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Abstract Malathion (MT) is a widely used organophosphate insecticide with a broad spectrum.

MT residues in the environment even at low concentrations can have adverse effects on humans,

plants, animals, and ecosystems. In this study aimed to investigate the MT degradation yield from

groundwater using persulfate activated magnetic Fe3O4/graphene oxide nanocomposite (PS/Fe3O4-

GO MNCs). Thus, the effects of MT concentration, the dosage of PS and Fe3O4-GO MNCs, pH

value along with reaction time were investigated and further optimized applying Response Surface

Method (RSM). This model equation showed a sufficient match with the measured results from the

experimental data with the correlation coefficient (R2) of 0.9819 according to the analysis of vari-

ance. For the optimal yield, MT concentration of 3.7 mg/L, PS of 2.25 mM, Fe3O4-GO MNCs

dosage of 225 mg/L, reaction time of 22 min and pH of 4 were obtained. Moreover, for MT
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degradation, the estimated optimal degradation efficiency was 96.5 %. Furthermore, a distinct syn-

ergistic effect was observed upon the usage of Fe3O4-GO MNCs for PS activation. The MT degra-

dation rate is generally characterized by a pseudo-first-order kinetic model. Besides, experiments

with radical scavengers revealed that both OH� and SO��
4 radicals had significant functions in MT

degradation yields, with sulphate radicals being the dominant species. Conclusively, results revealed

that the PS/Fe3O4-GO MNCs degradation process is an effective method for remediating waters

that have been polluted with MT and related pesticides.

� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Agricultural pesticide contamination of water reservoirs presents a sev-

ere threat to aquatic ecosystems and drinking water resources. For the

past 50 years, plant protection products, collectively known as pesti-

cides, have been an integral part of the balanced production of quality

food and fibre (Sawinska et al., 2020). A prominent leadership in con-

trolling weeds (herbicides), insects (insecticides), and plant diseases

that affect the growth, yield, and marketability of crops has established

the pesticide industry as a significant economic contributor in the

worldwide marketplace (Popp et al., 2013). At the same time, the ubiq-

uitous agricultural and non-agricultural utilization of pesticides has led

to the residual distribution of pesticides in several environmental seg-

ments (Carvalho, 2017; Mahmoodi et al., 2021). Traces of the chemi-

cals are regularly found in surface water and, over time,

groundwater, and the primary source of drinking water around the

world (Sharma and Bhattacharya, 2017). The quantity of these con-

taminants is sometimes reported as being below regulatory limits in

water (0.1–0.5 mg/L) (Bray et al., 2021). Nevertheless, pesticide con-

tamination of water has been claimed to be a global problem, in addi-

tion, and even more so, drinking water that has high amounts of toxins

has very negative and unfavorable impacts on human population

health (Rasheed et al., 2019).

Malathion (MT) (Diethyl 2-[(dimethoxyphosphorothioyl)sulfanyl]

butanedioate) is a broad-spectrum, extremely toxic organophosphorus

insect repellent, registered in 1956 (Chai et al., 2021), and is employed

extensively in agricultural science, industry and public health to kill

ants, aphids, bagworms, beetles, cotton leaf worms, insects, lice, mos-

quitoes, etc. by inhibiting the cholinesterase enzyme (Sharma et al.,

2020). Thus, it is rapidly and efficiently absorbed by all routes, includ-

ing the gastrointestinal tract, lungs, mucosa, and skin, at the same

time, causing blurred vision, excessive salivation, headache, dizziness,

nausea, and vomiting due to the active metabolite malaoxon (a meta-

bolic product of MT) (Dikshith and Diwan, 2003), this metabolite is 61

times more toxic than MT. It also affects the nervous system, adrenal

glands, immune system, liver and has carcinogenic implications (ur

Rahman et al., 2021). Beyond that, it is toxic to birds, fish, other water

invertebrates, and honeybees (DiBartolomeis et al., 2019). Conse-

quently, as a result of the harmful consequences of pesticides in the

natural environment and their potentially harmful health outcomes

(Bray et al., 2021), many strict regulations and directives have been

introduced to monitor the release of pesticides into the natural envi-

ronment (Borsuah et al., 2020). Therefore, there are many researchers

concerned with the removal of MT from aquatic media (Wang et al.,

2021). A selection of techniques have been working for this purpose,

including physical methods (membrane filters, sand filters)

(Hedegaard and Albrechtsen, 2014; Mosleh-Shirazi et al., 2021), bio-

logical methods (biological rotary reactor, membrane bioreactor)

(Srivastava et al., 2021), and chemical methods (photocatalytic oxida-

tion, flocculation and coagulation) (da Costa Filho et al., 2016). How-

ever, there are challenges associated with some of these methods

including high energy requirements to operate the process, large

amounts of chemicals involved, generation of toxic by-products, high

operating and/or capital costs, disposal and non-selectivity issues.

The advanced oxidation processes (AOPs), generally with the partici-
pation of hydroxyl radicals (�OH) with a high redox potential (1.8–

