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ARTICLE INFO ABSTRACT

Editor: Ludovic F. Dumée This study examines the treatment of polycyclic aromatic hydrocarbons (PAHs) aqueous emulsions, equivalent to
those obtained from soil-washing, using Fenton and solar photo-Fenton oxidation for pollutant removal and
surfactant recovery in water treatment applications. PAHs, persistent contaminants in industrial wastewater,
AOPs ) require sustainable treatment approaches. Soil was contaminated with anthracene (ANT) and benzo[a]pyrene
E::ls:lon:otcr;itmem (BaP) and washed with sodium dodecyl sulfate (SDS) at a mass liquid-to-soil ratio of 2:1, with SDS concentrations
PAHs P ranging from 2500 to 10,000 mg L. A synthetic emulsion (SDS: 4500 mg L™}, ANT: 5 mg L™}, BaP: 5 mg L)
Soil washing was prepared and treated using low oxidant (Hz02: 60-240 mg L™?) and catalyst (Fe: 2.5-10 mg L™!) dosages to
Solar photo-Fenton optimize reagent consumption. The Fenton process (pH = 3) achieved complete PAHs removal, with BaP fully
Surfactant recovery degraded under all conditions and ANT requiring higher oxidant (H202, 240 mg L Y and catalyst (Fe, 10 mg LH
concentrations. The solar photo-Fenton process achieved up to 70 % ANT and 85 % BaP removal at near-neutral
pH using ferrioxalate complexes (120 mg L' Hy05, 10 mg L™! Fe). Minimal SDS degradation and negligible
mineralization support surfactant recovery and reuse, enhancing process sustainability. These findings highlight
the viability of light-assisted advanced oxidation processes for selective pollutant degradation in engineered
water systems, supporting the development of cost-effective and environmentally friendly remediation
technologies.

Keywords:

1. Introduction

The scientific community interest in the presence of polycyclic aro-
matic hydrocarbons (PAHs) in water, soil and air, has significantly
increased in recent years [1]. PAHs are primarily produced by anthro-
pogenic activities, particularly the incomplete combustion of organic
materials. These persistent organic pollutants consist of two or more
fused benzene rings or pentacyclic molecules and are well known for
their carcinogenic, mutagenic and teratogenic properties [2]. PAHs are
predominantly found in the surface layers of soil, adsorbed onto sedi-
ments or microorganisms [3-5]. Their presence has been detected in
over 200,000 sites in Europe, as reported by the European Environment
Agency [6]. Due to their potential risk, up to 16 PAHs have been
included on the priority list issued by the United States Environmental
Protection Agency (USEPA) [7]. PAHs are increasingly detected in water
resources due to industrial discharge and runoff, often coexisting with
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other contaminants of emerging concern, such as endocrine-disrupting
compounds and pharmaceuticals. This highlights the need for
advanced treatment technologies capable of addressing a broad spec-
trum of organic pollutants. Consequently, the remediation of PAHs-
contaminated sites has become a critical environmental and public
health priority [8,9].

The pressing need to control PAHs has led to increased research on
soil remediation technologies such as advanced oxidation processes
(AOPs) [10,11]. Among these, the well-known Fenton process, which is
based on the activation of HyO, by ferrous iron (Fe?") to generate hy-
droxyl radicals (¢OH) has been widely studied due to the high oxidation
potential of ¢«OH (E0 = 2.87 V) [12]. The generation of ¢OH involves the
oxidation of Fe?* to Fe3*, which is subsequently regenerated by its re-
action with HyOs, thereby sustaining the catalytic cycle of HyO4 acti-
vation (Egs. (1)-(2)) [13,14].
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H,0, + Fe** —Fe** + HO™ + OH €))

H,0, + Fe** >Fe** + OOH + H* (2

This process has been successfully applied to remediate a wide range
of organic contaminants in soils, including PAHs [15-18]. Smara et al.
[15] treated a real soil contaminated with 16 PAHs (1200 mg kg’l),
including phenanthrene, fluoranthene and pyrene, among others (mass
liquid-to-soil ratio Vi,/W = 3) using a high concentration of HyO5 (5 M)
and Fe(II) (0.5 M). A PAHs degradation ranged from 84.7 % to 99.9 %
was obtained after 60 min. Gao et al. [16] applied this process to an
industrial field soil contaminated with 12 PAHs (44.3 mg kg’l) and
lindane (y-HCH, 19.9 mg kg™ 1), using iron oxide particles modified by
carboxymethyl cellulose supported on biochar (CMC-Fe304/BC) as
catalyst (1.5 % (w/w)) and H20; as the oxidant (1 M). Around 60 %
degradation of pollutants after a 10-day reaction (V/W mass ratio = 3)
was achieved. Although promising results have been reported, it is
important to emphasize that direct contact between the aqueous
hydrogen peroxide solution and the contaminated soil requires exces-
sively high concentrations of oxidant in the Fenton process—between 22
and 113 times the stoichiometric amount of H20- needed for contami-
nant mineralization [15,16]. This is largely due to the unproductive
consumption of the oxidant by the soil, an issue that warrants im-
provements [19]. On the other side, the efficiency of the Fenton process
is often limited by the hydrophobic nature of PAHs, which hinders their
transfer from the soil to the liquid phase, reducing their interaction with
the oxidizing species [20]. The use of surfactants increases the solubility
of target contaminants in the aqueous phase, facilitating the mobiliza-
tion of soil-adsorbed particles [21]. Surfactants can be used in washing
processes for the remediation of excavated contaminated surface soils,
as is usually the case of PAHs, or injected (and further extracted) into the
subsurface for subsoil pollution, a process known as surfactant enhanced
aquifer remediation (SEAR) [22]. Thus, direct soil treatment, which
leads to a high unproductive consumption of oxidants, is avoided.

In SEAR and soil washing, the resulting emulsions, containing the
pollutants, must be adequately managed [23,24]. Thus, developing
oxidation treatments that enable the selective removal of PAHs from
these emulsions is critical. In this regard, the Fenton process has been
successfully applied to treat emulsions polluted from soil washing pro-
cesses (p-cresol [25] and PAHs [26]) and SEAR (organochlorine com-
pounds [23]) using non-ionic surfactants. One of the main drawbacks is
that acidic pH is required to keep iron in solution. Unproductive oxidant
consumption due to the unselective surfactant oxidation and conse-
quently, the loss of surfactant should be also considered.

