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Abstract

A sequential Fenton-anaerobic biodegradation process was developed for efficient removal of the organophosphorus pes-
ticide diazinon from aqueous solution. In the first stage, Fenton oxidation achieved 48.9% removal of diazinon within
20 min at optimized reagent dosages, generating toxic intermediates such as diazoxon and sulfotep. The pretreated effluent
was subsequently treated by anaerobic biodegradation using diazinon-adapted sludge, resulting in complete elimination of
these intermediates and an overall removal efficiency of 94.4% for an initial 22.4 mg L™! diazinon solution over 96.3 h.
GC-MS confirmed the transformation of hazardous by-products into less harmful hydrocarbons, including 1-tetradecene,
I-nonadecene, and 1-octadecene. Microbial analysis showed a shift from Gram-negative to Gram-positive bacteria after
exposure, reflecting selective survival under pesticide stress. These results demonstrate that coupling Fenton pretreatment
with anaerobic biodegradation provides a cost-effective strategy for complete detoxification of diazinon-contaminated
water.
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Introduction expanded to produce high-quality products, and as a result,

water pollution by pesticides is an integral part of agricul-
Water pollutant is due to illegal and incomplete treatment  tural activities (Mirsoleimani-azizi et al. 2018; Qi et al.
has been caused by many environmental concerns (Chen 2018). Therefore, the development of water and wastewa-
and Dai 2024; Diab et al. 2025; Li et al. 2025). The use ter treatment technologies is an essential element for elimi-
of organophosphorus pesticides in modern agriculture has  nating these pollutants from the environment (Huang et al.
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2017; Fan et al. 2025). Studies have shown similar concerns
with other pollutants, such as the migration of heavy metals
in soils (Bai et al. 2020) and the use of industrial by-prod-
ucts for water remediation (Bai et al. 2022), highlighting the
broad need for innovative strategies.

Diazinon (0,0-diethyl O-[6-methyl-2-(1-
methylethyl)—4-pyrimidinyl] phosphorothioate) is one of
the most famous and most used organophosphorus pesti-
cides that are relatively soluble in water (40 mg/1 at 25 °C).
This pesticide was introduced in 1952 and classified by the
World Health Organization (WHO) in a “moderately haz-
ardous” category (Shemer and Linden 2006; Zhang et al.
2010). Researches have been showed these kinds of pesti-
cides cause chronic deleterious effects and developmental
disruption (Poirier et al. 2017). Therefore, the treatment of
such wastewaters is necessary (Barzoki et al. 2023; Azizi
et al. 2021; Pourali et al. 2023; Samarghandi et al. 2024).
Several studies have explored different pollutants' removal
using adsorption and advanced oxidation methods (Dar-
gahi et al. 2019, 2021a; Latif et al. 2025; Nazir et al. 2026;
Samarghandi et al. 2019). For example, Pirsaheb et al. (Pir-
saheb et al. 2014) reported that granular activated carbon
achieved 88% diazinon and 90% 2,4-D removal within 50
min at pH 6, indicating the potential of adsorption for pes-
ticide treatment.

Advanced oxidation processes (AOPs) are increas-
ingly applied as powerful tools to degrade a wide range of
toxic organic pollutants in water. Because hydroxyl radi-
cals have very high oxidizing power, they cause complete
destruction of most pollutants (Hodges et al. 2018). More
broadly, cooperative activation strategies are being devel-
oped across chemical sciences to enable efficient and sus-
tainable transformations, such as photoactivation-assisted
arylgermylation of alkenes (Cao et al. 2024). However,
challenges have arisen in the face of limitations such as iron
sludge production, acidic pH for the process, high peroxide
consumption and intermediate production. Similar stabil-
ity concerns have been reported in remediation materials
exposed to corrosive conditions (Bai et al. 2024), emphasiz-
ing the importance of addressing secondary pollution risks.

