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Potential ecotoxicity of the solar chlor-photo-Fenton (SCPF) process as a novel approach for wastewater recla-
mation has been investigated in relation to reuse for crop irrigation. Several secondary effluents from wastewater

- treatment plants across different geolocations were treated by applying the process with low reagent concen-
E?g:g;tﬁ;uon trations of 0.1 mM of ferric nitrilotriacetate (Fe3+—NTA), 0.73 mM of hydrogen peroxide, at different chlorine
AOPs doses ranging from 0.13 to 0.40 mM. Chlorination, using comparable chlorine concentrations, and the solar
photo-Fenton process were evaluated in parallel to compare with SCPF. A UVB-LED system was also used to
perform the SCPF treatment, demonstrating its adaptability to both solar and artificial light-driven applications.
Potential environmental toxicity was assessed using a battery of bioassays, including bacterial toxicity and
genotoxicity, phytotoxicity in algae and plants, and toxicity toward mixed microbial communities (micro-
respirometry). Water treated with SCPF exhibited minimal bacterial and algal toxicity (<13 %), low phytotox-
icity as assessed by plant germination (35 % at high chlorine concentration) and shoot/root elongation (22 % and
-30 %), low toxicity toward mixed microbial communities (<30 %), and low apparent levels of genotoxicity. In
comparison, chlorination yielded higher ecotoxic responses across the bioassays, suggesting that SCPF may
mitigate these adverse effects. Although Fe>*-NTA dissolution showed toxicity its ecotoxic impact was markedly
reduced at the operational concentration of 0.1 mM used in SCPF. These results indicate that chlor-photo-Fenton
can produce treated water with low apparent ecotoxicity, supporting its potential as an environmentally friendly
and scalable solution for wastewater treatment and reuse.

1. Introduction

The increasing need for alternative water sources to address water
scarcity highlights the importance of wastewater reclamation, particu-
larly in the Mediterranean region of Europe. To meet this demand, it is
essential to adhere to applicable policies, including the EU Regulation
on water reuse (2020/741) and the Urban Wastewater Treatment
Directive (2024/3019) (EU 2020/741, 25 May; EU, 2024/3019, 27
November), which both impose strict requirements regarding disinfec-
tion and outline the management of microcontaminants. As a result,
there is a need to investigate treatment technologies that can satisfy
these obligations by effectively removing microcontaminants, while also
minimizing the formation of disinfection by-products (DBPs). To address
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these stringent requirements, some researchers have focused on
advanced oxidation processes (AOPs), in particular the solar
photo-Fenton process, which has been identified as one of the most
effective. Research on this oxidative process has progressed signifi-
cantly, with studies reaching demonstration scale (Gualda-Alonso et al.,
2022; Rizzo, 2022). Chelating agents such as ethylenediamine-N,
N-disuccinic acid (EDDS), ethylenediaminetetraacetic acid (EDTA),
and nitrilotriacetic acid (NTA) have been proposed as potential candi-
dates for such application (Ahile et al., 2021; De Luca et al., 2014).
However, NTA has emerged as the preferred choice due to practical and
environmental considerations. EDDS is significantly more expensive
than the other agents, while EDTA raises concerns due to its potential
toxicity, contribution to eutrophication in aquatic systems, and
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environmental persistence stemming from its recalcitrant and poorly
biodegradable nature (De Luca et al., 2014; Prete et al., 2021). Impor-
tantly, the evaluation of toxicity associated with iron chelates is critical
when selecting agents for environmental applications. In this regard, the
solar photo-Fenton process, mediated by the ferric nitrilotriacetate
complex (Fe>"-NTA), has demonstrated high efficiency as an AOP.
Nevertheless, there is still a need to enhance disinfection efficiency, as
long treatment duration poses bottlenecks for industrial-scale adoption.
Scaling up the process is technically challenging due to prolonged re-
action times, which reduce treatment capacity and conflict with the
rapid throughput required for industrial/municipal wastewater systems
(thousands of liters/hours), compared to mature technologies like
ozonation or UV disinfection. Hence, an upgraded enhanced version
based on the combination of solar photo-Fenton and chlorination, called
solar chlor-photo-Fenton (SCPF), was introduced, successfully achieving
its targets (Belachqer-El Attar et al., 2022), and subsequently registered
as an utility model (N° 1,310,873) (Sanchez Pérez et al., 2024).

SCPF involves the concurrent use of hydrogen peroxide (H202) and
sodium hypochlorite (NaOCl), as oxidants, with Fe3*-NTA serving as the
iron source (Fig. 1). Briefly, Fe®T-NTA, in the presence of HyO5, forms
Fe?"-NTA and superoxide radicals (03) (Reaction 1). Fe?*-NTA then
reacts with HyO5 (Fenton reaction, Reaction 2) to regenerate hydroxyl
radicals (HO®). Under sunlight, Fe3*.NTA is photoactivated (Reaction 3)
resulting in a fraction that photoreduces to Fe?*, producing HO® (Re-
action 4), while the other fraction returns to its initial state, releasing
heat (Q) (Reaction 5). The photo-reduced iron may remain as Fe?T-NTA
before yielding Fe?* and NTA (Reaction 6), with the Fe?* produced
reacting with HyO, via Fenton reaction (Reaction 7), forming HO® and
Fe3+, which precipitates as ferric hydroxide (Fe (OH)3) and HO®. Finally,
free chlorine (HOCl/OCI ") reacts with Fe?' to yield HO® and chlorine
radicals (CI*) are generated, enhancing disinfection (Belachqger-El Attar
et al., 2023).