Photo-Fenton treatments have also been proposed for the removal of
organic pollutants from emulsions, although only a few studies have
addressed this topic. Photo-Fenton using UV lamps [27] have been
applied to eliminate total petroleum hydrocarbons, and solar light has
been used to remove dichlorodiphenyltrichloroethane [28]. Both studies
employed non-ionic surfactants and operated under acidic pH condi-
tions. To avoid the acid pH, solar-driven photo-Fenton, employing
chelating agents like oxalate to keep iron in solution at neutral pH, has
been used in aqueous phase [29-35], but there are no studies for
contaminated emulsions.

The anionic surfactant sodium dodecyl sulfate (SDS) is one of the
most used in soil remediation processes [36-38]. SDS is more efficient in
lowering surface tension due to its strong ionic nature and presents
lower adsorption onto soil particles compared to non-ionic surfactants or
biosurfactants [39,40]. These benefits, alongside its wide availability
and lower production costs, make SDS an attractive option for envi-
ronmental applications despite some drawbacks. Additionally, due to its
anionic nature, SDS presents higher stability (than non-ionic and bio-
surfactants) in the presence of oxidants [36,37]. Therefore, treating
polluted emulsions containing SDS as surfactant with Fenton’s reagent is
expected to result in lower unproductive H202 consumption and higher
surfactant recovery. Recycling SDS would enhance the sustainability of
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this anionic surfactant in the process.

To the best of the authors’ knowledge, there is a notable gap in
studies applying Fenton and photo-Fenton processes for degrading SDS
emulsions contaminated with PAHs resulting from soil washing. Thus,
this work aims to investigate the treatment of synthetic PAH-
contaminated emulsions using Fenton and photo-Fenton processes,
focusing on minimizing the doses of reagents (oxidant and catalyst) and
maximizing the surfactant recovery. Anthracene (ANT), a 3-ring PAH,
and benzo[a]pyrene (BaP), a 5-ring PAH, were selected as representa-
tive models of low and high-molecular-weight PAHs, respectively. The
critical process variables studied include H202 and catalyst (Fe?* or Fe-
oxalate) concentrations, which were evaluated regarding PAH degra-
dation, oxidant consumption, and SDS stability (a key aspect for the
sustainability of the process).

2. Material and methods
2.1. Chemicals

The pollutants, anthracene (ANT, C;4H1; 178.23 g mol~1) and benzo
[alpyrene (BaP, CyoHip; 252.31 g mol ™), were sourced from Sigma-
Aldrich. Sodium dodecyl sulfate (SDS, 90 %), also provided by Sigma
Aldrich, was used as a surfactant. Hydrogen peroxide (H202, 35 %) from
Thermo Scientific served as the oxidant. Iron (II) sulfate heptahydrate,
from Thermo Scientific, and sulfuric acid (H2SO4, 98 %), from Sigma
Aldrich, were employed in the Fenton tests. Sodium oxalate mono-
hydrate (99.5 %) and iron (III) sulfate hydrate (97 %), both from Sigma
Aldrich, were used to formulate the ferrioxalate complex, used as cata-
lyst in the photo-Fenton experiments. Titanium (IV) oxysulfate solution,
obtained from Sigma Aldrich, was used to quantify HyO,. Phenanthro-
line, acetic acid, ammonium acetate, and r-ascorbic acid, all from Sigma
Aldrich, were used for total iron determination. Sodium tetraborate,
methylene blue solution, phenolphthalein (Sigma Aldrich), and chlo-
roform (VWR) were used for SDS quantification. HPLC-grade acetoni-
trile (Fisher) and phosphoric acid (Sigma-Aldrich) were used as mobile
phase in HPLC determinations. All stock solutions were prepared using
high-purity water from a Millipore Direct-Q system (resistivity>18 MQ
cm at 25 °C).

2.2. Soil characterization

The uncontaminated soil, taken from an industrial zone, consisted of
clean industrial aggregates easily disaggregated into smaller particles (<
2 mm). The soil received was dry, so the units referring to the mass of
soil expressed on an air-dry basis. The total organic carbon (TOC) of the
soil was determined using a Shimadzu TOC-V analyzer. The concen-
tration of metals was quantified using a microwave plasma atomic
emission spectrometer (4100 MP-AES, Agilent). Following the EPA
3051A guidelines, soil samples were predigested in a microwave
extraction system (Milestone Ethos One) using nitric (70 %) and hy-
drochloric (37 %) acids. The oven conditions were set to increase the
temperature at 32 °C min ! until reaching 175 °C, which was then
maintained for 4.5 min [41]. Soil pH was determined using a Basic 20-
CRISON pH electrode in a soil/water suspension (1:2, mass ratio).

To determine the concentration of PAHs in the soil, the sample was
extracted with methanol (V;/W mass ratio = 2, 180 min US, 40 °C [39])
and analyzed by HPLC.

Finally, the Natural Oxidant Demand (NOD) of the soil for H,O5 was
assessed through a 48-h experiment in which the reference soil was
mixed with 40 g L1 of the oxidant (VL/W mass ratio = 2). The con-
centration of HyO, after this time was determined.

2.3. Soil spiking

The uncontaminated control soil (1000 g) was spiked with a
concentrated solution of ANT and BaP (25 mg L~! of each one) in
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acetone (2000 mL, 1568 g). The mixture was then gently stirred and
blended to ensure homogeneity at room temperature. After 48 h, the
acetone had fully evaporated, and the soil was rinsed with Milli-Q water
to remove any residual solvent. The contaminated soil was then aged for
45 days at room temperature without light. After this period, the con-
centration of PAHs in the soil was quantified as previously described.

2.4. Surfactant soil washing

The spiked soil was washed using different concentrations of SDS:
2500, 3500, 5000, 6500, 7500, 8500, and 10,000 mg Lfl, all of them
above the critical micelle concentration (CMC) of the anionic surfactant
(established at approximately 1800 mg L~ [42]). The surfactant solu-
tion was added to the polluted soil at a V;,/W mass ratio of 2:1 in PTFE
vials and stirred for 24 h, sufficient time to reach equilibrium conditions
[36]. The PTFE vials were then centrifuged at 9000 rpm to separate the
two phases: soil and polluted emulsion. Subsequently, the concentration
of SDS and the solubilized PAHs were measured in the aqueous phase,
and the remaining concentration of pollutants was measured in the soil
phase. The experiments were performed by triplicate.