In relation to the treatment of toxic wastewater, AOPs
are a better option and efficient to clean up toxic and non-
biodegradable substances (Olalla and José 2007). But com-
plete mineralization by advanced oxidation processes is
often costly and, in some cases, leads to the production of
toxic intermediates (Ballesteros Martin et al. 2009). Thus,
the combination of both AOPs and biological oxidation is
an economically and environmentally friendly method for
destroying the target contaminant, since the cost of biologi-
cal treatment is usually less than AOPs (Olalla and José
2007; Sonwani et al. 2018).
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The Fenton process is more attractive than other advanced
oxidation methods due to its low cost (Gomez-Herrero et al.
2019). Recent studies have shown that the process of Fen-
ton in acidic pH is an effective process for the removal of
organic compounds. In this process, hydrogen peroxide is
used as the oxidizing agent and the ferrous ions are used as
a promoter. The decomposition of hydrogen peroxide in the
presence of Fe(II) involves a series of chain reactions, with
Eq. 1 being the most important. In this context, Fe(II) func-
tions as a promoter, since it is consumed and transformed
into Fe(IIl) (Wang et al. 2016).

Fe?t + HyOy — Fe3T + OH + OH (1)

Biological processes are the preferred option for wastewater
treatment owing to unrequiring chemicals. But in the face
of toxic and nonbiodegradable compounds, they lose their
effectiveness. biodegradability can be obtained through
the use of advanced oxidation processes. For example, in
research conducted by Zhang et al. (Zhang et al. 2019) the
ratio of BOD4/COD to the effluent after the Fenton process
increased from 0.078 to 0.463. Thus, the combination of
two methods of advanced oxidation and biocidal oxidation
is an economical and suitable method for destroying the tar-
get pollutant.

Several studies have demonstrated that coupling these
processes enhances overall degradation efficiency, reduces
costs, and improves mineralization of hazardous compounds
(Li et al. 2026; Qin et al. 2023; Chen et al. 2024). In this
study, the by-products derived from the Fenton process and
their removal in the anaerobic biodegradation process stage
were identified and a possible mechanism for the destruc-
tion of diazinon and intermediate formation was suggested.
Also, the effect of different concentrations and Fenton pro-
cess time was investigated in the combined method. The
potential for removal of diazinon was evaluated by each of
the combined treatment steps. Finally, the gram stain test
was carried out for the sludge in the anaerobic biodegrada-
tion process before and after contact with diazinon.

Experimental

Chemicals

Diazinon (98%), hydrogen peroxide (30%) and methanol
(99%) were purchased from Sigma-Aldrich. Chloroform

(99%) and hydrochloric acid were provided by Merck and
Ferric sulfate were from AppliChem.
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Fenton process

A 500 ml Erlenmeyer Flask was used for the Fenton pro-
cess. Different concentrations of Diazinon were subjected
to the Fenton process. 0.0016 g of weighted iron sulfate and
4.9 ul of hydrogen peroxide were added to different Diazi-
non solution. Sulfuric acid was applied to adjust pH (about
2.8-3), which is introduced in the resources as an optimum
value for Fenton oxidation (Gomez-Herrero et al. 2019).
The process was run inside the incubator at 30 °C with 200
rpm stirring. This process was carried out in a dark place.

All experiments were carried out in triplicate to ensure
reproducibility. For each operating condition, three inde-
pendent samples were prepared and analyzed. Reported
results represent the mean of these replicates. This approach
was adopted to reduce experimental variability and provide
statistically reliable data.

Biological oxidation

The activated sludge was prepared from local dairy Indus-
tries company and was adapted to the diazinon pesticide. In

pH Adjustment
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wastewater pH to
about 2.8-3
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order to create an oxygen-free environment, in addition to
passing nitrogen gas through sludge solution, the biologi-
cal reactor was placed in a dark environment. Because the
light causes photosynthesis process, which it changes the
anaerobic condition to aerobic (Nguyen et al. 2019; Barclay
and Crawford 1982). The pH of the pre-treated effluent was
adjusted using sodium bicarbonate at a range of 7-8. The
volume of mixed liquor and the processing time for each
experiment were 220 mL and 96 h, respectively.