2.7 V), are widely reported for the elimination of many organic pollu-

tants. Sulphate radical (SO��
4 ) with a redox potential of about 2.6 V,

has received broad attention in the field of organic pollutant manage-

ment (Luo et al., 2021). Moreover, SO��
4 has a more extended half-life

ðt1=2 ¼ 30� 40lsÞ in contrast to �OH ðt1=2 ¼ 1lsÞ, a broad opera-

tional pH range that makes for better mass transfer and contact of

SO��
4 with contaminants. However, it has always higher selectivity in

comparison to �OH, SO��
4 and thus it can be employed for rapid reac-

tion with specific functional groups via electron transfer (Hussain

et al., 2017). Generally, SO��
4 has the potential to be produced from

the initiation of persulfate (by bases, ultrasound, UV light, heat, metal

ions (e.g., Fe2+, Co2+, Cu2+), and metal oxides (Fe3O4, CuO) (Wu

et al., 2018). For PS activation, Fe3O4 magnetic nanoparticles

(Fe3O4-MNPs) were selected as suitable heterogeneous catalysts due

to their relatively wide availability and specific structure, easy separa-

tion/reuse, and environmental friendliness. On the other hand, the oxi-

dation of PS with Fe3O4-MNPs is limited by relatively low catalytic

efficiency, low oxidant utilization capacity, and incomplete degrada-

tion rate of organic compounds (Bavykina et al., 2020; Dehghani

et al., 2022). Monolayers of carbon atoms with a tightly packed hon-

eycomb lattice have made graphene of great interest among nanotech-

nology researchers in recent years. Graphene has the potential to

enhance the electron charge transfer rate and the number of chemical

molecules adsorbed on the surface through p-p interactions. More

recently, Fe3O4/graphene oxide (GO) magnetic nanocomposites have

received high interest in terms of promoted transfer and adsorption

properties (Asadzadeh Patehkhor et al., 2021; Hussain et al., 2012).

In this research, Fe3O4-graphene oxide (GO) magnetic nanocom-

posites (Fe3O4-GO MNCs) were synthesized and employed to activate

PS for MT degradation. This study aimed to prepare and characterize

Fe3O4-GOMNCs nanocomposites. Moreover, since several factors are

involved in the process, including MT concentration, the dosage of PS

and Fe3O4-GO MNCs, pH solution, and reaction time, an advanced

experimental proposal as response surface methodology (RSM) was

employed over the conventional single variable study to systematically

investigate the most desirable MT degradation parameters using PS/

Fe3O4-GO MNCs, and propose mechanisms for MT activation and

degradation.

2. Materials and methods

Among the chemical reagents, malathion (C10H19O6PS2,

˃99.0 %) and graphite were purchased from Sigma Aldrich,
Germany. Potassium persulfate (K2S2O8, ˃99.0 %), ammo-
nium persulfate ((NH4)2S2O8, �98.0 %), sodium persulfate

(Na2S2O8, �98.0 %), sodium thiosulfate (Na2S2O3,
˃99.0 %), sodium hydroxide (NaOH, �98.0 %), hydrogen per-
oxide (H2O2, 30 % w/w), potassium permanganate (KMnO4,

�99.0 %), ferric chloride (FeCl3, �99.9 %), sulfuric acid
(H2SO4, �99.9 %), ethylene glycol (C2H6O2, �99.0 %),
sodium acetate (C2H3NaO2, �99.9 %), ethanol (C2H5OH,

�99.9 %), tertiary butanol (C4H10O, �99.5 %) and methanol

http://creativecommons.org/licenses/by/4.0/
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(CH3OH, HPLC grade, �99.9 %) were obtained from Merck
Company, Germany. All chemicals were at least analytical
grade and were used as received. Moreover, all solutions were

prepared in distilled water obtained from Abban Company.

2.1. Preparation and characterization of Fe3O4-GO MNCs
2.1.1. Graphene oxide (GO) preparation

From natural graphite, graphene oxide (GO) was fabricated by
the Hummers method with some small modifications (Zaaba

et al., 2017). Towards that, place 2 g of powdered natural gra-
phite in a 250 mL beaker, then gradually add 1 g of NaNO3

and 46 mL of H2SO4 while stirring in an ice bath. Thereafter,
6 g of KMnO4 was slowly added to the beaker with stirring

while maintaining the temperature below 20 �C. After 5 min
the ice bath was removed and the system was heated to
35 �C for 30 min, then 92 mL of water was slowly added

and vortexed for an additional 15 min. Subsequently, to reduce
residual KMnO4, add 80 mL of 60 �C hot water and 3 % H2O2

in water until no more visible bubbles are visible. Finally, the

system was centrifuged at 7200 rpm for 10 min, and the result-
ing powder was washed with warm demineralized water until
the pH of the upper suspension reached 7. However, after

cleaning the black residue, the resulting tan powder was dis-
persed in ultrapure water and sonicated with gentle sonication
for 15 min to form homogeneous suspensions of varying con-
centrations. GO powder was received by lyophilization of the

suspension (Han et al., 2011).

2.1.2. Preparation of Fe3O4-GO MNCs

After the typical synthesis, the pre-treated GO (0.5 g) was frac-

tionated by sonication in 80 mL of ethylene glycol over 3 h.
Next, 1.6 g FeCl3-6H2O and 3.2 g sodium acetate were dis-
solved in the ethylene glycol GO solution at ambient tempera-

ture. After vortexing for approximately 30 min, the solution
was transferred to a 100 mL Teflon-lined stainless steel auto-
clave and kept at 200 �C for 6 h before naturally cooling to

ambient temperature. Finally, the black pellet was centrifuged,
washed several times with ethanol, and dried in a vacuum oven
at 60 �C (Ai et al., 2011).

2.2. Experimental procedures

A 300 mL sealed Erlenmeyer flask with a rotary shaker
(200 rpm, 20 ± 2 �C) was used in all experiments. The reac-

tions involved were initiated by adding the indicated amount
of Fe3O4-GO-MNCs to 250 mL of a mixed solution containing
MT and PS. Moreover, to determine the effect of different

parameters on MT degradation, several sets of experiments
were performed. The solution pH was adjusted operating
NaOH or H2SO4. To identify the influence of the reactive spe-

cies in PS activated by Fe3O4-GO MNCs process (PS/ Fe3O4-
GO MNCs), ethanol (EtOH) and tertiary butanol (TBA) were
utilized as radical scavengers. Also, to verify the ability to

reuse Fe3O4-GO MNCs, the MNCs were collected with a mag-
net and washed with Milli-Q water after each run, followed by
reuse with the addition of fresh PS and MT. All experiments
were performed in triplicate, and the standard deviation of

all experiments was given. Collect 2 mL samples at regular
intervals and pass through a 0.45 mm PTFE filter. Then
10 mL of 1 M Na2S2O3 was added to quench the reaction.
The filtered solution was analysed for MT concentration.