2.5. Treatment of synthetic polluted emulsions

Once the initial concentration of SDS was selected to wash the soil
(10,000 mg L™, which resulted in an emulsion with a surfactant con-
centration of around 4500 mg L™! and contaminants of around 5 mg L™}
of each), a synthetic emulsion reproducing these conditions was
prepared.

It is important to note that, for practical reasons, synthetic emulsions
were used for oxidation experiments instead of real emulsions obtained
from the soil washing process. The experimental setup required large
volumes of emulsion (up to 2 L per test), which, including replicates and
variable optimization, would demand over 70 L of emulsion and >35 kg
of contaminated soil. Generating this amount of real emulsion under
consistent conditions in a single batch was not feasible. Therefore, a
synthetic emulsion was prepared to closely replicate the composition
obtained from the washing process, ensuring experimental consistency
across all tests.

For that purpose, a surfactant solution with the required SDS con-
centration (4500 mg L_l) and pollutants (5 mg L1 ANT, and 5 mg Lt
BaP) was prepared. The mixture was vigorously agitated for 72 h to
ensure complete pollutant dissolution.

The synthetic emulsion was treated using Fenton and photo-Fenton
processes. Fenton experiments were conducted in batch mode using a
500 mL amber reagent glass bottle to minimize the influence of light
exposure and immersed in a bath for temperature control placed on a
stirrer plate. A solar light simulator with a cylindrical borosilicate glass
flat-plate reactor with external recycling (380 mL, 10 cm length) was
used for solar photo-Fenton experiments. The reactor featured a quartz
window to ensure effective UV-Vis radiation transmission. The light
source was an Oriel 67,005 solar simulator, equipped with an air mass
filter (AM 1.5 G, ASTM E 892 standard) and a liquid attenuation filter
(Water Optical Filter, 1.5 Inch Series) provided by Newport Corp. The
working power was fixed at 240 W and the distance between the light
source and the reactor window (diameter = 7 cm) was 10 cm, giving an
irradiance value of 6.2 W cm™2. This configuration simulates the
average solar radiation in Madrid (40°30' N, 3°40' E, Spain) on a clear
September day, with standard relative humidity conditions (40-60 %).
The spectrum of the simulated solar light irradiated through the reactor
quartz window is shown in the Supplementary material, Fig. SM1. The
synthetic emulsion (2 L), containing contaminants, catalyst and oxidant,
was recirculated (3 L min 1) using a liquid pump (NF 300 KT, Liquiport)
ensuring good mixing conditions. A circulating-thermostatic system
(Temperature controller, PolyScience) maintained a consistent temper-
ature throughout the reaction. More details about the experimental
setup can be found elsewhere [43].
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The oxidation experiments (both in Fenton and photo-Fenton tests)
were conducted by first adding the synthetic emulsion to the reactor,
secondly, the catalyst, and finally, the oxidant. The effect of oxidant
(H304: 60-240 mg L) and catalyst (Fe: 2.5-10 mg L™1) concentration
was studied in both systems. Control experiments were also performed.

The required concentration of HyO» for the mineralization (conver-
sion to carbon dioxide and water) of ANT and BaP was calculated based
on their respective stoichiometric reactions with hydroxyl radicals (Egs.
(3) and (4)), assuming that each mole of hydrogen peroxide yields one
mole of hydroxyl radical (Eq. (1)).

C14Hyp +660H—14 CO, + 38 H,0 3)

CaoHiz + 920H—20 CO, + 52 H,0 4)

The resulting hydrogen peroxide concentrations for 5 mg L™ of ANT
and BaP were 63 and 62 mg L™}, respectively, leading to a combined
value of approximately 120 mg L™1. To evaluate the effect of oxidant
dosage, lower (60 mg L™ and higher (240 mg L) concentrations were
also tested. These concentrations are significantly lower than those used
when the Fenton process was directly applied to directly treat PAHs-
contaminated soils (between 22 and 113 times the stoichiometric
amount of HyO3 [15,16]), significantly softening the reaction conditions
and lowering the costs.

The iron concentrations were chosen based on the maximum limit
permitted by the Spanish government for environmental discharge (10
mg L*I) [44]. Thus, iron concentrations of 10, 5, and 2.5 mg LT were
used within the regulatory limits. In the Fenton tests (pHo = 3), ferrous
iron (Fe*™, previously dissolved in acidified water, HoSO4) was used as a
catalyst, while in the photo-Fenton experiments (pH = 6.5-7), ferric iron
(Fe3+), in the form of a ferrioxalate complex, was employed [45]. This
compound prevents iron precipitation when operating under circum-
neutral pH conditions [29,30]. The ferrioxalate complex is formed from
iron (Fe*) and oxalate (Eq. (5)). An oxalate/iron molar ratio of 10:1
was selected to ensure complete iron solubilization.

Fe** +3C,02 2 [Fe(C,04), | ©)

Under solar light irradiation, Fe3* (from the ferrioxalate complex) is
reduced to Fe?t (Eq. (6)), facilitating the catalytic decomposition of
hydrogen peroxide to generate hydroxyl radicals (Egs. (1)-(2)).

[Fe(C,04),]° 2 Fe** 1+2C,02 + G0, (6)

The operation conditions for these experiments are summarized in
Table 1. To study the effect of hydrogen peroxide concentration in both
Fenton and solar photo-Fenton processes, maintaining the other vari-
ables constant, the intermediate Fe concentration (5 mg L~1) was used as
a constant. On its side, when assessing the effect of iron concentration,
120 mg L' of Hy0, was used. Based on previous works, the experi-
mental time was set to 360 min. The pH was continuously monitored
throughout the experiment. To track the progress of the reaction, 5 mL
aliquots were collected at various reaction times (0, 30, 60, 120, 180,
240, 300, and 360 min) using a syringe. After performing the necessary
dilutions, the samples were analyzed using different instruments to
monitor the temporal evolution of the contaminants, hydrogen peroxide
and Fe concentration. Moreover, the stability of the surfactant (and its
possible reuse) was evaluated at the end of the reaction time through
SDS and TOC concentration measurements.