The overall procedure of combined diazinon treatment
was illustrated in Fig. 1.

Gram stain test procedure

The Gram stain test was performed according to the sources
(Moyes et al. 2009; Zhang et al. 2025).

Adaptation procedure

At first, the concentration of 1 ppm of diazinon in a volume
of 150 ml of sludge (50 ml of sludge+ 100 ml of a solution
including diazinon, urea, potassium dihydrogen phosphate
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Fig. 1 The overall procedure of combined diazinon treatment
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and glucose) was in contact with each other for 72 h. This
process continued to a concentration of 7 ppm. The details
of the steps are in Table 1.

DLLME procedure

The samples in the aqueous phase are not suitable for injec-
tion and will cause the GC detector to shut down. Thus, sam-
ples were condensed in an organic phase by using dispersive
liquid—liquid microextraction (DLLME). In this way, a mix-
ture of 1 ml methanol and 60pl chloroform are injected rap-
idly to 5ml of an aqueous solution containing the sample by
using 5 ml Hamilton syringe. diazinon in an aqueous sample
was extracted into the fine droplets of chloroform. After the
formation of a cloudy solution, the mixture was centrifuged
at 5000 rpm for 5 min. The fine droplets were sedimented in
the bottom of the conical test tube. 1l of sedimented phase
was injected into GC-FID by using microsyringe (zero dead
volume, Hamilton).

GC analysis

A gas chromatograph with a split/split less injector sys-
tem, and a flame ionization detector and GC-MS (Agilent
6890N GC and Agilent 5973 mass detector, USA) were
used for separation and determination of Diazinon. Ultra-
pure helium (99.9999%, Air Products, UK) passed through
a molecular sieve trap and oxygen trap (Chromatography
Research Supplies, USA) was used as the carrier gas at a
constant linear velocity of 30 cm/s. The injection port was
held at 100 °C and used in the splitless/split mode with a
purge time 1 min. Separation was carried out on a CBP5 (25
m x 0.22 mm id) capillary column with a 0.25 um stationary
film thickness (Shimadzu, Japan) and an HP5SMS (5% phe-
nyl methyl siloxane, 30 m x 0.25 mm id, 0.25 pm film thick-
ness) capillary column (Hewlett-Packard, USA) in GC-FID
and GC-MS, respectively. The column oven temperature
was initially held at 50 °C for 5 min. then raised to 300 °C at
a rate of 10 °C min'. The FID temperature was maintained
at 300 °C. Hydrogen gas was generated by a hydrogen gen-
erator (OPGU-2200s, Shimadzu, Japan) for FID at a flow
rate of 30 mL/min. The flow rate of zero air (99.999%, Air
Products, UK) for FID was 300 mL/min.

Table 1 Adaptation conditions for microorganisms

Step 1 Step 2 Step 3 Step 4
Diazinon (ppm) 1 3 7 10
Glucose (g) 0.15 0.12 0.075 0.06
Urea (g) 0.0074 0.006 0.0037 0.003
Potassium dihydro-  0.0068 0.0054 0.0033 0.0027
gen phosphate (g)
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Results and discussion
Adaptation process

The adaptation of microorganisms increases the perfor-
mance of the biological treatment process. Microorgan-
isms adaptation to Diazinon has already been approved in
studies (Felsot xxxx). But the duration of the adaptation
in the resources varied for several hours to several days.
For this purpose, various concentrations of Diazinon were
exposed to microorganisms over several days. Consider-
ing that the adaptation time is 12 days. therefore, at the last
stage of adaptation procedure, variation in concentration of
Diazinon were investigated to ensure microorganisms were
active. By comparing Fig. 2A and Fig. 2B it is found that the
concentration of Diazinon after 72 h has been significantly
reduced by microorganisms. The results for investigation of
the chromatograms confirmed the removal of 97 percent of
Diazinon by microorganisms. The decrease in the concen-
tration of diazinon by microorganisms indicates the activity
of microorganisms in the presence of the Diazinon. Due to
the fact that during the adaptation stages of microorganisms,
their nutritional changes were associated with a decrease in
glucose and increased Diazinon, thus, at the last stage of
the adaptation process, microorganisms mainly used diazi-
non as a carbon source to their metabolism. In a study con-
ducted by Ochoa-Herrera et al. (Ochoa-Herrera et al. 2011)
the gradual reduction of copper concentration in the culture
medium was identified as one of the reasons for microbial
adaptation Table 2.

