E−03

For all experimental runs (Runs 1, 2, and 3), the impact of ADP elements is generated
due to the depletion of nonrenewable elements, mainly copper. ADP fossil, on the other hand,
is obtained for all the runs due to the consumption of hard coal, lignite, and natural gas.

The contribution of electricity input, PS production, and transportation of the chemical
to the total impacts is presented in Figure 4. For Run 1, Run 2, and Run 3 experiments,
most of the impacts, including ADP fossil, AP, EP, FAETP, GWP, HTP, MAEPT, POCP, and
TETP, are mainly caused by electricity consumption, accounting for more than 95% of the
total effects. The high proportion of coal and natural gas used in Turkey’s electricity mix
is the primary cause of the ADP fossil element. The use of non-renewable elements, like
copper, contributed significantly to the ADP element values across all sets of experiments.
Atmospheric emissions of SO2 and NO are mainly responsible for the AP of all the runs.
Phosphate emissions in the water generate EP for all experimental runs. FAETP is generated
mainly because of copper, nickel, and beryllium discharges in the water. Atmospheric
emissions of CO2 are the leading cause of GWP for all the investigated runs. HTP is
generated due mainly to selenium emissions in water. Beryllium emissions in the water
can be stated as the major cause of MAETP. Halon and tetrachloromethane emissions in the
atmosphere are generating ODP for all the runs. SO2 and nitrous oxide emissions in the
atmosphere result in POCP. TETP is created mainly due to hexavalent chromium-Cr(+VI)
emissions in the soil for all the runs under assessment.
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The above findings indicated that energy input is the most important contributor to
the environmental impact categories. After energy input, chemical production follows for
ADP elements and then ODP. Furthermore, transportation has an insignificant effect on the
environmental impact categories.

Since energy requirements play a significant role in all the investigated environmental
impact categories, scenarios are established by changing the source of energy. For this
purpose, the impacts arising from grid electricity, solar energy, and wind energy are
compared as given in Figure 5 (normalized for Run 1—grid electricity as an energy source).
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According to the results illustrated in Figure 5, in comparison with Run 1, which
received energy from a grid mix, the following outcomes were obtained:

• The use of solar energy for Runs 1, 2, and 3 resulted in more than a 260% increase in
the ADP element category. On the other hand, 58, 51, and 43% reductions in ADP
elements were achieved when wind energy was used for Runs 1, 2, and 3, respectively.
Therefore, the best outcome for ADP elements was reached for Run 1 by using wind
as an energy source.

• For ADP fossil, using solar energy instead of grid electricity was observed to reduce
the impact by 84 to 86% for all the runs. Usage of wind as the energy source rather
than electricity lowered the ADP fossil by 95 to 97% for all treatment alternatives.

• Energy supply from solar panels was found to decrease AP by 81 to 84% for the runs.
In the case of wind energy, reductions between 94 and 97% in AP were obtained for all
the treatment conditions under investigation.

• In terms of EP, adopting solar energy resulted in 88–89% reductions, whereas obtaining
energy from wind lowers this impact category by 97–98%.

• For FAETP, when using solar energy, 68–69% reductions were obtained for these runs.
In the case of wind energy, FAETP was reduced by approximately 85% for all the
experimental conditions.

• GWP was lowered by around 86% when solar energy was used for the runs. In compar-
ison, 96% reductions in GWP were achieved by adopting wind as the energy source.
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• Around 56–58% reductions were obtained for HTP when the energy source was shifted
from grid electricity to solar energy. Moreover, for all the runs, HTP could be reduced
by 87 to 89% when wind energy was used.

• Attaining energy from solar sources lowered MAETP by 76–77% for the runs. Further-
more, wind energy reduced MAETP by 95–96%.

• Using photovoltaic energy instead of grid electricity was found to increase ODP by 65,
78, and 92% for Runs 1, 2, and 3, respectively. In contrast, 75, 62, and 48% reductions
in ODP could be obtained for Runs 1, 2, and 3, respectively, when the energy source is
changed to wind.