The surfactant activity of SDS depends on both the sulfonate groups
and the alkyl chain, making the integrity of both critical to maintaining
its functionality. Thus, the surfactant capacity was indirectly measured
by quantifying sulfate and sulfonate groups (SDS concentration) and the
integrity of the alkyl chain (the hydrophobic portion of the surfactant,
through total organic carbon (TOC) analysis). Moreover, the surfactant
capacity of selected treated emulsions (120 mg L ™! of HyO5 and 5mg L™}
of Fe) was assessed by measuring the superficial tension and the critical
micelle concentration (CMC) and compared to the initial emulsion.
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Table 1
Experimental conditions for treating synthetic emulsions (4500 mg L~! of SDS
and 5 mg L~! of BaP and ANT).

Exp. Test Light pHo Iron source [Felo [H20310
(E) source (mg (mg L’l)
LY
1 Control - 6.5-7 - 0 0
2 Control - 6.5-7 - 0 120
3 Control - 3 FeSO4 5 0
4 Fenton - 3 FeSO4 5 60
5 5 120
6 5 240
7 Fenton - 3 FeSO4 2.5 120
5 5 120
8 10 120
9 Control — 6.5-7 [Fe 5 0
(C209)31%"
10 Control - [Fe 5 120
(C204)31%~
11 Control Solar - 0 0
lamp
12 Control Solar - 0 120
lamp
13 Photo- Solar 6.5-7 [Fe 5 60
14 Fenton lamp (C2049)31%~ 5 120
15 5 240
16 Photo- Solar 6.5-7 [Fe 2.5 120
14 Fenton lamp (C2049)31%~ 5 120
17 10 120

All experiments were carried out at room temperature in triplicate.

2.6. Analytical methods

The concentration of PAHs (in the organic phase obtained from soil
extraction and in the emulsions, both real and synthetic) was deter-
mined by HPLC equipped with an Agilent 1100 series-coupled DAD
detector and a Poroshell 120 EC-C18 2.7 pm (3.0 x 150 mm) column, at
40 °C. The mobile phase (0.5 mL min 1) consisted of acetonitrile (HPLC-
grade) and 0.1 % phosphoric acid (60:40 %, v:v). An injection volume of
20 pL was employed. A 250 nm and 300 nm wavelength were used for
ANT and BaP determination, respectively.

The total organic carbon (of soil and real and synthetic emulsions)
was determined using a Shimadzu TOC-V analyzer with an infrared
detector. Total carbon (TC) was measured through oxidative combustion
at 714 °C. Inorganic carbon (IC) was determined at 200 °C after adding
phosphoric acid (35 %) to the soil sample.

The concentration of Hz02 (in the synthetic emulsions and in the
NOD determination) was quantified by measuring the concentration of
the complex formed between H;05 and Ti‘”, using titanium (IV) oxy-
sulfate solution. The concentration of this complex was then analyzed
spectrophotometrically at 410 nm [46]. Total iron concentration in the
synthetic emulsions was measured following ISO 6332 guidelines. This
colorimetric method involves adding 1 mL of 1,10-phenanthroline, 1 mL
of aceticacid (7.32 g L_l), and ammonium acetate (250 g L Y to4 mLof
the sample. The resulting solution was analyzed spectrophotometrically
at 510 nm to quantify ferrous iron (Fe®"). Ferric iron (Fe3*) was sub-
sequently determined at 510 nm by adding r-ascorbic acid [47]. Total
iron is the sum of ferrous and ferric iron concentration.

The concentration of oxalate (from ferrioxalate complex) in the
emulsions corresponding to photo-Fenton experiments was determined
by ion chromatography (IC). Ions were measured using a Metrohm 930
Compact IC Flex connected to a conductivity detector and a Metrosep A
Supp 5250/4.0 column. The mobile phase (0.7 mL min ') consisted of
NayCOs3 (3.2 mM) and NaHCOj3 (1 mM). The injection volume was 20 pL.
Conductivity and pH were measured using a HI991301 pH/EC/TDS
Meter supplied by Hanna.

SDS concentration was determined by a spectrophotometric method
based on forming an ionic pair between the anionic surfactant and
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methylene blue [48]. A buffer was prepared with 10 mM sodium tet-
raborate (NagB407 -10H205). First, 200 pL of the buffer was added to 5
mL of the SDS-containing sample. Then, 30 pL of methylene blue solu-
tion (0-2.5 mg L™1) and 50 pL of phenolphthalein were added to the
buffer-SDS complex. After mixing for 5 min, the anionic surfac-
tant—cationic dye complex was extracted with chloroform (4 mL), and
the extract was measured at 650 nm (Spectroquant® Prove 300 UV/VIS
Spectrophotometer, Merck Millipore). The surface tension and the crit-
ical micelle concentration (CMC) of the synthetic emulsions (before and
after oxidation treatments) was determined using a Force Tensiometer
(Tensiio KRUSS WO004779). The CMC is automatically determined
through a series of surface tension measurements at varying surfactant
concentrations. The equipment performs successive dilutions of the
sample and records the corresponding surface tension values. As the
surfactant concentration increases, the surface tension decreases until it
reaches a plateau (this point indicates the onset of micelle formation).
The CMC is identified as the concentration at which further increases in
surfactant no longer result in significant changes in surface tension. The
CMC is calculated from the inflection point in the surface tension vs.
concentration curve.

3. Results and discussion
3.1. Soil characterization

The uncontaminated soil was primarily composed of fine silts and
clays. The soil exhibited a near-neutral pH, an inorganic carbon content
(bicarbonate) of 189.36 + 3.89 g kg™ and an organic carbon content of
17.87 & 1.21 g kg™, likely associated with the presence of humic acid-
type compounds [41]. The concentration of metals in the soil is sum-
marized in Table SM1, with calcium and copper being the most preva-
lent. Residual amounts of silicon, magnesium, and potassium were also
detected.

The calculated NOD of the soil exceeded 120 g of HyO4 per kg of soil,
primarily due to the high carbonate content of the soil [41]. This sub-
stantial unproductive consumption of HoO, indicates that the direct use
of this oxidant is unsuitable for remediating soils with these character-
istics, underscoring the need first to wash the soil to extract pollutants
and subsequently treat the soil washing solution.

After the soil spiking and ageing processes, the concentration of
contaminants determined in the soil was 35.12 + 3.15 mg kg ™! of ANT
and 14.64 + 1.20 mg kg~! of BaP. The other soil characteristics (con-
centration of metals, TOC, IC, pH and NOD) remained unchanged (data
here not shown).