The SCPF treatment enables improved disinfection efficiency and the
removal of microcontaminants while minimizing DBP generation, pro-
ducing Class B treated water with up to 80 % of organic micro-
contaminants removed under mild oxidation conditions (Belachqger-El
Attar et al., 2023; Pichel et al., 2023). Producing Class A reclaimed water
is also possible by adjusting the oxidant concentrations, particularly the
chlorine dose, although this also depends on the secondary effluent
quality. It has the potential to mitigate the formation of trihalomethanes
(THMs) and haloacetic acids (HAAs) (Belachqger-El Attar et al., 2025a),
achieving concentrations well below the maximum levels of 30 pg/L and
60 pg/L for THMs and HAAs, based on the guidelines of the water reuse
in Italy and drinking water in Spain, respectively (Italian Decree Article
99 n.152 and April 3, 2006; Royal Decree 3/23 and January 10). This is
primarily due to the synergistic action of sunlight-driven photolysis and
HO*®-oxidation (Belachqger-El Attar et al., 2025a). In comparison with
conventional treatments, ozonation and chlorination are effective, but
they produce toxic DBPs like THMs and bromate, raising environmental
concerns. UV radiation is eco-friendly but is limited to water with
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adequate transmittance and lacks residual protection, whereas peracetic
acid (PAA) is biodegradable, but costlier and less effective against
certain pollutants (Fatta-Kassinos et al., 2016). The results obtained at
both laboratory and pilot scale encouraged implementing the SCPF
process in a demonstration-scale raceway pond reactor plant. Accord-
ingly, a SCPF plant was installed in a rural wastewater treatment plant
(WWTP), demonstrating its resilience and robustness in treating rural
sewage under real-world operational conditions (Belachqer-El Attar
et al., 2025b). The system achieved over 60 % removal of organic
microcontaminants while producing Class B reclaimed water under mild
oxidation conditions with negligible DBP levels, in line with regulatory
standards for non-potable water reuse applications. Additionally, there
is room to increase the chlorine dose to produce the highest water
quality (Class A) without compromising DBP levels (Belachqer-El Attar
et al., 2025b). However, chemical and biological safety of water treated
by the SCPF process must be thoroughly assessed before its application
in agricultural irrigation. Some studies also suggest that the chelating
agent, NTA, might be genotoxic and its resulting complex, Fe3"-NTA,
could also pose similar risks (European Commission, 2010; Nixon,
1971).

NTA raised concerns about toxicity under Annex I of the Cosmetics
Directive 67/548/EEC. Notably, this classification is based on findings
from animal studies, with limited evidence of genotoxic effects in human
cells and no observed mutagenicity in bacterial assays (Regulation
(EC)). Additionally, chlorine-based disinfection processes, widely used
in wastewater reclamation, remain understudied in terms of DBP for-
mation but also their toxicological impacts (Sanchez-Montes et al.,
2023). Numerous studies have investigated the toxicity of traditional
solar photo-Fenton processes conducted at acidic pH and using as an
iron source the ethylenediamine-N,N'-disuccinic acid (EDDS), consis-
tently reporting no significant toxicity. Moreover, these processes have
demonstrated the capacity to reduce untreated effluent toxicity (Rivas
et al., 2017; Maniakova et al., 2022; Freitas et al., 2017; Rueda-Marquez
et al., 2020; Starling et al., 2017). However, to the best of our knowl-
edge, no studies have yet assessed the potential toxicity of Fe>*-NTA in
the context of water reclamation using solar-driven processes such as
SCPF or even conventional solar photo-Fenton. This gap in literature
underscores the urgent need for further research to address this critical
aspect and ensure the safety and sustainability of these advanced
treatments and highlights the critical need for ecotoxicological evalua-
tion of emerging treatment technologies to assess potential biological
effects and minimize any harmful environmental and public health
impacts.

The current study evaluated the environmental toxicity of waste-
water treated by the SCPF process to assess its suitability for reuse in
agriculture with a particular focus on the role of Fe>"-NTA as the iron
source. Such assessments are critical for advancing the large-scale
application of SCPF in field of wastewater treatment. To this end, a se-
ries of bioassays were conducted to assess the toxicological potential of
the wastewater treated from several municipal and rural WWTPs. These
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Fig. 1. Scheme of the main reactions involved in the SCPF process. Adapted from (Pichel et al., 2023).
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bioassays included evaluations of microbial toxicity, phytotoxicity, and
genotoxicity, providing a comprehensive framework for assessing po-
tential environmental impacts.

2. Materials and methods
2.1. Chemical compounds

H205 (33 %, w/v) and ferric sulfate hydrate (Fea(SO4)3-H20, 75 %,
w/w) were supplied by Panreac (Barcelona, Spain). NTA (>99 %, w/w)
and NaOCl (10 %, w/v) were provided by Sigma Aldrich (Steinheim,
Germany). Sodium hydroxide (NaOH) was purchased from J.T Baker
(Deventer, Holland). The Fe®*-NTA preparation procedure is reported in
detail elsewhere (Belachqer-El Attar et al., 2025b). Titanium (IV) oxy-
sulfate solution (Ti0SO4,1.9 %, w/v), ortho-phenanthroline (C;2HgNy,
99 %, w/w), ascorbic acid (C¢HgOg,99 %, w/w) and sulfuric acid
(H2S04, 96 %, w/v), ammonium acetate (CH3COONHy4, 96 %, w/w), and
acetic acid glacial (CH3COOH,> 99 %, w/v) were obtained from Pan-
reac. DPD N° 1 and DPD N° 3 tablets for the determination of chlorine
concentration were purchased from Lovibond® Water testing. Milli-Q
ultrapure water was obtained from a Direct-Q Ultrapure Water System
from Millipore® (Burlington, USA) (18.2-MQ/cm resistance and 3-pg/L
dissolved organic carbon (DOC). UHPLC grade acetonitrile and meth-
anol (99 %, w/v), acetic acid glacial (CH3CO2H, 99 % w/v),
ortho-phenanthroline (99 %, w/w), formic acid (98 %, w/v) and bovine
liver catalase enzyme (0.1 g/L), were supplied by Panreac and Sigma
Aldrich (Steinheim, Germany).