The detection of MT residual in samples after the treatment
process were further validated by using High-performance liq-
uid chromatography (HPLC) (KNAUER HPLC system

model Smartline, Germany) having a UV detector with
220 nm wavelength. For this purpose, a Reliant C18 column
(250 � 4.6 mm) was used and maintained at a constant column

temperature of 40 �C. A solution of acetonitrile and water
(75:25) was used as eluent at a flow rate of 1 mL min�1 with
a retention time of 25 min. The structure and morphology of
the Fe3O4-GO MNCs were characterized by Field Emission

scanning electron microscopy (FE-SEM, LEO-Germany).

2.3. Statistical model

Response surface methodology (RSM) stands for statistically
identifying important factors (independent variables) in a
model and generating a response surface model, which is used

to predict outcomes by providing mathematical equations. In
this study, experiments were designed using Design Expert ver-
sion 11 software.

For this purpose, four independent variables are considered
in the experimental design as follows concentration of MT, the
dosage of PS, the dosage of Fe3O4-GO MNCs and reaction
time. The dependent variable (response) is the degradation effi-

ciency of MT. Each of the independent variable (X1, X2, X3,
and X4) was varied numerically over five levels and coded as
-a,-1, 0, +1 and + a Analysis of variance (ANOVA) and

regression analysis were performed to determine the statistical
significance of the model conditions, with regression correla-
tion fit between experimental data and independent variables.

Assuming that the changes in Y, (MT degradation efficiency)
are consistent with a second order equation of the form Eq.1:

Y ¼ b0 þ
Xn

i¼1

biXi þ
Xn

i¼1

biiX
2
i þ

Xn�1

i¼1

Xn

j¼iþ1

bijXiXj ð1Þ

Y denotes the response value estimated by the model, b0 is a
constant, bi denotes that the shift value is linear, bii is quadra-
tic, and bij is the regression coefficient of correlation. Xi and Xj

denote the coded independent variables. The validity of the
model was determined by model summary, no-fit model test,
and coefficient of determination (R2) analysis The terms were

removed from the initial model for all statistically insignificant
terms (p-value > 0.05), and the empirical data were re-fitted
only for significant (p-value < 0.05) result variables to obtain

the final reduced model.

3. Results and discussion

3.1. Characterization of Fe3O4-GO MNCs catalyst

For the purpose of investigating the morphology and structure

of the catalyst, there was FE-SEM image taken for the fabri-
cated Fe3O4-GO MNCs and shown in Fig. 1-(A). In addition,
GO distributed between Fe3O4 nanoparticles can prevent the

aggregation of Fe3O4 nanoparticles to some extent resulting
in a potentially beneficial effect on the reaction Even more rel-
evant, after a long sonication time during FE-SEM sample



Fig. 1 (A) The FE-SEM image, (B) XRD pattern, and (C) FTIR

spectra of Fe3O4-GO MNCs.
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preparation, the Fe3O4 nanoparticles were still tightly attached
on the GO surface with high density, suggesting a strong inter-
action between Fe3O4 nanoparticles and GO. Also, it shows
that the nanoparticles are agglomerated due to magnetic dipo-
lar interactions between the magnetite nanoparticles.

The crystalline structure of Fe3O4-GO MNCs was identi-

fied with XRD technique. The XRD pattern of Fe3O4-GO
MNCs is shown in Fig. 1-(B). The peaks at 2h values of
17.9� (111), 30.7� (220), 35.9� (311), 42.8� (400), 57.3�

(422), and 63.1� (511) are in agreement with standard XRD
data for an inverted Fe3O4 spinel structure with lattice con-
stants of h= 8.397�A (JCPDS file no. 19–0629). Computations

with the Scherrer equation reveal an 18 nm equivalent particle
size, as confirmed by FE-SEM. Also, the Fe3O4 diffraction
peaks are wider, suggesting that the crystal sizes are quite small
for Fe3O4 particles. Moreover, a diffraction peak marked by a

very slight oval shape at 2h = 9.7� belongs to (001) crystal of
GO. The obtained results correlate well with the previous stud-
ies (Kassaee et al., 2011; Yao et al., 2012).

In Fig. 1-(C), the fourier transform infrared spectroscopy
(FTIR) spectra of Fe3O4-GO MNCs have been provided.
The intense peaks at 3427 cm�1 is associated with the stretch-

ing of OAH groups. The peak at 1638 cm�1 (aromatic C‚C)
can be attributed to the skeletal vibrations of the unoxidized
graphite domains (Kassaee et al., 2011). The peak at

1363 cm�1 relates to the bending absorption of carboxyl group
O‚C (Amani et al., 2022), while the two characteristic absorp-
tion peaks of Fe-O in Fe3O4 nanoparticles appear at 572 cm�1

and 628 cm�1. The characteristic peaks at 1571 and 1251 cm�1

indicate the interaction of carbonyl and epoxy groups of GO
and Fe on the surface of magnetic particles, and establish
the binding of Fe3O4 nanoparticles to GO (Umar et al., 2020).

3.2. Establishment for a new MT degradation activation system

Initially, the effects of numerous PSs including (NH4)2S2O8,

K2S2O8 and Na2S2O8 on MT degradation efficiency were
checked, and no noticeable differences were observed between
these PSs; hence, K2S2O8 was selected for further study. Prior

to an extensive study on the MT degradation yield using PS/
Fe3O4-GO MNCs, the MT degradation yield using PS and
Fe3O4-GO MNCs was investigated independently in control

experiments. When S2O
2�
8 or Fe3O4-GO MNCs were added

lonely, the MT degradation yields were 2.6 % and 21 %,
respectively, both of these cases were insignificant compared
to the almost complete degradation yield of MT in the pres-

ence of both S2O
2�
8 and Fe3O4-GO MNCs. As a result, the sig-

nificant MT degradation efficiency of PS/Fe3O4-GO MNCs

may be due to the activation of S2O
2�
8 by Fe2+ dissolved from

Fe3O4-GO MNCs (Shang et al., 2019; Zhen et al., 2018).