3.2. Surfactant soil washing

As stated, soil washing processes were conducted using initial SDS
concentrations of 2500, 3500, 5000, 6500, 7500, 8500, and 10,000 mg
L1 The concentration of SDS in the soil washing solutions after the
washing process (24 h) was determined by the spectrophotometric
method. Based on the initial and final SDS concentrations and consid-
ering the mass-based aqueous phase/soil ratio used (2:1), the amount of
SDS adsorbed onto the soil was determined. This value, denoted as g,
expressed in grams of SDS adsorbed per kilogram of soil.

The results of q plotted against the concentration of SDS in the real
emulsions (SDSemuision), resulting from the soil washing process, are
shown in Fig. la (adsorption isotherm of SDS in soil). The residual
concentration of PAHs in the soil and dissolved in the washing emulsions
were measured with the mass balance of pollutants achieved (>90 %)
for all SDS concentrations. The partition coefficients (Kg, L kg™1), rep-
resenting the ratio between the concentration of each PAH in the soil
(PAH; soi1, mg kgfl) and the aqueous phase (PAH;,q, mg LY at equi-
librium conditions (24 h), were calculated using Eq. (7). The depen-
dence of the partition coefficients for ANT and BaP on the SDS
concentration is shown in Fig. 1b.
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Fig. 1. a) Adsorption isotherm of SDS in the contaminated soil and, b) K; of ANT and BaP after soil washing with SDS (Vi./W mass ratio = 2, 24 h) (mean values +

standard deviations).
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Soil washing led to the adsorption of some surfactant [49], with a
non-linear partition of SDS between soil and liquid phases (Fig. 1a),
reaching asymptotic values, as usually reported in the literature for
anionic surfactants [50]. SDS adsorption increased from 4.10 to 11.60 g
kg™! of soil as the initial SDS concentration rose from 2500 to 10,000
mg L1 (final SDS in the aqueous phase from 500 to 4500 mg L1,
respectively). Soil physicochemical and mineralogical properties influ-
ence surfactant adsorption [51], particularly the kaolinite content [51].
A wide range of results has been published regarding SDS adsorption on
soils (1.8 g kg~! when initial SDS was 5000 mg L1 [36] to 11 g kg™,
when initial SDS was 10,000 mg L1 [50]). From these studies it can be
concluded that the type and concentration of contaminants also affect
the SDS adsorption [50]. Although a fraction of the SDS remains
adsorbed onto the soil, this effect is considered manageable, especially
in the context of industrial soil remediation, where the treated soil un-
dergoes a clear improvement and can be rinsed prior to being returned
to the site.

Despite the partial loss of surfactant due to adsorption, surfactants
play a crucial role in the remediation of PAH-contaminated soils, as they
significantly enhance the solubility of PAHs, which are otherwise poorly
soluble in water (e.g., ANT and BaP solubility = 0.044 mg L1 [52] and
BaP = 0.0038 mg L~! [53]). Without surfactants, a partition coefficient
higher than 1300 L kg~! was obtained for the two pollutants (data not
included in Fig. 1b), which would excessively increase the reaction
volume to be treated and therefore, slow down soil remediation process.

As shown in Fig. 1b, adding SDS significantly increased PAHs solu-
bilization, reducing the K4 of the two pollutants and enhancing
contaminant removal. When the concentration of SDS in the soil
washing emulsion exceeded 4000 mg L™} (initial SDS concentration of
10,000 mg L), the PAH partition coefficient remained constant, with
the value for ANT (5.05 L kg™!) being five times higher than that for BaP
(1.03 mg L™H).

The concentration of iron in the soil washing emulsion, determined
by colorimetry, was negligible. This is particularly relevant since iron
plays a crucial role as a catalyst in the Fenton-type processes intended
for treating these emulsions.

Considering the SDS partitioning between soil and aqueous phase
(Fig. 1a) and the increase in PAHs solubility with SDS concentration in
the soil washing emulsion at the tested V;,/W mass ratio used (Fig. 1b),
an initial concentration of SDS of 10,000 mg L™! was selected.

Following this experiment, a real emulsion with a SDS concentration

of 4341.72 mg L.}, above the CMC of this surfactant, and 6.15 mg L~ of
ANT and 4.31 mg L™! of BaP was obtained. At these conditions (V./W
mass ratio = 2, 24 h), the remaining concentration of pollutants in the
soil was 19.05 and 5.38 mg kg ™! of ANT and BaP, respectively. In the
tested conditions (Vi/W = 2 mL g’l, 24 h). Thus, 51 % of total PAHs
were extracted in the soil washing process, suggesting that successive
cycles would be needed its complete remediation [28,36]. The adsorp-
tion of SDS is expected to decrease with subsequent soil washing cycles,
which would lower the amount of surfactant needed [36].

3.3. Treatment of synthetic emulsions

Based on the K4 values obtained from the soil washing experiments, a
synthetic polluted emulsion containing 4500 mg L~ of SDS, 5 mg L ™! of
ANT, and 5 mg L™ of BaP was prepared.

3.3.1. Fenton process: effect of oxidant and catalyst dosage

Control experiments were conducted to assess the stability of the
pollutants in synthetic emulsion. Three scenarios were tested: emulsion
without any reagents (E1), with the oxidant (H20,, E2), and with the
catalyst (Fe, E3). The reaction mixture was gently agitated, and the
concentration of PAHs was monitored over 6 h. The normalized con-
centration of ANT and BaP at the end of the experiments are presented in
Fig. 2.

The concentration of PAHs in the emulsion remained stable (E1),
ruling out the possibility of PAHs volatilization at room temperature.
Similarly, no significant change in the concentration of PAHs was
detected when iron was added to the emulsion (E3). The addition of
H20; led to a slight decrease in the concentration of ANT and BaP (<10
%), likely due to the oxidation potential of HO9 (E° = 0.87 V)
[15,54,55]. The minimal degradation of contaminants under these
conditions highlights the need to activate the oxidant to generate more
reactive species, such as hydroxyl radicals (E® = 2.87 V) [12], generated
in the Fenton process. The effectiveness of this process on PAHs degra-
dation was assessed using different doses of hydrogen peroxide (E4, E5
and E6), maintaining a constant concentration of catalyst (5 mg L™* of
Fe) and catalyst (E7, E5 and E8), with a constant concentration of HoO5
(120 mg L~1). The conversion of ANT and BaP (XanT and Xgap, respec-
tively), calculated with Eq. (8), over reaction time at different concen-
trations of HyO5 are plotted in Fig. 3a and b, respectively.