As for the toxicity bioassays, zinc sulfate monohydrate (Z,SO4 - H20,
99 %, w/w), sodium sulphite (Na;SO3, 99 % w/w), L-histidine (99 %, w/
w), D-biotin (99 %, w/w), ampicillin (>99 %, w/w), aminoantracene (2-
AA, 96 %, w/w)), 4-nitroquinoline-N-oxide (4-NQO, >98 %, w/w), and
boric acid (98 %, w/v) were acquired from Sigma Aldrich (Copenhagen,
Denmark).

2.2. Analysis of wastewater composition

Actual secondary effluents were collected from urban and rural
WWTPs, El Toyo and Uleila del Campo (Almeria, Spain), respectively,
and from Aalborg West WWTP (Aalborg, Denmark) for the validation
experiment. Detailed information on Spanish WWTPs has been reported
elsewhere (Belachqer-El Attar et al., 2023; Belachqer-El Attar et al.,
2025c). Both Spanish plants employ extended aeration, while the Danish
WTTP also incorporates a similar aerobic biological treatment.

Table 1
WWTP secondary effluent characterization.
WWTPs
El Toyo (SE-  Uleila del Campo Aalborg West
A) (SE-B) (SE-C)
pH 7.3 8.1 7.1
Conductivity (mS/cm) 3.9 1.4 1.1
Turbidity (NTU) 2.1 0.70 2.0
IC (mg/L) 57 14 52
DOC (mg/L) 7.1 16 6.7
Anions (mg/ F~ 0.40 0.40 0.30
L) Cl™ 930 190 230
NOz 1.6 1.8 n.d.
Br~ 4.4 n.d. 0.48
NO3 5.1 4.4 12
POS 17 9.2 4.0
S0% 410 410 71
Cations (mg/ Na* 570 270 150
L) NHf nd. n.d. n.d.
Kt 29 13 24
ca’t 120 55 24
mMg>t 87 18 43

*n.d.: not detected.
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Effluent compositions for the three WWTPs are shown in Table 1.
Inorganic carbon (IC) and DOC were quantified using a Shimadzu TOC-
VCSN analyzer (Kyoto, Japan). Cations and Anions were quantified by
ion chromatography (Metrohm 850 Extension module 1 and 2 ion
chromatography system configured for gradient analysis). Turbidity and
conductivity were determined using a HI 93703 turbidity meter
(HANNA, Gipuzkoa, Spain), and a EC110 handheld conductivity meter
(HORIBA Scientific, Kyoto, Japan).

To prevent bicarbonate-induced hydroxyl radical scavenging,
wastewater samples from El Toyo and Uleila del Campo WWTP effluents
were pretreated overnight with sulfuric acid in stoichiometric amounts
to neutralize bicarbonate ions and minimize their scavenging effect.

2.3. Wastewater reclamation treatments

Secondary effluents from rural and urban WWTPs located in Uleila
del Campo and El Toyo (Almeria, Spain), respectively, were treated
using the SCPF process with low reagent concentrations representative
of practical operating conditions (Belachqer-El Attar et al., 2023): 0.1
mM of Fe>"-NTA (molar ratio 1:1, 5.5 mg/L Fe>"), 0.73 mM of H,0, (25
mg/L), at different chlorine dosages ranging from 0.13 mM (10 mg/L) to
0.39 mM (30 mg/L). The chlorine concentration of 30 mg/L is
commonly used in wastewater chlorination processes (Belachqer-El
Attar et al., 2023). In addition, conventional chlorination at comparable
chlorine concentrations (0.13-0.40 mM) and solar photo-Fenton pro-
cesses were evaluated in parallel to compare with the novel strategy. All
treatments were carried out in batch mode for 60 min at lab scaleina 1-L
beaker made of polyvinyl chloride (PVC) to prevent incoming radiation
through walls, thus allowing us to assume that all the radiation entered
through the liquid surface. Same batch of secondary effluent was used to
avoid interferences due to the variability of matrix composition, taking
samples after 30 min and 60 min of the reaction to evaluate the toxicity
throughout the treatments. Control experiments to study the effect of the
corresponding reagents were also conducted to provide a better under-
standing of the process phenomenology in terms of toxicity. Sunlight
assays were carried out under an average solar irradiance of 28 + 3.6
W/m2. Additionally, the SCPF treatment was performed using a
UVB-LED system (315 nm) to treat secondary effluent from the Aalborg
West WWTP with an irradiance of ~19 W/m? Mild oxidation conditions
were used (0.1 mM of Fe>*-NTA. 0.74 mM of H,0,, and 0.13 mM of
NaOCl).

2.4. Analysis of reagent concentrations

H,0,, total dissolved iron (Fe), along with free and total chlorine
concentrations, were measured during each corresponding process using
standard spectrometric techniques (DIN 38 402 H15, 2015; ISO 6332,
1988; ISO 7393-2, 2017). Free and total chlorine concentrations were
determined using the DPD tablet method. To prevent H,O5 interference,
catalase was added to the SCPF-treated water samples.

Samples were filtered using 0.2-um nylon filters (Merck Millipore,
Burlington, USA). Filtered samples of 2-mL were used to measure HoO;
and total dissolved Fe, while 10 mL was employed for chlorine
measurements.

Further information regarding the analytical techniques is detailed
in the literature (Belachger-El Attar et al., 2023).