Intermediates
Intermediates generation in the fenton process

In order to investigate the produced intermediates, a 20 ppm
Diazinon solution was placed under the Fenton process. The
Fenton process was performed for 30 min inside the incu-
bator at 30 °C. Table 3 shows the results of the GC-MS
analysis. The compounds of Sulfotep and Diazoxon were
identified at retention times of 16.25 and 17.64, respectively.
According to sources, the results show that most of the
intermediates are poisonous, which Diazoxon toxicity 10
times higher than that of Diazinon and one of the most well-
known intermediates of Diazinon (Wang and Shih 2016).

Destruction of intermediates in anaerobic biodegradation

At this stage, the pre-treated solution (the effluent resulted
from Fenton process) was placed under anaerobic biologi-
cal treatment. At the end of the biological process, there was
no significant reduction in sludge volume. As it can be seen
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Fig.2 Chromatogram of Diazinon at the beginning (A) and (B) end of the adaptation stage

Table 2 Diazinon’s peak information

R, (min) Area Height Area to height ratio
A 14.183 5208/72 1367.77 3.8082
B 14.183 148.193 63.82 2.3

in Table 4 the intermediates 1-Tetradecene, 1-Nonadecene,
and 1-Octadecene have been obtained after completion
of the anaerobic biodegradation. retention times of 13.15,
15.68 and 17.96, respectively.

As it is seen, the by-products from the advanced oxi-
dation stage, degraded in combined with the biological
process, and what is observed after the anaerobic biodegra-
dation, are 1-Tetradecene, 1-Nonadecene, and the like.

Many studies have been performed on the removal of
Diazinon from wastewater, which is illustrated below. As
noted earlier, the toxicity of Diazoxon was greater than
that of Diazinon, and in all cases listed in Table 5, pres-
ence of Diazoxon as the primary intermediate at the end of
the processes has been inevitable. In the present project,

@ Springer ﬂl%%]ﬂ ABEQ &ziaitns
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Table 3 Identified intermediates by GC—MS analysis in the Fenton process

No R (min) Name Structure
1 16.25 Sulfotep J
(@]
Sx |:|> / S
SN N7 P~ o N\
2 17.64 Diazoxon
N N \
| \P/O
S o” \0 _/
Table 4 Identified intermediates by GC—MS analysis in the anaerobic biodegradation
No R, (min) Name Structure
1 13.15 1-Tetradecene N
2 15.68 1-Nonadecene O AUACA AR A A A
3 17.96 1-Octadecene

Table 5 Comparison of diazinon degradation metabolism using com-
bined chemical and chemical-biological methods

Treatment Method of By-products of  Refer-
process identification diazinon ence
Sono-Fenton GC-MS Hydroxydiazinon Wang
processes Diethyl and
phosphonate Shih
2-Isopropyl- 2015)
6-methyl-4-py-
rimidinol
Diazoxon
UV and H,0, UPLC-ESI-MS/MS  Diethyl Liet
treatment thiophosphate al.
Diethyl 2015)
phosphate
Diazoxon
Ultrasonic GC-MS Hydroxydiazinon Zhang
irradiation Diazinon methyl et al.
ketone 2011)
2-Hydroxydi-
azinon
2-Isopropyl-
6-methyl-4-py-
rimidinol
Diazoxon
TiO, induced GC-MS/MS and Diazinon Kou-
photocatalysis LC-MS aldehyde loum-