3.3. Developed model and effect of operational parameters

Aqueous solution pH has a major impact on oxidation pro-

cesses through changes in the degree of ionization of impurities
and oxidants, surface properties, and the degree of activity and
solubility of reactants. Therefore, it is based on the important

role of solution pH on degradation efficiency in chemical reac-
tions, among them advanced oxidation, the efficiency of PS/
Fe3O4-GO MNCs process for MT degradation yield from

groundwater was studied at a pH range of 2–12 and the results
are given in Fig. 2.

The degradation efficiency of MT showed an increasing

trend from 26.7 % to 90.3 % when the pH was downregulated



Fig. 2 Effect of pH solution for degradation yield of MT using PS/Fe3O4-GOMNCs process: MT concentration of 5.0 mg/L, PS dosage

of 2 mM, pH of 4, and Fe3O4-GO MNCs dosage of 150 mg/L.
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from 12 to 4. This result indicates that an acidic environment is

more favourable for MT degradation than neutral and alkaline
conditions. Any change in solution pH, whether below or
above 4, leads to a decrease in MT degradation efficiency.

Hence, the solution pH of 4 was preferred as the optimum
solution pH and was applied in further experiments. If the
pH is very low (strongly acidic), a large number of hydrogen
ions (H+) are present in solution, allowing them to scavenge

both sulphate and hydroxyl radicals. as shown in Eqs. (2)
and (3).

SO��
4 þHþ þ e� ! HSO��

4 ð2Þ

OH� þHþ þ e� ! H2O ð3Þ
SO��

4 mostly occurs in acidic and neutral conditions, and

OH� mostly is found in high pH conditions. Moreover, OH�

radicals can be generated from the outcomes of SO��
4 with

H2O /OH� (Eqs. (4) and (5)):

SO��
4 þH2O ! OH�� þHSO��

4 ð4Þ

SO��
4 þOH� ! OH� þ SO2�

4 ð5Þ
However, the radical SO��

4 dominates at acidic pH, but both

SO��
4 and OH� radicals are present, and in alkaline pH and near

to 12, OH� is the dominant radical. Consequently, when PS/
Fe3O4-GO MNCs is treated as an oxidant, corresponding to
Eq. (4), including SO��

4 , OH� is also generated. Hence, the yield

decreases at high pH (Eq. (6)) due to the reaction of SO��
4 , a

radical by OH�, which leads to higher consumption of SO��
4 ,

and subsequent decrease in MT degradation yield (Liang
et al., 2020).

SO��
4 þOH� ! SO2�

4 þOH� Alkaline pH ð6Þ

OH� þ S2O
2�
8 ! OH� þ S2O

�
8 ð7Þ
OH� þ OH� ! H2O2 ð8Þ
Furthermore, the reactions described in Eqs. (7) and (8) can

also follow in the company of OH� radicals at pH levels of 8 to
10 and 12, respectively. The reaction of OH� with OH� may
result in rapid loss of OH� in basic alkaline solution. Therefore,

the decomposition efficiency of MT under alkaline conditions
will be less as compared to acidic and neutral conditions. The
OH� redox potential also becomes lower under alkaline condi-

tions (about 2.0 V), leading to a decrease in the oxidation
potential of OH� radicals (Norzaee et al., 2018).

For the optimization purpose, an experimental study on the
MT degradation performance using PS/Fe3O4-GOMNCs pro-

cess was conducted. To design the experiment, response sur-
face methodology (RSM) was applied. Therefore, the four
variables studied were MT concentration (X1), PS dosage

(X2), Fe3O4-GO MNCs dosage (X3) and reaction time (X4).
These variables and the range studied have been selected based
on the literature and the results obtained in preliminary studies

(Table 1). Finally, this model was designated on the basis of
the high ranking order polynomials in which additional condi-
tions were significant. Based on the MT degradation yield data

shown in Table 1, a quadratic model was made using RSM
since it was statistically substantial for the response (Y) for
MT degradation efficiency.

In terms of coding factors, the empirical RSM model repre-

sents the interaction and importance of the variables in the
direction of the response. One-factor coefficients represent
the effect of only one factor, while two-factor and second-

order element coefficients correspond to interactions or quad-
ratic effects between two factors. Therefore, the final empirical
formula model of the response according to the coding factor

is given by Eq. (9).

Y %ð Þ ¼ 77:75� 6:81X1 þ 6:37X2 þ 5:56X3 þ 5:11X4

þ 4:33X2X3 � 5:02X2
2 � 4:97X2

3 ð9Þ



Table 1 Experimental factors and levels in the central composite design (CCD) for degradation yield of MT using PS/Fe3O4-GO

MNCs process.