2.5. Toxicity analyses

2.5.1. Luminescent bacteria test using Aliivibrio fischeri

Bacterial toxicity was evaluated using a luminescent marine bacte-
rium test, determining the inhibitory effect of water samples on the light
emission of Aliivibrio fischeri (A. fischeri) in accordance with a modified
version of ISO 11348-1 (ISO 11348-1, 2007). White 96-well microplates
(CulturPlate™, PerkinElmer, Shelton, USA) were used to perform the
incubation. Luminescence measurements were recorded using a
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VICTOR™ X Multilabel Reader (PerkinElmer) after incubation for 30
min in the dark at 20 °C in a microplate shaker. Samples were subjected
to ten serial two-fold dilutions, each in quadruplicate. Control tests
included a blank (culture medium without bacteria), negative control
(medium with bacteria but no toxicant), and positive control (medium
with bacteria and the reference toxicant Z,SO4). Inhibition exceeding
10 % was considered indicative of detectable toxicity.

2.5.2. Freshwater algae test

Phytotoxicity was evaluated using a freshwater algal growth inhi-
bition test with the unicellular green algae Raphidocelis subcapitata in
accordance with ISO 8692:2012 (ISO 8692, 2012). Algal cultures (Micro
BioTests Inc., Gent, Belgium) were maintained in a freshwater growth
medium at 23 + 2 °C under continuous illumination of 6000-10000 lux.

Ten serial two-fold dilutions of test samples were prepared in
transparent 96-well microplates (ThermoFisher Scientific, United
Kingdom (UK)), each in quadruplicate. Afterward a diluted culture of
Raphidocelis subcapitata (1:50) was added to all the wells. Growth was
measured after 24 h, 48 h, and 72 h at 450 nm using a Thermo Multiskan
Plate Reader (ThermoFisher Scientific). The experiment included a
negative control, which consisted of algae without any toxicant, a pos-
itive control where the algae were exposed to the toxicant ZnSOg4, and a
blank that contained only the growth medium without algae to monitor
for background interference or contamination.

The average specific growth rate (pi-j) was calculated for each
replicate as follows:

In(X;) — In (X;
i = M Equation 1
t—t

j i
Where X; and X; are the biomasses at time t; and t;, respectively, t; is the
time of the first measurement (start of exposure), and ¢; is the time of the
second measurement (end of exposure, 72 h). Inhibition exceeding 10 %
was considered indicative of detectable phytotoxicity.

2.5.3. Seed germination and growth test

Phytotoxicity was also evaluated in duplicate using seedling emer-
gence of Lactuca sativa L. in accordance with ISO 17126:2024 (ISO 8692,
2012). In brief, 100 g of sand in Petri dishes was moistened with test
samples in series, with 2-fold dilutions or controls, to achieve a 70 %
water-holding capacity. 40 lettuce seeds were individually placed on the
surface to ensure even distribution. Each Petri dish was covered with 90
g of dry cover sand before being randomly placed inside sealed bags and
incubated at 20-24 °C for 5-7 days. During the first 48 h, the plates were
kept in the dark. After this period, a diurnal cycle with 16 h of light and
8 h of darkness, using fluorescent light at an intensity of 4300 lux was
established for the remainder of the testing period. Water was used as a
negative control, and boric acid as a positive control. The emerging
seedlings were counted and recorded after 5, 6, and 7 days. At the end of
the test, shoot and root elongations were measured using a digital
caliper. Inhibition exceeding 20 % was considered indicative of detect-
able toxicity.

A germination index (GI) was calculated as follows (equation (2))
(Lopez-Vinent et al., 2020):

d ination -root th
germination index (GI):see geﬂnmalgg root grow

Equation 2

Seed germination and root growth were determined as detailed in
the Supplementary Materials.

A GI exceeding 80-85 % suggests the absence of phytotoxicity, as
seed germination and root elongation proceed near control levels. A GI
between 50 and 60 % indicates minimal impact on plant growth, with
negligible injury to seedlings (ISO 11350, 2012). However, a GI below
20 % reflects severe inhibition of both germination and root develop-
ment, signaling strong phytotoxic effects. Intermediate values (20-50 %
GI) imply moderate phytotoxicity, where toxicants partially impair
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physiological processes (Lopez-Vinent et al., 2020).

2.5.4. Reverse mutation (regulatory Ames) test

Mutagenicity was analyzed using the reverse mutation or regulatory
Ames test without metabolic activation (S9) (ISO 11350, 2012). Strains
of auxotrophic Salmonella typhimurium, TA 98 (detects frameshift mu-
tations) and TA 100 (detects base-pair substitutions) were used. To
facilitate selection, each strain was cultivated in nutrient broth growth
medium supplemented with 1 mg/mL of L-histidine, 0.12 mg/mL of
D-biotin, and 50 mg/mL of ampicillin solution at 37 °C on a shaker at
120 rpm. Pyrex tubes were prepared with 5 mL of melted minimum
glucose agar, keeping them at 45-50 °C in a water bath to avoid solid-
ification. 200 pL of 0.5-mM L-histidine and biotin solution, 500 pL of
phosphate buffer, 200 pL of the sample or positive and negative controls,
and 100 pL of cultured strain were added to the tubes. Each tube con-
taining the corresponding compounds and strain was mixed and
distributed in Petri dishes previously prepared with minimum glucose
agar. The plates were covered and incubated for 48 h at 37 °C in the
dark. The positive controls were 2-AA and 4-NQO. The negative control
was water. For each test condition, the assay was performed in dupli-
cate. Positive mutagenic response was detected as an increase in
revertant colonies with respect to the negative control. Further infor-
mation is detailed elsewhere (ISO 11350, 2012; Vijay et al., 2018).