Hydroxydiazoxon bos
Hydroxydiazinon et al.
2-Isopropyl- 2003)
6-methyl-4-py-
rimidinol

Diazinon methyl

ketone

2-Hydroxydi-

azinon

2-Hydroxydi-

azoxon

Diazoxon

1-Tetradecene This
1-Nonadecene study
1-Octadecene

Fenton-anaerobic GC-MS
biodegradation
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the elimination of the Diazoxon compound was achieved
by combining the two chemical and biological methods as
a desirable treatment method. This work demonstrates the
efficacy of biological treatment as post-treatment in a com-
bined method.

After the Fenton process, the pH of the effluent was
adjusted to neutral (7-8) before entering the anaerobic
stage. Under these conditions, most of the soluble Fe(III)
generated during the oxidation step precipitates as ferric
hydroxide. The resulting suspension was not subjected to
any further iron removal, and the precipitate remained in
the mixed liquor during biological treatment. Previous stud-
ies have reported that such levels of residual iron generally
do not inhibit anaerobic microbial activity and may even
provide micronutrients that support microbial metabolism
(He et al. 2021; Wang et al. 2024; Sun et al. 2022). In agree-
ment with these reports, no adverse effects were observed
in our experiments, as indicated by the successful microbial
adaptation and high diazinon removal efficiency obtained in
the combined process.

The possible adsorption and precipitation of Fe species
after the Fenton stage can be partly explained by surface
chemistry principles, as demonstrated in studies where
hydrated AI** and Lu** ions showed preferential inner-layer
adsorption on kaolinite, governed by ion size and hydration
energy (Yan et al. 2022). This suggests that residual Fe(III)
could similarly interact with mineral or sludge surfaces dur-
ing the neutralization step.
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Table 6 Diazinon remov.al results  Tegt Diazinon mass removed Diazinon mass removed in  Final Residual Removal
in each step of the Comblfled in Fenton process (mg) anaerobic biodegradation Diazinon mass percentage
method. Fenton process time=30 process (mg) (mg) in combina-
min, anaerobic biodegradation tion method
process time=96 h E-1 1.908 0.208 0.17 93.39

F-2 2.315 0.341 0.61 83.86

F-3 2.627 0.615 1.17 77.95

Fig. 3 Diazinon removal in each
step of combined treatment, Fenton
process time: 30 min, anaerobic 100

biodegradation process time: 96 h
90

80
70
60
50
40
30
20
10

Removal Percentage Based on mg

combined method

Investigation of different parameters on diazinon
removal by the combined method

Effect of diazinon concentration in the combined method

In many reported combined processes, the advanced oxi-
dation stage is applied after biological treatment to remove
residual recalcitrant compounds (Dargahi et al. 2021b). In
contrast, the present study employed the Fenton process as
a pretreatment step before the anaerobic stage. This strat-
egy was adopted because diazinon and its immediate inter-
mediates, such as diazoxon and sulfotep, are highly toxic
and strongly inhibit microbial activity, thereby reducing
the efficiency of direct biological degradation. By apply-
ing the Fenton process first, these compounds were rapidly
decomposed into smaller and more biodegradable interme-
diates, which facilitated microbial adaptation and ensured
the complete elimination of hazardous by-products in the
subsequent anaerobic process. This sequencing not only
enhanced the removal efficiency but also minimized the risk
of biological inhibition, supporting the rationale for select-
ing the Fenton—anaerobic pathway in this work.

At this stage, the removal of various concentrations of
diazinon was investigated by a Fenton-anaerobic biodegra-
dation method. To do this, various experiments were car-
ried out with 11.54 ppm (F-1), 16.71 (F-2), and 23.4 ppm
(F-3) concentrations. The operational conditions of Fenton

EF-1 BF2 @F-3

Fenton process anaerobic biological

process

and the anaerobic biodegradation were considered constant
at all of these experiments. Conditions and test results are
briefly summarized in Table 6 .