• Values decreased by around 72 to 75% for POCP for all runs when solar energy was
adopted. In contrast, the use of wind energy yielded over 91% reductions for Runs 1,
2, and 3.

• The use of photovoltaic cells instead of a grid mix lowered the TETP by more than 80%
for all runs. Additionally, around 77 to 79% reductions were achieved when choosing
wind energy.

One should note that all the presented results are based on laboratory data. Therefore,
early research outcomes were evaluated in this study. There are a few pioneering LCA
research activities that rely on lab data [15,46]. Such information can be used as a baseline
for further appraisals of environmental impacts, especially for the adoption of full-scale
activities [47–49]. Disparities are observed for the LCA results of the lab and upper-scale
data [50]. Due to this fact, it is recommended that lab research studies be extended [50].

4. Conclusions

In the present work, the hydantoin fungicide and nematicide, iprodione, which was se-
lected as the model micropollutant in this study, was subjected to photochemical treatment
using UV-C-activated peroxydisulfate (PS) in synthetic, tertiary treated urban wastewa-
ter (TWW). It was aimed at examining the feasibility and sustainability of the proposed
photochemical treatment system under kinetically optimized reaction conditions. The
study revealed that a comprehensive treatability evaluation must cover both experimen-
tal (laboratory- and pilot-scale) research work as well as a detailed feasibility analysis
to determine the environmental impacts of treatment alternatives or conditions with the
aid of life cycle assessment (LCA). It was concluded that an integrated approach would
yield more feasible, sustainable, and environmentally sound decisions regarding advanced
oxidation applications.

The photochemical treatment combination provided several advantages over the use
of UV-C only and PS only, both of which had only a minor (<10–15%) effect on iprodione
removal from TWW. In addition, working under realistic conditions (with a real wastewater
sample, a typical concentration of the target pollutant, etc.) could reduce the treatment
efficiencies, but would be more meaningful when assessing the environmental impacts of
the photochemical treatment method.

The energy input was quoted as the most important contributor to all investigated
environmental impact categories. The study indicated that when the energy is obtained
from grid electricity, the experimental run with 21.42 mg/L sodium peroxydisulfate and a
1.787 kWh/m3 energy requirement (Run 3) yielded the lowest unwanted environmental
impacts for all of the investigated categories. In comparison with the conditions of Run 1
and obtaining energy from grid electricity, the following outcomes were revealed: In cases
where the energy source is shifted to solar, elevated levels of ODP (by 65, 78, and 92% for
Runs 1, 2, and 3, respectively) and ADP elements (by more than 260% for all the runs) were
found. In contrast to this finding, when the energy was received from photovoltaic panels,
reductions in AP, ADP fossil, EP, FAETP, GWP, HTP, MAETP, POCP, and TETP by more
than 81, 84, 88, 67, 86, 56, 76, 72, and 80% were achieved, respectively. Wind energy was
found to lower AP, ADP fossil, EP, FAETP, GWP, HTP, MAETP, POCP, and TETP by over
94, 95, 97, 85, 96, 87, 05, 91, and 77% for all experimental runs, respectively. Moreover, 58,
51, and 43% reductions for Runs 1, 2, and 3, respectively, were achieved for ADP elements
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in the case of using wind energy. Additionally, lowering the ODP of Runs 1, 2, and 3 by 75,
62, and 48%, respectively, was accomplished when energy was obtained from wind instead
of an electricity mix.

Finally, it should be emphasized that a complete evaluation of treatability must cover
both experimental research and a sustainability assessment. Such an integrated approach
will yield technically as well as environmentally sound decisions. In this respect, it is
recommended to examine the environmental impacts of the treatability outcomes using
an objective methodology such as the LCA before defining a treatment roadmap. With
the information gathered from such an LCA study, decision-makers can prioritize the
unwanted environmental impacts according to the specifications of the geographical area
where they are working. Furthermore, upscaling LCA results based on laboratory data to
industrial-scale or full-scale should be handled carefully.
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