Coded Variables (Xi) Factors (Ui) Experimental Field

A = MT concentration (mg/L) -a �1 level 0 +1 level +a
X1 1 3.7 5.5 7.3 10

X2 B = PS dosage (mM) 0.5 1.25 1.75 2.25 3

X3 C = Fe3O4-GO MNCs dosage (mg/L) 50 125 175 225 300

X4 D = Reaction time (min) 5 12.5 17.5 22.5 30

Run Actual values Coded values Actual degradation

yield of MT (%)

Predict degradation

yield of MT (%)A(mg/L) B (mM) C(mg/L) D(min) X1 X2 X3 X4

1 3.7 2.25 225 12.5 �1 1 1 �1 82.6 85.7

2 3.7 2.25 125 22.5 �1 1 �1 1 76.1 76.2

3 3.7 2.25 125 12.5 �1 1 �1 �1 67.1 65.9

4 1 1.75 175 17.5 �2.5 0 0 0 93.2 94.7

5 5.5 1.75 175 17.5 0 0 0 0 79.1 77.7

6 10 1.75 175 17.5 2.5 0 0 0 62.2 60.7

7 3.7 1.25 125 12.5 �1 �1 �1 �1 62.4 61.8

8 5.5 1.75 50 17.5 0 0 �2.5 0 34.3 32.8

9 3.7 1.25 125 22.5 �1 �1 �1 1 69.3 72.1

10 7.3 1.25 225 12.5 1 �1 1 �1 49.8 50.7

11 5.5 1.75 300 17.5 0 0 2.5 0 62.2 60.6

12 3.7 1.25 225 22.5 �1 �1 1 1 71.6 74.5

13 7.3 2.25 125 12.5 1 1 �1 �1 50 52.3

14 5.5 3 175 17.5 0 2.5 0 0 63.3 62.2

15 5.5 1.75 175 30 0 0 0 2.5 92.1 90.5

16 7.3 1.25 125 22.5 1 �1 �1 1 56 58.4

17 7.3 2.25 125 22.5 1 1 �1 1 59.7 62.5

18 5.5 0.5 175 17.5 0 �2.5 0 0 32.5 30.4

19 5.5 1.75 175 17.5 0 0 0 0 78.2 77.7

20 5.5 1.75 175 17.5 0 0 0 0 80.1 77.7

21 7.3 2.25 225 22.5 1 1 1 1 80 82.3

22 5.5 1.75 175 17.5 0 0 0 0 81.8 77.7

23 5.5 1.75 175 17.5 0 0 0 0 80.7 77.7

24 5.5 1.75 175 17.5 0 0 0 0 81.3 77.7

25 7.3 1.25 225 22.5 1 �1 1 1 58.4 60.9

26 5.5 1.75 175 5 0 0 0 �2.5 62 64.9

27 3.7 1.25 225 12.5 �1 �1 1 �1 65.1 64.3

28 7.3 1.25 125 12.5 1 �1 �1 �1 47.5 48.2

29 3.7 2.25 225 22.5 �1 1 1 1 96.5 95.9

30 7.3 2.25 225 12.5 1 1 1 �1 72.7 72.1
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The correlation coefficient, R2 value, was significant to val-
idate the elaborated model. The R2 values for degradation

yield of MT is 0.9819. It shows an overall change of 98.19 in
the correlation of MT mining production between experimen-
tal and predicted values. These high R2 values indicate that the

predicted response was near the experimental value and the
model is proper to connect with the experiment data. There-
fore, the R2 shows good agreement between experimental data.

Fig. 3-(A) and 3-(B) presents the predicted response versus
actual response and the normal % probability versus exter-
nally studentized residuals for degradation yield of MT using
PS/Fe3O4-GO MNCs process, respectively. The residuals can

be seen to exhibit a normal distribution since all points were
along a straight line. The residuals also revealed that the model
could not be further improved through changes in the response

because the data points were scattered and did not display a
‘‘sigmoidal shape” curve. However, the graphs indicated that
the model presented in Equation (9) can be considered as the

best suggested model for the obtained experimental data to
find the optimal degradation performance of MT. Further-
more, low standard deviation values of 2.46 was obtained for
the model.
The significance and contribution of independent variables
and interactions were determined using graphical Pareto anal-

ysis to explain the results. This analysis determines the percent-
age effect of each independent variable on the dependent
variable (MT degradation), based on Equation (10).

Pi ¼ b2iP
b
2
i

� 100ði–0Þ ð10Þ

where bi is the estimation of the principal influence of variable
i. The results of the graphical Pareto analysis are illustrated in
Fig. 4-(A). According to this analysis, the contributions of the

X1, X2, X3, X4, X2X3, X2
2, and X3

2 (significant parameters) on
the MT degradation are 21.8 %, 19.1 %, 14.5 %, 12.3 %,
8.8 %, 11.8 %, and 11.6 %, respectively. According to the

observations, the most important variables affecting the
response rate variable are MT concentration and PS dosage.
The multiple regression analysis technique in RSM to estimate

the coefficients of the model for the response was applied. Fur-
thermore, the significance and adequacy of the model were ver-
ified using ANOVA. The mean square is obtained by dividing
the sum of squares of each source, model, and error variance



Fig. 3 (A) the predicted response versus actual response (B) the normal % probability versus externally studentized residuals for

degradation of MT using PS/Fe3O4-GO MNCs process.
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by the corresponding degrees of freedom. A low Prob > F

value of<0.05 indicates that the results are not random and
that the model terms have a significant effect on the response.
The analysis of variance of the quadratic model of MT degra-
dation yield using PS/Fe3O4-GO-MNC process is shown in

Table 2. From this table, a model F value of 170.14 and a
Prob > F value of 0.0001 means the model is considerable.

The study of degradation yield of MT from groundwater

using PS/Fe3O4-GOMNCs procedure at different MT concen-
trations was conducted in the range of 1–10 mg/L. According
to Fig. 4-(B), there was a significant decrease in its degradation

efficiency in groundwater as the MT concentration increased.
In fact, an increase in MT concentration from 1 to 20 mg/L
caused reduction of efficiency of the process from 94.7 to

60.8 %. The reduction in MT degradation efficiency at higher
concentrations may be due to inhibition of PS reactions at
redox-active centres, reduced action of PS and Fe3O4-GO
MNCs, leading to reduced formation of reactive species, and

competition between intermediate and parent compounds in
reacting with oxygen reactive radicals.