C.i.O - Ci,t

X=
Ci,O

®

The pollutants were progressively degraded over time using lower



K. Ayedi et al.

PAHs / PAHs,

Emulsion
+ Fe

Emulsion
+ H,0,

Emulsion

Fig. 2. Normalized concentration of PAHs in the synthetic emulsions (4500 mg
L ! of SDS, 5 mg L ! of ANT and 5 mg L ™! of BaP) without reagents (E1), in the
presence of HyO, (120 mg L1, E2), and Fe (5 mg L™}, E3) (mean values +
standard deviations).

oxidant concentrations than those reported in literature for the direct
application of Fenton’s reagent on soil or non-ionic surfactant
[15,16,26]. Results in Fig. 3a and b show a rapid conversion of PAHs
during the first 60 min, followed by a slower degradation rate. This
behavior could be due to hydroxyl radicals competing to oxidize inter-
mediate organic compounds and the parent compounds (ANT and BaP)
[32] from this time. In general, increasing the oxidant dosage acceler-
ates PAH degradation due to enhanced generation of hydroxyl radicals.
However, this relationship is not linear indefinitely, as excessively high
concentrations of H202 can have counterproductive effects. Specifically,
with Hy02 concentrations of 60, 120, and 240 mg L’l, complete
degradation of BaP was achieved after 120, 180, and 240 min, respec-
tively (Fig. 3b). Additionally, complete degradation of ANT was ach-
ieved in 120 min at the highest oxidant dose (Fig. 3a). The generation of
hydroxyl radicals increases as the concentration of HoO (Egs. (1)-(2))
increases, resulting in higher hydroxyl radicals production and faster
pollutant degradation. Nevertheless, excess hydrogen peroxide can also
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act as a scavenger of hydroxyl radicals (¢OH), reacting to form hydro-
peroxyl radicals (¢OOH), with a significantly lower oxidation potential
(E® = 1.70 V). This side reaction reduces the concentration of reactive
radicals available for pollutant oxidation. Additionally, high concen-
trations of H202 can react with Fe?*, producing Fe*" without generating
additional eOH, thereby reducing the overall catalytic efficiency of the
Fenton system. These competing reactions highlight the importance of
optimizing the H-02 dosage to maximize degradation while minimizing
scavenging effects.

The effect of catalyst concentrations on PAHs removal was evaluated
using 120 mg L™} of Hy05. The degradation of PAHs with 2.5, 5, and 10
mg L~! of Fe is shown in Fig. 4. Increasing iron concentration enhanced
the degradation of contaminants. BaP degradation occurred faster than
ANT across all tested iron concentrations. Specifically, the complete
degradation of BaP and ANT was achieved after 120 and 300 min,
respectively, with 10 mg L™! of Fe. Similar trends were observed for
lower catalyst dosages (5 and 2.5 mg L™} of Fe). Using the maximum
concentration of catalyst tested (10 mg L™" of Fe), complete degradation
of BaP required approximately 180 min (Fig. 4a), and over 80 % of ANT
was removed after 360 min (Fig. 4b). The presence of iron facilitated the
catalytic cycle of HyO2 decomposition generating hydroxyl radicals
(Egs. (1)-(2)), which oxidize the organic contaminants during the Fen-
ton reaction [56,57]. Therefore, higher iron concentrations may in-
crease hydroxyl radical production and enhance the rate of PAH
removal.

Regarding reagents consumption, oxidant, catalyst, and pH evolu-
tion were monitored during reactions (data not shown). Regardless the
initial oxidant concentration (60, 120 and 240 mg L’l), H50, con-
sumption remained below 30 % at 6 h under all tested conditions (E4-
E8). It is worth noting that this consumption is primarily attributable to
the PAHs, as confirmed by an additional control experiment conducted
in the absence of PAHs (4500 mg L' SDS, 120 mg L™ 'Hz02, and 5 mg
L! Fe, not included in the figures or experimental summary table). In
this test, H202 consumption after 6 h of reaction was only 3.7 %, con-
firming that SDS contributes minimally to oxidant depletion under the
conditions evaluated. The pH remained around 3 throughout the 6-h
experiment, preventing iron precipitation. Thus, the dissolved iron
concentration (ferric + ferrous iron) showed no significant change.

3.3.2. Solar photo-Fenton process: effect of oxidant and catalyst dosage
The treatment of PAHs-contaminated emulsions using the photo-
Fenton process at neutral pH was evaluated to address the challenges
associated with the acidic pH required in the Fenton process. As previ-
ously stated, a ferrioxalate complex was used for preventing iron

A —
0.3 (®) 60 mg L' H,0,
02 (m) 120 mg L' H,0,
’ (A)240 mg L' H,0,
> (b)
0 . 1 1 1
0 100 200 300 400

Time (min)

Fig. 3. Influence of H,0, concentration on the degradation of PAHs in the emulsion by Fenton process (E4-E6) (4500 mg L™ of SDS, 5 mg L ™! of ANT, 5 mg L ™! of

BaP and 5 mg L™} of Fe, pH = 3, mean values + standard deviations).
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Fig. 4. Influence of iron concentration on the degradation of PAHs in the emulsion in the Fenton process (E5, E7, E8) (4500 mg L™! of SDS, 5 mg L™! of ANT, 5 mg
L' of BaP and 120 mg L' of Hy0,, pH = 3, mean values + standard deviations).

precipitation at circumneutral pH [29,30]. For this reason, solar photo-
Fenton experiments at acidic pH were not considered, as the main
advantage of this system lies precisely in enabling photo-Fenton re-
actions under near-neutral conditions, thus avoiding the limitations
associated with acidic operation.

First, a series of control experiments were conducted to assess the
chemical stability of the PAHs under different conditions: in the pres-
ence of the ferrioxalate complex (E9), with both ferrioxalate and HyO4
(E10) and under solar light irradiation (E11) and in the presence of the
ferrioxalate complex and solar light irradiation (E12). The remaining
concentrations of PAHs after the 6 h of treatment are shown in Fig. SM2.
In the absence of light, the ferrioxalate complex had a negligible effect
on PAHs degradation (E9). Similarly, when H02 and the ferrioxalate
complex were present (E10), minimal degradation of ANT and BaP (<10
%) was achieved at neutral pH (Fig. SM2). Under these conditions, the
ferrioxalate complex does not generate Fe?", thereby minimizing the
catalytic decomposition of HoO5 to hydroxyl radicals at circumneutral
pH. The slight PAHs degradation observed may be attributed to the
oxidation potential of HoO5, which has been shown to degrade PAHs to a
certain extent [15,54,55], as previously observed in control test E2.