In all of these experiments, adapted anaerobic sludge has
been used. Figure 3 shows the removal percentage of Diazi-
non in each of the combined treatment steps compared to
the untreated sample in F-1, F-2, and F-3 experiments.

At Fenton process stage, choosing the proper concentra-
tion of reagents plays a key role. To oxidize resistant com-
pounds, more amount of hydrogen peroxide is needed. But,
on the one hand, hydrogen peroxide reduces the efficiency
of the bio-activity and, on the other hand, the best efficiency
for the Fenton process is when the amount of hydrogen per-
oxide is higher than iron (II). It is worth noting that, with
increasing the iron (II) concentration, the radical hydroxyl
production decreases. Similarly, the high concentration
of hydrogen peroxide will also spontaneously deactivate
hydroxyl radicals (Olalla and José 2007).

As the results show, the maximum removal of diazinon in
the Fenton process is related to the F-1 test. Under reported
circumstances in the F-1 test, 75.15% of diazinon removal
was obtained during the Fenton process. In this experiment,
the elimination of Diazinon by combined treatment was
more than 93%. As can be seen, the contribution of the Fen-
ton process to the removal of diazinon is high. In the F-2 and
F-3 tests, 83.86% 77.95% of the diazinon was eliminated
by the combined method, respectively. which decreased

9\ Springer € ABEQ stz
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Table 7 Residual Diazinon in Test Fenton process Diazinon mass Diazinon mass removed Residual Removal
each treatment step time (min) removed in Fenton  in anaerobic biodegrada- Diazinon percentage
process (mg) tion process (mg) mass (mg) in combina-
tion method
F-4 10 1.897 0.705 1.48 71.29
F-5 20 2.413 1.007 0.30 94.39
F-6 60 2.861 0.820 0.27 95.10
Fig.4 Diazinon removal in each EF-4 BF5 =F-6
step of combined treatment,
anaerobic biodegradation process 100 94.39 95.1
time: 96 h 0
g 90
§ 80
=l
g 70 57.99
o 60 :
=y
8
= 50
Q
5 40
5
A
s 30
S
g 20
e
10
0

combined method

compared to the F-1 test. Reducing the efficiency of the
Fenton process in the amount of promoter and hydrogen
peroxide is probably due to the increase in the concentra-
tion of Diazinon since the production of hydroxyl radicals
is constant in all three experiments, but the concentration of
Diazinon increases, and the removal percentage results from
the Fenton process. Degradation of Diazinon in the F-1 test
is 18.24%, and the reason for the low bio-activity is proba-
bly due to its high pre-oxidation. As noted in Sect. "Interme-
diates generation in the Fenton process", the intermediates
produced by the Fenton process are poisonous, which also
affects the efficiency of the biodegradation.

Bio-degradation was highest in the F-3 test, so more
experiments were conducted to investigate the effect of
Fenton process time on the elimination of Diazinon on F-3
sample.

Effect of fenton process time in the combined method

F-4, F-5 and F-6 tests were designed to investigate the effect
of Fenton process time on Diazinon degradation. In these
experiments, the concentration of Diazinon and Fenton
reagents was constant at 20 ppm and only the Fenton pro-
cess time was considered as a variable parameter. an anaero-
bic biodegradation process was carried out at 96 h, neutral
pH and under a temperature of 30 °C. Table 7 illustrates the
results of these tests.

9\ Springer € ABEQ stz

Fenton process

anaerobic biological
process

In all of these experiments, adapted anaerobic sludge has
been used. Figure 4 shows the removal percentage of Diazi-
non in each step of the combined method compared to the
untreated sample in the F-4, F-5, and F-6 experiments.