In fact, since the SO2�
4 radicals appear to be inert and would

not be considered a type of pollutant, it should only be limited
to a maximum concentration of 250 mg/L, based on the
water’s taste and odour as determined by the United Protec-

tion Agency. In addition to the cost of PS, it is preferable to
select the lowest concentration of PS that can result in MT
degradation within a given reaction time. The effect of PS con-
centrations (0.5 to 3 mM) on MT degradation yield was inves-

tigated (Fig. 4-(C)). As can be observed in Fig. 4-(C), the
degradation yield of MT increased with growing PS concentra-
tion. When the concentration of PS increased from 0.5 to

2 mM, the degradation yield of MT increased from 30.4 %
to 86.7 %. However, when the PS concentration is higher than
2 mM, the degradation yield of MT is slightly reduced.
The reason may be that SO��
4 is converted into S2O

��
8

through Eqs. (11) and (12), while the oxidation potential of
S2O

��
8 is lower than that of SO4

��.

SO��
4 þ SO��

4 ! S2O
�2�
8 ð11Þ

SO��
4 þ S2O

2�
8 ! S2O

��
8 þ SO2�

4 ð12Þ
Therefore, the optimal PS concentration for degradation

yield of MT was found to be 2 mM in the present study.
The effect of Fe3O4-GOMNCs dosage on PS on MT degra-

dation performance was investigated. Fig. 4-(D) shows the MT
degradation yield as a function of PS concentration and
Fe3O4-GO MNCs dosage in solution.

As can be seen from Fig. 4-(D), an enhancement of MT
degradation yield is observed by increasing Fe3O4-GO MNCs
dosage from 50 to 200 mg/L had a beneficial effect on the MT
degradation efficiency. The reason for this is the increased

number of active sites in Fe3O4-GO MNCs to react with PS,
yielding more reactive sites of SO��

4 radicals (Eq.13).

Fe2þ þ S2O
2�
8 ! Fe3þ þ SO2�

4 þ SO��
4 ð13Þ

However, it is found that as the dosage of Fe3O4-GO
MNCs had increased from 200 to 300 mg/L, MT degradation
yield decreased. However, when the Fe3O4-GO MNCs dosage

is higher than 200 mg/L, the degradation yield of MT is
decreased. A possible explanation for this is (1) elevated
SO��

4 species quenching resulting from the association of

SO��
4 species alone triggered in excess of activator, and (2)

increased quenching of SO��
4 with Fe2+ at high activator dose

through Eq.14.

Fe2þ þ SO��
4 ! Fe3þ þ SO2�

4 ð14Þ



Fig. 4 (A) Graphical Pareto analysis of the significant operating parameters effects, (B) Effect of MT concentration on MT degradation

yield, (C) Response surface plot of MT concentration & PS dosage, (D) Response surface plot of Fe3O4-GO MNCs dosage & Reaction

time. (Operating parameters set at their central points of 3.7 mg/L MT concentration, PS dosage of 1.75 mM, pH of 4, Fe3O4-GO MNCs

dosage of 175 mg/L and Reaction time of 17.5 min).
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Thereupon, the MT degradation yield decreased when the

Fe3O4-GO MNCs was added further beyond about 200 mg/
L. For the control experiment, only 13.5 % MT loss was
observed in the absence of Fe3O4-GO MNCs, indicating a

low oxidation capacity of PS without using an activator.

3.4. Optimization and validation of model

With the objective to maximize the MT degradation yield
using PS/Fe3O4-GO MNCs process, the variation of operating
parameters values presents by the ramps demonstrated in
Fig. 5-(A). The desirability of each factor and response is

shown, as well as the mixed desirability. Highlighted points
illustrate optimal values for each factor or response (moving
points horizontally) and how well those goals are achieved

(how high the slope is). The complexity desirability of the
model is 0.940, remember that the goal of optimization is to
find a global solution that satisfies all objectives, desirability

is just a mathematical property, not every desirability will
reach a value of 1.0. A series of experiments were conducted
to test the model to assess the reliability of the optimal condi-
tions predicted by the empirical model. The experimental val-



Table 2 Analysis of variance (ANOVA) results of quadratic model to degradation yield of MT using PS/Fe3O4-GO MNCs process.

Source Sum of squares Degree of freedom (df) Mean square F-value p-value prob > F

Model 7197.3 7 1028.2 170.1 < 0.0001

X1 1321.9 1 1321.9 218.7 < 0.0001

X2 1157.1 1 1157.1 191.4 < 0.0001

X3 879.8 1 879.8 145.5 < 0.0001

X4 744.3 1 744.3 123.1 < 0.0001

X2 X3 299.3 1 299.3 49.5 < 0.0001

X2
2 1646.4 1 1646.4 272.4 < 0.0001

X3
2 1609.9 1 1609.9 266.4 < 0.0001

Residual 132.9 22 6.0 – –

Lack of Fit 123.7 17 7.2 3.9 0.0680

Pure Error 9.24 5 1.8 – –

Cor Total 7330.3 29 – – –
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ues were found to deviate less from the predicted values, and
these results further support the validity of the model.

The optimum conditions predicted for MT degradation
yield using PS/Fe3O4-GO MNCs process are as the MT con-
centration of 3.7 mg/L, PS dosage of 2.3 mM, Fe3O4-GO
MNCs dosage of 224 mg/L, reaction time of 22 min, and pH
Fig. 5 (A) Ramps of numerical optimization of operating paramete

optimum condition.
solution of 4.0. According to the obtained results, the pre-
dicted and experimental degradation yield of 95.9 % and

96.5 % achieved in the mentioned optimum condition.
Furthermore, the accuracy of the developed polynomial

model was successfully validated by performing different pro-
cessing runs under a range of operating conditions and is sum-
rs values – (B) MT degradation, COD and TOC removal in the



Table 4 Parameters of kinetic equations for the MT degra-

dation yield.