Organic pollutants can also be degraded through direct light irradi-
ation within a spectrum range [58,59]. The potential of simulated solar
light irradiation to degrade the target PAHs was evaluated in E11. First,
the absorption spectra of ANT and BAP were determined. Both com-
pounds exhibit a broad absorption spectrum, primarily in the UV range
from 190 to 450 nm (Fig. SM3). As the solar simulator reactor emits from
350 nm (Fig. SM1), these compounds could be partially degraded under
solar light irradiation. Specifically, about 15 % of the total radiation
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from the solar simulator falls within the 350 to 450 nm range. The
evolution of PAHs concentration during photolysis with simulated solar
radiation (E11) revealed a slight decrease, with ANT and BaP concen-
trations reduced by approximately 12 and 22 % after 6 h, respectively
(Fig. SM2). This modest degradation highlights the convenience of
combining solar radiation with other technologies such as the Fenton
process. Finally, the combination of simulated solar radiation and
hydrogen peroxide did not significantly enhance the degradation of the
contaminants (E12: 15 % and 23 % for ANT and BaP, respectively, after
6 h of reaction) compared to solar radiation alone (E11: 12 % and 22 %)
or hydrogen peroxide alone (E2: 8 % and 10 %). These results confirm
that the presence of iron is essential to activate the decomposition of
hydrogen peroxide into hydroxyl radicals.

The key operating variables in the solar photo-Fenton oxidation
treatment (oxidant and iron dosages) were evaluated. The conversion of
ANT and BaP at initial H,O, concentrations from 60 to 240 mg L~ are
presented in Fig. 5a and b, respectively.

A clear positive effect of the solar photo-Fenton process compared to
direct photolysis (E11) was observed, with final PAHs degradations
increasing by approximately 30 %. A slight increase in the degradation
rate of the pollutants was noted as the oxidant concentration increased.
ANT degradation ranged from 28 to 39 % (Fig. 5a) and BaP from 51 to
59 % (Fig. 5b) when using H,0, concentrations from 60 to 240 mg L1,
These results also confirm the preferential degradation of BaP over ANT
during the simulated solar photo-Fenton process at neutral pH.

The limited improvement in PAHs degradation with increased
oxidant dosage could be attributed to an unproductive reaction among
oxidants and radicals when the oxidant concentration increases [30].

(e) 60 mg L' H,0,
(m) 120 mg L' H,0,
| (A)240 mg L' H,0,

09

200

300 400

Time (min)

Fig. 5. Influence of H,0, concentration on the degradation of PAHs in the solar photo-Fenton process (E13-E15) (4500 mg L ™! of SDS, 5 mg L ™! of ANT, 5 mg L ™! of

BaP and 5 mg L™ of Fe, pH = 7, mean values + standard deviations).
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The effect of catalyst concentration was evaluated, maintaining the
concentration of the oxidant. PAHs conversions with time obtained with
Fe concentrations (in the form of ferrioxalate complex) ranging from 2.5
to 10 mg L™ are shown in Fig. 6.

The results demonstrated an increase in ANT degradation from 30 to
69 % over 6 h when the iron dosage was raised from 2.5 to 10 mg L™*
(Fig. 6a). Similarly, BaP degradation improved significantly, from 64 to
86 %, with the same increase in catalyst dosage (Fig. 6b). These findings
suggest that PAHs degradation in the photo-Fenton process is more
influenced by catalyst than by initial oxidant concentration [30]. This
effect is likely due to the higher production of Fe?* in the solution,
leading to an increased generation of hydroxyl radicals. Therefore, it
would be beneficial to use higher catalyst concentrations or extend the
reaction time to enhance PAH degradation.

Regarding reagent consumption, the evolution of HyOs, Fe?", and
oxalate concentration was monitored during the solar photo-Fenton
tests (data not shown). The oxidant consumption (H202) was below
25 % under all tested conditions (E13-E-17), slightly lower than the
corresponding Fenton tests. Consistent with the observations in the
Fenton process, the low hydrogen peroxide consumption was attributed
to the presence of PAHs rather than to SDS. Additionally, there was a
negligible variation in total iron concentration, as the oxalate concen-
tration at the final reaction time (above >75 % of the initial oxalate) was
sufficient to sustain the formation of the ferrioxalate complex (Eq. (5)).
Finally, a neutral pH between 6 and 7 was maintained through the 6-h
experiments, which is a great advantage from the point of view of the
application of the process.

3.3.3. Comparison of Fenton and solar photo-Fenton processes

The data obtained from the removal of PAHs during the Fenton and
simulated solar photo-Fenton processes were fitted to a pseudo-first-
order kinetic model (Eq. (9)), and the corresponding apparent pseudo-
first-order rate constants and correlation coefficients are summarized
in Table SM2. This approach is justified by the relatively small variations
in the concentrations of both the oxidant and the catalyst throughout the
reaction time (<30 % and 10 %, respectively), allowing their effects to
be incorporated into the apparent rate constant.

Ln(Co/C;) = kgpp't ()
where, Cy represents the initial concentration of PAHs (5 mg LY, Ciis
the PAHs concentration (mg L™}) at a given time, Kapp is the apparent
pseudo-first-order rate constant (h’l), and t is the reaction time (h).
As expected, the apparent pseudo-first-order rate constants for PAHs
degradation increased with higher concentrations of both oxidant and
catalyst in both technologies. The fit to a first-order reaction was less
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accurate when using data from Fenton’s process (pH 3) than simulated
solar photo-Fenton. In the last one, changes in catalyst concentration
had a greater influence on the variation of the pseudo-first-order rate
constants than the hydrogen peroxide dosage. BaP exhibited higher
pseudo-first-order rate constants than ANT under all operating condi-
tions, despite its more complex structure (5 rings) compared to
anthracene (3 rings).

Finally, the Fenton process demonstrated approximately twice the
degradation kinetics compared to the solar photo-Fenton process, con-
firming that the first one may offer a faster alternative for PAHs
degradation but with drawback of acidic pH.

The total PAHs degradation achieved (%) by the end of the experi-
mental time for both technologies is summarized in Fig. 7. As shown,
BaP is completely degraded by the Fenton process under all conditions
tested. In the case of ANT, 120 mg L7! of HyOy and > 5 mg L1 of Fe
were necessary.