2.5.5. Microrespirometry toxicity tests

Toxicity toward mixed microbial communities was evaluated using a
microrespirometry-based test applied to a lake microplankton commu-
nity and a soil microbial community. A quartz glass 24-well microplate
system from Loligo Systems (Viborg, Denmark) was used to measure
community oxygen consumption. The microrespirometry system was
equipped with optical oxygen sensors in each of the 500 pL wells
allowing non-invasive online monitoring of oxygen consumption in each
sample. To calibrate the sensors, a two-point method was applied, using
oxygen-saturated water and oxygen-depleted water. Oxygen-depleted
water is obtained by dissolving 10 g of NaySOs into 500-mL distilled
water.

For lake plankton communities, a sample from a Danish oligotrophic
lake (Nors Sg) was collected at 30 cm depth and then filtered through a
45-pm sieve to ensure that only microorganisms <63 pm remained,
including different bacteria, fungi, phytoplankton, and zooplankton.
Under sterile conditions, 750 pL of lake water was spiked with 750 pL of
the test sample in 1.5-mL Eppendorf tubes (1:1 dilution) and mixed. 500
pL of this mixture was added to the 24-channel plates, avoiding air
trapping in the wells.

For soil microbial communities, a soil sample from an agricultural
soil of a greenhouse at the University of Almeria, (Spain) was collected
at a depth of 15-20 cm and then sieved (1.5 mm mesh) to remove large
objects such as pebbles and large roots. After that, 10 g were weighed
and mixed with 50-mL of sterile demineralized water before being
incubated on a shaker at 100 rpm for 3 h. Following this incubation, the
samples were cooled to 5 °C to allow for sedimentation and subsamples
from the supernatant were collected after 1 h.

For both lake and soil communities, samples were analyzed in
quadruplicate using two-fold serial dilutions and were prepared using
sterile distilled water. Oxygen consumption was monitored for 3 days in
the microrespirometry system to assess microbial activity after exposure
to relevant chemicals and treatments. Controls consisted of samples
without the addition of chemicals or wastewater.

2.5.6. Data and statistical analyses
The inhibition percentage for the toxicity tests was calculated as
follows (equation (3)):

1 (B —100 100 ®*
q=1 <R> 100=100 100<R>

0 0

Equation 3
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Where q is the relative inhibition percentage between 0 and 100 %, Ry is
the response measured at the different toxicant concentrations minus
the blank, and Ry is the response measured for the control samples
without toxicant.

EC50 value (half maximum effective concentration) was calculated
by fitting the dose-response or concentration-dose curve using a Hill-
type model with four parameters (equation (4)). EC20 values were
also determined (20 % effective concentration).

The dose-response curve was obtained by plotting q as a function of
the log value for concentration.

100
a

(%))
Where q is the relative inhibition, a and b are the lowest and the highest
values for inhibition, respectively, d is a Hill coefficient (Hill slope
factor), and X is the toxicant concentration (logio value).

Toxicity data were also expressed as the lowest observed effect
concentration (LOEC) to identify the lowest concentration of a substance

(or the highest dilution of a sample) at which an adverse (or stimulatory)
response was observed relative to controls.

q= Equation 4

3. Results and discussion
3.1. Assessment of the environmental toxicity

The ecotoxicological potential of wastewater treated by the novel
SCPF process was assessed with respect to its suitability for reuse in crop
irrigation and effects if discharged into receiving freshwater bodies. To
this end, SCPF at different chlorine dosages ranging from 0.13 to 0.40
mM was evaluated. In addition, conventional chlorination at compara-
ble concentrations (0.13-0.40 mM), iron complex decomposition, and
solar photo-Fenton were evaluated in parallel to enable comparison with
the novel strategy. The iron source Fe3*-NTA, which plays a pivotal role
in the process, and its chelating agent (NTA), were also analyzed due to
toxicity concerns. Both chemical stock solutions at concentrations of
100 mM and 300 mM, respectively, are commonly prepared for the
treatment (EU, 2024/3019, 27 November; Sanchez Pérez et al., 2024).

3.1.1. Microbial toxicity

The pure chemicals, Fe3*-NTA and NTA, exhibited significant
toxicity toward A. fischeri at concentrations >1.78 mM and >39.8 mM,
respectively (Fig. 2a). Dose-response analysis yielded EC20 values of
3.65 mM and 217 mM, respectively. These results indicate that the iron
complex is more toxic than the chelating agent (Fig. 2a), likely due to its
ability to generate reactive oxygen species and alter metal bioavail-
ability (Fukuzawa et al., 2001). A review of the available literature
suggests that specific EC20 values for either theFe>"-NTA complex or
free NTA in A. fischeri assays are scarce, thus making direct comparisons
challenging.

The toxicity of effluents and treated samples from the SE-A and SE-B
WWTPs was evaluated using the A. fischeri bioluminescence inhibition
test after 30 and 60 min of exposure. No apparent toxicity was observed
for either secondary effluents or SCPF-treated samples, regardless of
wastewater origin (Fig. 2b).

Table 2 presents the LOEC values for samples treated by all processes
from both WWTPs. These data reveal that effluent from SE-A WWTP
generates toxicants under certain treatments, particularly chlorination,
the Fe3*-NTA photodecomposition, and in the dark, as well as the HyO5
(dark) process underscoring the impact of wastewater composition.
Overall, chlorination exhibited apparent toxicity regardless of the
effluent origin. Chlorination treatments showed clear time- and dose-
dependent effects, with marked differences between the two WWTPs.
For SE-A samples, chlorination with 0.13-mM NaOCl resulted in
apparent toxicity at a 2-fold dilution (D2) and increased to a 4-fold
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Fig. 2. Dose-response curves for A. fischeri exposed to Fe>*-NTA and NTA so-
lutions (a) and secondary effluent treated by the SCPF process (b). Data points
represent the means of 4 replicates + standard deviation.

dilution (D4) when the chlorine dose was increased to 0.26 and 0.40
mM, indicating the formation of toxic DBPs after a 60-min treatment. In
contrast, SE-B samples overall demonstrated no apparent toxicity across
all processes and time points, confirming their low ecotoxicological risk.
However, chlorinated samples displayed toxic effects at D2 but only at
30 min, with inhibition values of up to 21 % for 0.13 mM and 0.26 mM
of NaOCl, and no inhibition was detected at 60 min. Interestingly,
contrary to what was expected, no apparent toxicity was observed at the
higher chlorine concentration (0.40 mM), regardless of the treatment
time. This is likely to have resulted from assay interferences, causing
inhibition to be masked by signal quenching. This phenomenon could be
due to excess chloride ions or residual oxidants, which may interfere
with the bioluminescent signal without reflecting a real biological
response (Side et al., 2017).