Kinetics model Equation kapp R2

First order ln C0

Ct

� �
¼ þkt 0.1325 0.9965

Second order 1
Ct

¼ ktþ ð 1
C0
Þ 0.3848 0.9050
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marized in Table 3. From this, it can be concluded that the
experimentally obtained MT degradation yields are reasonably
consistent with the yields predicted by the RSM model.

3.5. Degradation kinetic

In the present work, first and second order kinetic model was

used to investigate the MT degradation performance using PS/
Fe3O4-GO MNCs process. The kinetic studies of MT degrada-
tion yield were performed in optimum condition. From the

kinetic results obtained (Table 4), the correlation coefficient
(R2) of the model used was approximately 0.9965, confirming
the high ability of model to fit the kinetic data of MT degrada-

tion by PS/Fe3O4-GO MNCs process. This is also confirmed
by the strong agreement between the first-order reaction kinet-
ics model and the experimental data from the studied process.

3.6. Mechanism of MT degradation

3.6.1. Radical scavengers effect

In addition, in order to better explain the MT degradation
mechanism and to identify the dominant radicals in the degra-
dation process of PS/Fe3O4-GO MNCs, radical quenching

experiments were performed, the results of which are shown
in Fig. 6- (A). From Fig. 6-(A), it is clearly seen that there
was a significant decrease in MT degradation efficiency in
the presence of ethanol (EtOH), benzoquinone (BQ), and ter-

tiary butanol (TBA). However, the degradation efficiency was
clearly inhibited when TBA, EtOH and BQ were added to the
solution separately, and the degradation efficiencies were only

74.1 %, 27.9 % and 30.1 % for BQ, EtOH and TBA, respec-
tively. BQ, EtOH, and TBA are established to determine the
impact of OH� and SO��

4 radicals at different levels. The

second-order rate constants given for the quenching reactions
of EtOH and TBA are as follows (Li et al., 2018):

TBAþ OH� 3:8� 7:6� 109 M�1S�1 ð15Þ

TBAþ SO��
4 4:0� 9:1� 105 M�1S�1 ð16Þ

EtOHþ OH� 1:2� 2:8� 109 M�1S�1 ð17Þ

EtOHþ SO��
4 1:6� 7:7� 107 M�1S�1 ð18Þ

Basically, OH�� interacts with targets via hydrogen abstrac-
tion, but the SO��

4 response is a precise electron transfer mech-

anism upon activation.. Hence, SO��
4 is more selective, which is
Table 3 Validation of the developed model.

MT

concentration

(mg/L)

PS

dosage

(mM)

Fe3O4-GO MNCs

dosage (mg/L)

Reaction

time (min)

Solutio

pH

3.7 2.25 225 22 4

7.2 2.25 225 12.5 4

3.7 1.30 220 15 4

5.0 2.0 170 20 4

6.5 1.5 200 15 4
much less of an attractor for TBA. Based on the equations

above, it can be observed that OH� appears to be almost
1000 times more reactive than SO��

4 in the reaction rates

toward TBA.

3.6.2. Effect of inorganic ions

Natural water usually contains inorganic ions such as HCO3
–,

NO3
–, H2PO4

- and Cl- which can affect the decomposition of
organic compounds by PS radicals in the process of MNC-
PS/Fe3O4-GO. Previous studies have shown that the presence

of some of the involved inorganic ions affects the degradation
of organic compounds in sulphate-based advanced oxidation.
In this study, the effect of the presence of four types of anions,

including HCO3
–, NO3

–, H2PO4
- and Cl-, on MT degradation

was investigated (Fig. 6-(B)). Regarding our results, MT was
almost completely degraded (96.5 %) using the PS/Fe3O4-

GO-MNCs process in the absence of different anions (control),
while in the presence of Cl-, NO3

–, HCO3
– and H2PO4

- anions,
the degradation rate of MT decreased to 84.5 %, 75.2 %,

63.7 % and 56.2 %, respectively, which may be related to
the high ionic strength, and the application of PS/Fe3O4- fur-
ther reduced the degradation rate. GO-MNC process. There-
fore, the lowest efficiency (56.2 %) is associated with the use

of this anion, which may be related to the scavenging proper-
ties of H2PO4

- for radicals SO4-� and OH�. In contrast, H2PO4

forms a complex with iron species in the reaction medium, so

free cationic iron species have no chance to further react with
PS in solution. The degradation rate of MT in the presence of
bicarbonate anion was 63.7 % because the presence of bicar-

bonate in solution resulted in the formation of HCO3
– and

CO3
2– (Eqs. (19) and (20)) (Chai et al., 2021; Lu et al., 2017).

H2CO3ðaqÞ ! Hþ þHCO�
3 ð19Þ

HCO�
3 ! Hþ þ CO2�

3 ð20Þ
n Predicted

degradation yield

(%)

95 %

CI low

95 %

CI high

Experimental

degradation yield (%)

95.9 93.3 98.7 96.5

72.1 69.4 73.6 72.9

69.2 69.4 73.8 70.3

83.7 81.8 86.5 84.1

67.6 65.1 69.5 67.1



Fig. 6 (A) MT degradation yield in the existence of different

scavengers, (B) Effect of inorganic ions (Inorganic ions concen-

tration of 0.2 mM), (C) MT degradation in five cycles in the

optimum condition.
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On the other hand, SO4
-∙ reacts with HCO3

– and CO3
2– to

form carbonate radicals, which are less capable of decompos-

ing organic pollutants than PS radicals. (Eqs. (21) and (22)).