Under equivalent conditions, the simulated solar photo-Fenton pro-
cess showed more moderate results, with ANT removal ranging from 35
to 70 % and BaP from 60 to 85 % across the different operating condi-
tions studied.

Overall, the Fenton process consistently achieved higher final
degradation rates for both ANT and BaP compared to the simulated solar
photo-Fenton process under all tested conditions.

Notably, in both technologies, the degradation of BaP is faster than
ANT at the different oxidant and catalyst dosages. Previous studies have
suggested that the characteristics of PAHs influence degradation effi-
ciencies in Fenton oxidation. Generally, low molecular weight PAHs
(2-3 rings) like ANT are considered less recalcitrant and easier to
degrade than high molecular weight PAHs (4-6 rings) like BaP [10,60].
This typical pattern contrasts with the results observed in the present
study. However, other studies using different technologies, such as
activated persulfate, has reported the opposite behavior, a higher
degradation rate associated with an increased number of rings [61].
Furthermore, BaP has been reported to have a higher affinity for hy-
droxyl radical oxidation than other PAHs with a similar or even lower
number of rings, possibly due to BaP’s higher ionization potential
[62-64]. In this context, the degradation kinetics of PAHs seem to be
primarily influenced by both the molecular structure and the technology
employed for their degradation.

Although no statistical tests were applied to compare degradation
efficiencies between PAHs or between oxidation processes, future
studies involving real samples will address this through formal statistical
analysis.
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Fig. 6. Influence of iron concentration on the degradation of PAHs in the solar photo-Fenton process (E16, E14, E17) (4500 mg L™ of SDS, 5 mg L™! of ANT, 5 mg
L~! of BaP and 120 mg L1 of Hy0,, pH = 7, mean values + standard deviations).
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Fig. 7. PAHs degradation at 6 h by Fenton and solar photo-Fenton at different oxidant (a) and catalyst (b) doses. ANT: orange bars; BaP: blue bars. Fenton: stripped
bars; solar photo-Fenton: full bars. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.3.4. Surfactant stability and reuse of treated emulsions

The hydroxyl radicals generated during Fenton and simulated solar
photo-Fenton processes are not selective and they can lead to the
degradation of both the target contaminants and the surfactants present
in the emulsion [26,65]. Recovering surfactants from emulsions treated
with oxidation processes is crucial both economically and environ-
mentally. Surfactants are used in large concentrations to enhance the
solubility of hydrophobic contaminants, and their recovery can signifi-
cantly reduce operational costs by enabling their reuse in subsequent
treatment cycles.

As stated, the concentration of SDS in the emulsion was indirectly
measured by quantifying sulfate and sulfonate groups (the anionic part
of SDS), while the integrity of the alkyl chain was assessed through total
organic carbon (TOC) analysis. The results obtained at the end of the
reaction time for the sulfonate groups (SDS) and TOC under different
conditions for the Fenton and solar photo-Fenton processes are shown in
Fig. 8.

The sulfonate groups of SDS remained almost intact after the
oxidation processes under all conditions tested, indicating that the
anionic part, essential for its surfactant function, is resistant to the
oxidative environment. In the same line, TOC depletion was minimal.
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L
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Only at the highest concentration of hydrogen peroxide (240 mg L™! of
H:0:) a slight decrease was observed in SDS concentration (4 % for both
processes) and TOC (11 % for Fenton and 9 % for solar photo-Fenton).
This slight decrease can be attributed to the higher concentration of
hydroxyl radicals generated with increased oxidant dosage. Despite this,
the mineralization of the SDS emulsion was negligible, suggesting that
the alkyl chain remained largely intact, and the surfactant’s overall
integrity was preserved after both Fenton and photo-Fenton treatments.
Although some oxidation of the alkyl chain might have occurred, low
levels of surfactant mineralization are achieved.

The surface tension and critical micelle concentration of the treated
emulsions under medium conditions (120 mg L™ of HyOy and 5 mg L™}
of Fe) were compared to those of the initial emulsion (prior to the
oxidation treatments). This comparison aimed to evaluate whether the
surfactant’s ability to form micelles remained unchanged, indicating the
preservation of its functional integrity after treatments. The surface
tension of the treated emulsions remained like that of the initial solution
(~31.8 + 2.1 mN m’l), and the CMC values obtained after the Fenton
and photo-Fenton processes showed <10 % variation compared to the
initial emulsion (1925 + 126 mg L™!). These results confirm the high
stability of SDS’s surfactant properties following the oxidation

Solar photo-Fenton (b)

0 20 40 60 80 100
%

Fig. 8. Surfactant capacity of the emulsion (SDS and TOC) after the (a) Fenton and (b) solar-Fenton processes at different oxidant and catalyst doses. Surface tension

and CMC values remain unchanged after oxidation treatments.
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treatments. Therefore, the treated emulsions could be reused in subse-
quent soil washing cycles. In this regard, the presence of H20: in the
emulsions would not pose a problem due to the low content and quick
decomposition upon contact with soil. For Fenton treatment, acidifying
the emulsion after the soil washing step may be necessary due to the
high carbonate content of the soil. Summarizing, both technologies
showed promising results in terms of sustainability, allowing the treated
emulsion to be reused for solubilizing PAHs in successive processes.

4. Conclusions

This study demonstrates that Fenton and simulated solar photo-
Fenton processes effective removes PAHs from aqueous emulsions
generated in soil-washing processes, achieving up to 100 and 70 %
degradation of BaP and ANT, respectively, in optimized conditions. The
Fenton process, operating at pH 3, ensured complete removal of PAHs at
H,0, concentrations of 120-240 mg L™! and Fe dosages of 5-10 mg L™},
whereas the solar photo-Fenton process, operating at circumneutral pH
and using a ferrioxalate complex to maintain iron in solution, achieved
BaP and ANT removal efficiencies of 60-85 % and 35-70 %, respec-
tively, depending on the catalyst dosage.

A key finding is the selective oxidation of PAHs while preserving the
integrity of SDS, enabling its potential recovery and reuse. The CMC of
the treated emulsions remained at values like the untreated emulsion,
confirming that surfactant properties were largely retained. These
findings demonstrated that photo-assisted AOPs can be applied for the
remediation of PAHs aqueous emulsions, offering a sustainable alter-
native for treating industrial wastewater and soil-washing effluents.
Further optimization, particularly in solar-driven applications, could
enhance degradation efficiencies and improve scalability for real-world
water treatment scenarios.
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