Fe3"-NTA also exhibited apparent toxicity at D4 when exposed to
wastewater treated for 60 min, whereas it decreased under sunlight to
D2 after 60 min, suggesting the formation of toxic intermediates during
oxidation, which was reduced through photodecomposition (Reaction
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Table 2
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LOEC values for bacterial toxicity based on inhibition of luminescence in A. fischeri after exposure to treated
samples from SE-A and SE-B WWTPs. 30 min and 60 min refer to the treatment time for wastewater. A green
color indicates no apparent toxicity at D2, whereas a red color indicates toxicity >10 % at D2. The dilution
level where toxicity first appears is indicated for samples.

SE-A SE-B
time (min) time (min)
Processes 30 60 30 60
0.13 mM NaOCl
Chlorination 0.26 mM NaOCl D4
0.40 mM NaOCl D4
0.74 mM H202 in the dark D4
0.1 mM Fe3+-NTA Dark D4
Sunlight

Solar photo-Fenton

0.13 mM NaOCl

SCPF

0.26 mM NaOCl

0.40 mM NaOCl

3). Apparent toxicity was also observed at D4 after 30 min, which
decreased to D2 at 60 min for the 0.74-mM H0; process in the dark.

As for the photo-driven processes, solar photo-Fenton exhibited no
apparent toxicity, as did SCPF, across most conditions, except for the
lowest concentration of NaOCl (0.13 mM) after 30 min at D2 when
treating effluent from SE-A WWTP. This response may be attributed to
matrix effects influencing the bacteria biological activity, demonstrating
that solar photo-Fenton with Fe>*-NTA and SCPF are generally non-
toxic and environmentally safe when exposed to A. fischeri. These
findings are consistent with previous studies reporting similar behavior
for solar photo-Fenton processes at acidic and neutral pH using other
chelating agents such as Fe3*-EDDS (Rivas et al., 201 7; Maniakova et al.,
2022; Freitas et al., 2017; Starling et al., 2017).

3.1.2. Phytotoxicity using algae and plants

Phytotoxicity was evaluated using two bioassays: freshwater algae
inhibition and plant-based tests.

The pure chemicals were assessed with an algae inhibition test
(Fig. 3a). The chelating agent exhibited significant phytotoxicity with
inhibition percentages exceeding 60 % even at a concentration of 0.07
mM, but only 21.3 % at 25 mM for the iron complex, displaying no algal
toxicity below a concentration of 3.13 mM. Notably, the concentration
used in the SCPF (0.1 mM) process is well below this threshold, sug-
gesting no or low apparent algal toxicity (Fig. 3a). This is also evident
from tests with SCPF treated secondary effluents exhibiting negligible
apparent toxicity (Fig. 3b).

Chlorination (Table 3), regardless of WWTP origin, induced phyto-
toxicity toward R. subcapitata at D4 for 0.13 mM of NaOCl and D8 when
the concentration was increased to 0.26 mM for SE-A samples, while D4
was observed with the highest chlorine concentrations, 0.26 and 0.40
mM for SE-B samples, underlining the importance of wastewater
composition. This is due to the fact that chlorination generates harmful
DBPs, which have toxic effects on aquatic organisms, including algae (Li
et al., 2022). Residual chlorine in the effluent may also directly affect
algal growth and metabolism, by oxidizing essential cellular compo-
nents, such as proteins and lipids, and causing cellular damage to algae
(Cao et al., 2021). Delving into chlorine dose dependency, 0.4-mM
chlorinated samples from SE-A exhibited no apparent toxicity, con-
trary to expectations, which likely results from the presence of inter-
fering substances or wastewater matrix effects which act like quenching
agents.

In contrast, all other tested processes, including solar photo-Fenton
and SCPF (0.13-0.40 mM), showed no detectable algal toxicity and
even promoted stimulation, probably due to the nutrient content of the
wastewater. These findings are consistent with previous research that
demonstrates the exceptional performance of SCPF in mitigating DBP
concentrations, achieving low levels of THMs and HAAs compared to
chlorination (Belachger-El Attar et al., 2025a).

Phytotoxicity was also evaluated using the Lactuca sativa (garden
lettuce) seed germination and growth bioassay.

NTA and Fe>"-NTA solutions were highly phytotoxic at elevated
concentrations (Fig. 4a), causing 100 % inhibition. NTA exhibited the
highest inhibition, reaching 63 % even at a concentration of 18.75 mM.
However, Fe>*-NTA displayed EC20 and EC50 values of 1.20 mM and
2.39 mM, respectively, and no phytotoxic effects were observed below a
concentration of 6.25 mM, which is lower than the concentration used in
the novel photo-Fenton strategy (0.1 mM). This is also evident from tests
with SCPF treated secondary effluents exhibiting negligible apparent
toxicity (Fig. 4b).