SO��
4 þHCO�

3 ! SO2�
4 þHCO�

3 ð21Þ

SO��
4 þ CO2�

3 ! SO2�
4 þ CO��

3 ð22Þ
The effect of bicarbonate inhibition on antipyrine clearance
has been reported previously and reached similar conclusions
(Chai et al., 2021). Another anion that affects the MT degra-

dation process is chloride. The process results showed that
the MT degradation efficiency was 75.2 % in the presence of
chloride. Once chloride enters the system, it reacts with SO4

-�

according to the following equation (Eqs. (23) to (26)) (Fang
et al., 2012).

SO��
4 þ Cl� ! SO2�

4 þ Cl� ð23Þ

Cl� þ Cl� ! Cl�2 ð24Þ

Cl�2 þH2O ! ClOH� þ Cl� þHþ ð25Þ

Cl�2 þOH� ! ClOH� þ Cl� ð26Þ
Surface interaction of SO��

4 radicals with Cl� ions results in

the formation of Cl�Cl�, which can effectively form other chlo-
rine radicals such as Cl��

2 and ClOH�. The production of Cl�

can also act in a similar manner to SO��
4 to support the efficient

decomposition of pollutants. The results showed that the addi-
tion of nitrate reduced MT degradation by about 84.5 %,
which may be related to the secondary reaction between nitrate

ions and SO��
4 (Eq. (27)) (Zhou et al., 2016).

SO��
4 þNO�

3 ! SO2�
4 þNO��

3 ð27Þ
The above obtained results reveal the influence of inorganic

ions on the process. Corresponding to Xu and Li (2010), the
HCO3

–, NO3
–, H2PO4

- and Cl- ions had a switch effect on the
degradation of MT.

Moreover, according to the previous reports, MT degrada-

tion can be allocated into two periods, that is degradation and
mineralization. MT was attacked by SO��

4 to generate

malaoxon and desmethyl malathion. Under further oxidation
of SO��

4 , they were transformed into different intermediates,

such as desmethyl malaoxon, diethyl maleate, diethyl 2-
mercaptosuccinate, diethyl malate, ethyl 2-hydroxysuccinate,

D-malate, dimethyl phosphate (Li et al., 2019). Finally, the

intermediates can be disintegrated into inorganic units through

ring-opening and mineralization reactions.

3.7. Reusability of Fe3O4-GO MNCs

The reusability potential of the PS/Fe3O4-GO MNCs system

was investigated in order to determine the practical applicabil-
ity of the Fe3O4-GOMNCs. For this aim, the prepared Fe3O4-
GO MNCs were used in five subsequent tests and the removal

efficiency was recorded. As depicted in Fig. 6-(C), around
13 % decreases in the removal efficiency of MT achieved by
the end of the fifth experiment, which demonstrates the appro-

priate reusability of the Fe3O4-GO MNCs in consecutive
experiments. This reduction is explained by poisoning the
Fe3O4-GO MNCs surface with organic by-products or reduc-

ing active sites on the catalyst surface.

3.8. Degradation pathway

The proposed degradation pathway of MT demonstrated in

Fig. 7 (Li et al., 2019).
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3.9. Real sample

The physical and chemical properties of the groundwater sam-
ples are shown in Table 5. Treatment trials were performed
under most favorable conditions acquired from batch runs.

A 100 mL groundwater sample was employed for examination.
The amount of MT remaining in the groundwater samples

in this study was determined by solvent extraction experiments
with dichloromethane (dichloromethane), which is denser than

water (1.33 g mL�1). After filtering the final sample, the solu-
tion was transferred to a 1 L decanter, followed by three addi-
tional extraction steps using 25, 50, and 25 cm3 of solvent
Fig. 7 The proposed degradation
dichloromethane, respectively. At each stage, transfer the
remaining MT to the solvent phase by shaking the decanter.
The solvent phase is then drained into a balloon placed under-

neath. Once the three extraction stages were completed and the
solvent phase was completely removed, the indicated amount
of anhydrous sodium sulphate was added to the sample to

remove water. Thereafter, the separated organic phase was
stored in a fume hood and evaporated to fully recover the
extraction solvent. After evaporation, a sample volume

(500 mL) was set up for analysis on the HPLC system
(Dehghani et al., 2017). From the obtained results, it was
found that the initial MT concentration of 0.93 ± 0.23 mg.L-
pathway of MT demonstrated.



Table 5 Physical and chemical characteristics of groundwater

samples.

Parameters Units Value

Temperature �C 20.3 ± 1.5

pH – 7.62 ± 0.32

EC ms cm�1 647 ± 35

TDS mg/L 454 ± 20

Ca2+ mg/L 61.7 ± 13.1

Mg2+ mg/L 12.1 ± 1.1

Fe mg/L 0.25 ± 0.09

SO4
2- mg/L 82.4 ± 7.5

NO3– mg/L 5.1 ± 0.70

Na+ mg/L 35 ± 4.2

K+ mg/L 1.26 ± 0.52

F- mg/L 0.52 ± 0.12

Fecal Coliforms CFU 100 mL�1 0

Total Coliforms CFU 100 mL�1 0
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1 in the groundwater samples decreased to zero under optimal
conditions after applying the PS/Fe3O4-GO-MNCs method.

4. Conclusion

In this study, the degradation yield of MT by the PS/Fe3O4-GO-MNC

process was investigated. A four-variable central composite design

(CCD) based response surface method (RSM) was used to assess the

effect of MT degradation. An analysis of variance was performed to

test the validity of the model and a quadratic model was obtained.

The MT concentration was 3.7 mg/L, the PS dosage was 2.25 mM,

the Fe3O4-GO-MNCs dosage was 225 mg/L, the pH was 4, and the

reaction time was 22 min. The experimental results show that the

MT degradation yield follows a pseudo-first-order kinetic model.

SO��
4 performs a major role in MT removal. This mechanism suggests

that potentially harmful by-products are not formed or accumulated

during MT degradation. Therefore, as a green oxidation process, PS/

Fe3O4-GO-MNCs have great application potential in the degradation

of organic toxic pollutants.
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