It is observed that in the F-4 and F-5 tests, the removal in
the anaerobic biodegradation process is somewhat close to
the Fenton process. Results of the F-4, F-5, and F-6 experi-
ments show that the highest bio-degradation is related to the
F-5 test. In this study, the reaction time of 20 min for the Fen-
ton process has been concluded as the optimal prediction. In
the F-6 test, despite the greater Fenton time, less biodegrada-
tion than the F-5 test has been achieved, which can involve
several factors. More pre-oxidation is likely to result in higher
intermediate production, and, as noted in Sect. "Intermedi-
ates generation in the Fenton process", Diazinon’s intermedi-
ates more toxic than the diazinon itself. Therefore, the high
concentrations of these substances will disrupt bio-activity.
Table 8 was prepared to evaluate the combined Fenton and
anaerobic biodegradation process in the removal of Diazinon
by other combined methods. As can be seen by the integration
of chemical methods with each other, even at low concentra-
tions of diazinon, a good result has not been obtained. How-
ever, the method introduced in the present project yields the
highest removal rate for diazinon.

It is recognized that the operation of the Fenton pro-
cess under acidic pH (~2.8-3.0) may increase the cost of
large-scale wastewater treatment due to the need for pH
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Table 8 Comparison of diazinon removal in different processes

Process Diazinon Diazinon Ref
initial con- removal
centration (%)
(mg/L)
Photocatalysis processes 11 40.9 Gar Alalm
etal. 2015)
(UV/TiO,) Photo-Fenton 11 50.9
Ultrasonic irradiation 24 Less than Zhang et al.
50 2011)
Ozonation 10 64 Ayoubi-Feiz
etal. 2019)
Photo-electro catalysis 10 76-81
Photo—Fenton-like process 10 83 Kazemizad
(UV/H,0,/Fe%) etal. 2016)
Electrospun nanofibrous 10 83.7 Pordel et al.
membrane 2019)
Fenton-anaerobic 22.42 95.1 This study

biodegradation

Table 9 Comparison of dia and estimated treatment cost by different
processes

Process Removal Estimated Reference
efficiency cost (USD/
(%) m’)
Photocatalysis (UV/TiO,) 40-50 1.2-1.5 Gar Alalm et
al. 2015)
Sono-Fenton process 60-70 1.0-1.3 Wang and
Shih 2015)
UV/H,0, treatment 70-80 1.5-2.0 Lietal. 2015)
Ozonation ~64 1.3-1.6 Ayoubi-Feiz
et al. 2019)
Electrospun nanofibrous ~ ~83.7 ~1.0 Pordel et al.
membrane 2019)
Fenton-anaerobic 94-95 0.5-0.8 This study

biodegradation

adjustment and control. Nevertheless, integration with bio-
logical treatment significantly reduces reagent consumption
and treatment time, thereby lowering overall operational
costs. Previous studies have also demonstrated that Fenton
and Fenton-like systems are feasible at pilot- and full-scale
when coupled with economical neutralization and sludge
management strategies (Ballesteros Martin et al. 2009;
Gomez-Herrero et al. 2019). This evidence highlights the
practical potential of the combined process for real waste-
water treatment involving large volumes.

Cost study

To further evaluate the technological potential of the proposed
approach, a comparative assessment of diazinon removal effi-
ciency and approximate treatment costs with other reported
methods is presented in Table 9. The costs are based on
reagent consumption reported in the literature, which typi-
cally represent the dominant operating expenses in advanced

oxidation processes. While several AOPs achieve moderate
to high removal efficiencies, their costs often range from
1-2 USD/m® due to continuous consumption of oxidants
and energy inputs (Mousset et al. 2021; Martinez et al. 2018;
Pera-Titus and V. Garcia-Molina, M.A. Bafios, J. Giménez,
S. Esplugas 2004). In contrast, the present Fenton-anaerobic
process achieves over 94% removal efficiency with lower
reagent requirements, since the biological stage ensures the
degradation of toxic intermediates. This integration reduces
reliance on oxidants and neutralization reagents, improving
overall economic feasibility, consistent with broader trends in
replacing conventional reagents with greener and more stable
alternatives, such as sodium thiocyanate in mineral flotation
(Zhou et al. 2024). Similar to advances in other engineering
domains where numerical models guide process optimization
(Ni et al. 2025), such integrative approaches highlight the role
of mechanistic insights in achieving sustainable solutions.
Comparable advances are reported in resource utilization,
such as the development of red mud-fly ash geopolymers
under optimized curing conditions (Bai et al. 2023), reinforc-
ing the potential of sustainable material-based solutions.