Overall, the germination results (Table 4) indicated phytotoxicity,
particularly in SE-A samples treated with chlorination, mainly after 30
min (the highest inhibition was 75 % at a concentration of 0.13-mM
NaOCl), 0.1-mM Fe3t-NTA (in the dark and under sunlight; 25 % for
both), and solar photo-Fenton (35 % inhibition) after 60 min. In
contrast, no phytotoxicity was observed in other cases. For the samples
from SE-B, chlorinated water showed apparent toxicity after a 30-min
treatment (25 % inhibition at 0.26 mM), while for SCPF-treated water
(0.26-mM NaOCl) and solar photo-Fenton (with 30 % and 35 % inhi-
bition, respectively), this took place after 60 min.

A previous study investigating the phytotoxicity of solar photo-
Fenton using chelating agents, EDTA, diethylenetriaminepentaacetic
acid (DTPA) and EDDS, found moderate phytotoxicity for EDTA and
DTPA, and high phytotoxicity corresponding to EDDS (Lopez-Vinent
et al., 2020). However, solar photo-Fenton with EDDS has also been
studied previously, reporting toxicity reduction when applying the algae
test (Rivas et al., 2017; Freitas et al., 2017). As such, these significant
variations are likely due not only to the concentrations and operational
conditions applied during the treatments, but also the wastewater ma-
trix used.

Fig. 5 shows seedling growth measurements exposed to pure chem-
icals, untreated secondary effluent, treated by chlorination processes
(0.13 and 0.40 mM of NaOCl), and SCPF (0.13 mM of NaOCl). The SE-A
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Fig. 3. Dose-response curve for freshwater algae (R. subcapitata) exposed to
NTA and Fe>"-NTA (a) and secondary effluent treated by the SCPF process (b).
Data points represent the means of 4 replicates + standard deviation.

WWTP, because most samples with apparent toxicity are from this plant.
As expected, no growth was observed for NTA due to its phytotoxic ef-
fects. In contrast, seedlings exposed to Fe>*-NTA showed average root
and stem elongations of 5 and 3 mm, respectively.

The water samples treated by chlorination and SCPF (0.13 mM),
respectively, resulted in comparable growth measurements, with root
elongations ranging from 22 to 28 mm and stem elongations between 10
and 14 mm, corresponding to the highest values observed with SCPF.
Notably, untreated secondary effluent resulted in the greatest growth,
with root and stem elongations reaching 33 and 17 mm, respectively.

Accordingly, the complete inhibition of germination (GI = 0) for
NTA even at 18.75 mM highlights the phytotoxicity of this chelating
agent. Lower GI was determined for the iron complex at the highest
concentration,100 mM (22 %), which is higher than the concentration
applied in the treatment (Belachqger-El Attar et al., 2023). However, the
samples treated by chlorination and SCPF (0.13 mM of NaOCl), and the
untreated effluent showed GI >100 %, indicating the beneficial role of
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wastewater-derived nutrients in stimulating growth, specifically in the
effluent (GI = 140 %). This suggests that the positive effects of nutrient
availability compensate for any inhibitory factors in the raw effluent.
Samples treated with chlorination and SCPF indicate that these waste-
water treatments can preserve growth-promoting components while
reducing risks. Chlorination likely reduces pathogens without stripping
essential nutrients, while SCPF removes microcontaminants and in-
activates microorganisms (Belachqger-El Attar et al., 2023; Pichel et al.,
2023), while retaining dissolved nutrients.

3.2. Microbial community toxicity assessed using microrespirometry

The toxicity of treated wastewater toward mixed microbial com-
munities was assessed using microrespirometry, with test biota con-
sisting of microplankton from a freshwater lake and microbial
communities from an agricultural greenhouse. Analyses revealed no
apparent microbial toxicity toward plankton communities in treated
wastewater samples irrespective of the treatment. These observed low
levels of respiratory inhibition are consistent with previous studies that
have evaluated the toxicity of treated wastewater on aquatic microor-
ganisms. For instance, Maniakova et al. (2022) (Maniakova et al., 2022)
reported similar findings when investigating solar photo-Fenton with
Fe3*-EDDS, where the advanced wastewater treatment process effec-
tively reduced the toxicological impacts of effluents on microbial com-
munities. By comparison, both pure chemicals, NTA and Fe3t-NTA,
demonstrated low toxicity, with respiratory inhibition percentages
below 23 %. At lower concentrations, respiratory inhibition decreased
slightly to ~20 % and 14 % for Fe>"-NTA and NTA, i.e. up to 6.25 mM
and 18.75 mM, respectively (Table S1).

As for soil microbial communities, Fig. 6 shows that Fe3*-NTA and
NTA caused severe inhibition (~80 % even at an 8-fold dilution (D8),
indicating high toxicity to soil microorganisms due to metal chelation,
increased bioavailability of heavy metals, and oxidative stress. Chlori-
nation also induced strong inhibition (~70-80 % even at D8), reflecting
the persistence of toxic DBPs that impair microbial metabolism. In
contrast, SCPF treatment resulted in much lower inhibition (~30 % at
D2 decreasing to 14 % at D8), demonstrating its effectiveness in
reducing ecotoxicity and preserving microbial activity. This suggests
that SCPF may not only degrade microcontaminants and disinfect, but
also contribute to minimizing harmful residues, resulting in less residual
toxicity from process reagents. Note that inhibition of SCPF was
apparently mitigated by dilution, whereas chlorination and both
chemicals remained toxic to soil microorganisms regardless of an 8-fold
dilution (D8).

The differences between the two analyses may be attributed to var-
iations in exposure conditions, community composition, organism in-
teractions and dynamics, as well as ecosystem health and integrity(Edo
et al., 2024). Furthermore, soil microbes were found to be highly sen-
sitive to Fe3+—NTA, but not in SCPF-treated water. While Fe3+-NTA
alone caused ~80 % soil respiration inhibition, its toxicity was markedly
reduced in SCPF-treated effluents. This is probably caused by photo-
degradation of the iron complex under natural sunlight, which reduces
bioavailable iron and prevents reactive species bursting into the soil.
Additionally, natural organic matter in wastewater may chelate residual
iron, further mitigating toxicity (Oliveira Silva et al., 2025).

The findings highlight that while conventional treatments, such as
chlorination, pose high risks to soil health, SCPF offers a safer alternative
for wastewater reuse in agricultural or land application scenarios, where
maintaining functional microbial communities is essential for ecosystem
sustainability.

3.3. Genotoxicity assessment
Wastewater treated via the SCPF process also requires genotoxicity

assessment, as the iron source, Fe>*-NTA, employed in the process is
suspected to be genotoxic due to its chelating agent, which has been
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Table 3
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LOEC values for phytotoxicity based on growth inhibition of the freshwater alga R. subcapitata after exposure
to treated samples from SE-A and SE-B WWTPs. 30 min and 60 min refer to the treatment time for waste-
water. A green color indicates no apparent toxicity at D2, whereas a red color indicates toxicity >10 % at D2.
The dilution level where toxicity first appears is indicated.

SE-A SE-B

time (min) time (min)

Processes

30 60 30 60

0.13 mM NaOCl D4

Chlorination

0.26 mM NaOCl D8 D4

0.40 mM NaOCl D4

0.74 mM H20:2 in the dark

0.1 mM Fe3+-NTA dark

sunlight

Solar photo-Fenton

0.13 mM NaOCl

SCPF

0.26 mM NaOCl

0.40 mM NaOCl
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Fig. 4. Curve dose-response for seed germination test using garden lettuce
exposed to NTA and Fe>"-NTA (a) and secondary effluent treated by the SCPF
process (b). Data points represent the means of 4 replicates + stan-
dard deviation.

identified as a genotoxic compound (European Commission, 2010).
Consequently, further evaluation is necessary. To this end, mutagenicity
tests using Salmonella strains were carried out to analyze treated water
applying the novel strategy with the lowest chlorine concentration
(0.13 mM), and chlorination at the maximum concentration (0.40 mM of
NaOCD for both SE-A and SE-B. Additionally, the chlor-photo-Fenton
process was performed using the UVC-LED system to treat SE-C.

The results demonstrate that neither NTA nor its iron complex
exhibited apparent mutagenic activity at the highest tested concentra-
tions, implying that lower concentrations of these compounds are also
non-mutagenic (Table S2). In contrast to SE-A and SE-B treated effluents,
only SE-C showed no detectable mutagenicity. Specifically, chlorination
(0.40-mM NaOCl) and SCPF with 0.13 mM of NaOClI induced positive
responses in both S. typhimurium strains (with revertant number up to
100 of TA98 and from 49 to >100 of TA100). The highest number of
revertants was observed in the TA100 strain, which is sensitive to base-
pair substitutions. This agrees with previous research that reported that
this strain is more responsive for certain chemicals, indicating better
mutagenicity screening (Schulze et al., 2024). Interestingly, this
discrepancy between the treated samples by chlor-photo-Fenton could
be due to variations in nutrient content could enhance the growth of test
bacteria on agar plates, potentially leading to false-positive revertant
counts but also surviving bacteria might metabolize compounds or
produce secondary mutagens during the test (Pérez-Albaladejo et al.,
2023). Additionally, differences in the organic matter load, DBP pre-
cursors, or residual pollutants might influence mutagen formation dur-
ing treatments. For instance, the chlorination with higher chlorine
concentration (0.40 mM) promotes the formation of DBPs, such as HAAs
or THMs (Belachger-El Attar et al., 2025a), which are known to induce
DNA damage [43]. Conversely, water treated by SCPF with a lower
NaOCl dose (0.13 mM) still resulted in mutagenicity, indicating that
factors beyond chlorine dosage, such as wastewater composition, may
be critical.

While these findings suggest that SCPF can produce water with low
mutagenic risk, the observed variability across sources highlights the
need to consider both treatment conditions and wastewater character-
istics in ecotoxicological assessments.

The results of the tests demonstrated a significant advantage of SCPF
over conventional chlorination (Table 5). Chlorination induced toxicity,
with inhibitory effects at low dilutions in A. fischeri and algae tests, se-
vere phytotoxicity (75 % germination inhibition in lettuce), strong
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Table 4
Phytotoxicity of undiluted samples based on inhibition of seed germination in the lettuce Lactuca sativa sp

after 6 days of incubation when exposed to treated samples from SE-A and SE-B WWTPs. 30 min and 60 min
refer to the treatment time for wastewater. A green color indicates no apparent toxicity, whereas a red color
indicates toxicity >20 %.

SE-A SE-B
time (min) time (min)
Processes 30 60 30 60
0.13 mM NaOCl
Chlorination 0.26 mM NaOCl
0.40 mM NaOCl
0.74 mM H20:2 in the dark
0.1 mM Fe3+-NTA dark
sunlight

Solar photo-Fenton

0.13 mM NaOCl
SCPF 0.26 mM NaOCl
0.40 mM NaOCl
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Fig. 5. Root and stem elongations of garden lettuce seedlings for the pure chemicals, secondary effluent, treated water by chlorination processes (0.13 and 0.40 mM
of NaOCl), and SCPF (0.13 mM of NaOCl) from SE-A. Data points represent the means of 2 replicates + standard deviation.
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Table 5

Comparison of ecotoxicity profile of secondary effluents treated by conventional chlorination (0.4 mM NaOCl) and solar chlor-photo-Fenton (SCPF, 0.13 mM NaOCl).
Treatment A. fischeri Algae Lettuce (germination) Soil microbes Genotoxicity
Chlorination (0.4 mM) D2 D4 75 % inhibition 80 % inhibition Positive
SCPF (0.13 mM) Non-toxicity Non-toxicity 25 % inhibition 30 % inhibition Negative®

# See Section 3.3.
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