The present study demonstrates several strengths com-
pared to similar works. First, the sequential Fenton-anaer-
obic process achieved a higher overall diazinon removal
efficiency (94.4%) than adsorption (Pirsaheb et al. 2014) or
single AOPs such as UV/H,0, and ozonation, which typi-
cally report 60-80% removal (Li et al. 2015; Ayoubi-Feiz et
al. 2019). Second, the combined system reduced reagent con-
sumption by transferring part of the degradation burden to
the biological stage, making the process more cost-effective.
Third, GC-MS analysis confirmed that toxic intermediates
were fully degraded into less harmful compounds, ensuring
detoxification rather than mere transfer of pollutants.

Despite these advantages, some limitations remain. The
requirement for acidic pH in the Fenton stage increases
operational costs due to the need for neutralization before
the biological step. In addition, iron sludge precipitation is
inevitable and requires proper management for large-scale
application. Addressing these challenges through process
optimization and integration with cost-effective neutraliza-
tion strategies will be essential for scaling up the technology.

Adopting microenvironment or confinement engineer-
ing (as reviewed by Fang et al. (Fang et al. 2025)) could
potentially lead to improved control over Fenton reagent
utilization, reduced Fe sludge deactivation, and enhanced
selectivity toward less harmful intermediates in combined
oxidation—biodegradation systems.

Gram stain test results
Gram-positive bacteria have a thick mesh-like cell wall

made of peptidoglycan, and as a result are stained purple by
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Fig. 5 Gram stain test on bacteria before the adaptation process (A), after the adaptation process (B) and after the combined process (C)

crystal violet, whereas Gram-negative bacteria have a thin-
ner layer, so do not retain the purple stain and are colored
as pink by safranin (Peck and Badrick 2017; E. Team 2019).
Figure 5 shows the results of Gram stain test. It was found
that bacteria before contact with Diazinon were mostly in
the form of Gram-negative, but after contact with Diazi-
non, Germ-positive species appeared. As expected, the fre-
quency of Gram-negative bacteria decreased after exposure
to Diazinon due to their poor resistance. Gram-negative
bacteria also have a slower growth due to more nutritional
needs and limit their growth (Zhang et al. 2019). After the
end of the combined process due to the exposure of micro-
organisms to toxins such as Diazinon and Diazoxon, the fre-
quency of gram-negative bacteria has decreased and as the
results show, the only dominant species is Gram-positive
bacteria.

Conclusion

This study demonstrates that coupling Fenton oxidation
with anaerobic biodegradation offers a powerful and sus-
tainable route for the removal of diazinon from aqueous
systems. The Fenton process provided rapid pre-oxidation,
breaking down diazinon into more biodegradable interme-
diates, while the subsequent anaerobic stage ensured com-
plete elimination of toxic by-products. Under optimized
conditions, the integrated method achieved over 94% over-
all removal efficiency, with GC-MS confirming the disap-
pearance of hazardous intermediates such as diazoxon. The
microbial analysis revealed a selective shift toward Gram-
positive species, highlighting microbial adaptation and resil-
ience under pesticide stress. Compared with conventional
single-step treatments, this dual approach not only enhanced
removal efficiency but also minimized secondary pollution
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risks. The findings underscore the potential of combining
advanced oxidation with biological treatment as a practi-
cal, cost-effective, and environmentally sound strategy for
managing pesticide-contaminated wastewater. These results
align with a wider scientific trend toward exploring both
engineered and natural compounds as sustainable resources
for addressing human and environmental challenges (Wei et
al. 2024). Future studies may extend this approach to pilot-
scale systems and explore its applicability to other persis-
tent agrochemicals in real wastewater matrices.
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