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In recent years, the application of graphene materials to the adsorption of pesticides has attracted great
research interests. However, to the best of our knowledge, there has been no report about the specific
adsorption mechanism of graphene materials for pesticides with different structures. This study investi-
gated the potential adsorption mechanism of graphene oxide (GO) and reduced graphene oxide (rGO) for
three pesticides with different structures [Methomyl (Met; without aromatic rings), Acetamiprid (Ace;
one aromatic ring) and Azoxystrobin (Azo, three aromatic rings)]. The operating variables including time,
temperature and initial pesticide concentration were estimated and optimized with face-centered com-
posite design (FCCD) through response surface methodology (RSM). Under optimal conditions, the calcu-
lated adsorption capacity of GO for Met, Ace and Azo was 106.22, 285.96 and 2896.84 mg/g; while that of
rGO was 96.86, 357.65 and 2818.04 mg/g, respectively. The adsorption kinetics follows the pseudo
second-order and Elovich models, while the adsorption isotherm can be well described by the Sips model.
Thermodynamic study revealed that the adsorption process of the three pesticides onto GO or rGO was an
exothermic and physical process. The adsorption was deduced to be synergistically driven by (1) the p-p
conjugation between the sp2 region of adsorbent and the aromatic ring of pesticide molecules, (2) H-
bonding and electrostatic interaction between heteroatoms in pesticide molecules and oxygen-
containing functional groups on adsorption materials, and (3) H-bonding and p-p conjugation between
pesticides. In general, this study provides important practical and theoretical implications for under-
standing the molecular mechanism underlying the adsorption of pollutants by GO or rGO and its practical
application.

� 2022 Elsevier B.V. All rights reserved.
1. Introduction

Pesticides are widely applied to the protection of crops from
insects, diseases and weeds to for quality control and management
in production. It has been reported that nearly two million tons of
pesticides are consumed every year to control pests worldwide,
among which 45%, 25% and 25% are used in Europe, USA and the
rest of the world, respectively [1]. Generally, the effective utiliza-
tion rate of pesticides is lower than 10%, while over 90% of the
applied pesticides fail to exert any bioactivity due to degradation,
volatilization and leaching into the environment [2]. Undoubtedly,
pesticides easily cause serious water and soil contaminations due
their low utilization rate and poor biodegradability, posing serious
threats to the ecosystems and human health [3–7]. Currently,
detection and elimination of pesticides from ecosystems are a crit-
ical issues for the protection of environment [8].

Water safety, which is essential for all living organisms, is clo-
sely related to human activities [9]. Pesticides in water bodies
are mainly derived from diffuse and point sources, particularly
the diffuse source [10]. Various strategies have been applied to
the removal of pesticide molecules from aqueous environments,
such as bioremediation, advanced oxidation processes (AOPs),
adsorption and photo catalytic degradation [11–16]. Among these
commonly used strategies, adsorption has notable advantages such
as simple operation, high efficiency, abundant source and low cost.
So far, adsorbents for pesticide removal, such as activated carbon,
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multi-walled carbon nanotubes, biochars and polymers, have been
widely reported [17–20].

Currently, graphene-based materiasl have been introduced as a
renewable materials with low secondary pollution and high
adsorption performance for pesticide adsorption removal from
wastewaters, which has attracted great research interests due to
the high stability, large specific surface area, rich sp2 bonding,
abundant oxygen functional groups and large delocalized p-p elec-
trons [21,22]. For example, Nodeh et al. suggested that magnetic
graphene oxide (GO) can achieve high adsorption capacities for
chlorpyrifos (78.74 mg g�1) and hexaconazole (93.46 mg g�1)
[23]. Moreover, GO/SiO2 composite can remove herbicide paraquat
from aqueous solutions with a a high adsorption capacity
(31.34 mg g�1) when used as an adsorbent [24]. Although numer-
ous studies have demonstrated the high adsorption capacities of
GO for pesticides, the underlying molecular mechanism remains
largely unknown. Particularly, the molecular mechanism underly-
ing the adsorption of GO or reduced GO (rGO) for pesticides may
vary with different pesticide structures.

In this work, three pesticides with different structures [Metho-
myl (Met; without aromatic rings), Acetamiprid (Ace; one aromatic
ring) and Azoxystrobin (Azo; three aromatic rings)] were used to
study the molecular mechanism for the adsorption of pesticides
by GO and rGO. The structure information of the three pesticides
is shown in Table S1. The adsorbent was characterized by FT-IR,
TGA, Raman and XPS. The mechanism for the adsorption of the
three pesticides by GO/rGO was dissected based on adsorption
kinetics, adsorption isotherms and thermodynamics combined
with SEM and FT-IR. Understanding the interaction between the
GO/rGO surface and target pollutants and the microscopic adsorp-
tion mechanism may be of great theoretical and practical signifi-
cance for the treatment of polluted water on a large scale.
2. Experimental

2.1. Materials

All chemicals were of analytical grade and used without further
purification. Certified reference materials of Met and Azo were
obtained from Shanghai Pesticide Research Institute (Shanghai,
China). Ace was purchased from Beijing NorthWeiye Measurement
Technology Research Institute (Beijing, China). Graphite was pro-
vided by Qingdao Tianhe Graphite Co. Ltd., whose average particle
diameter was 4 mm (99.95% purity). Concentrated sulfuric acid
(H2SO4) and hydrochloric acid (HCl) were provided by Tianjin
No.3 Chemical Plant. Hydrazine hydrate was obtained from Tokyo
Chemical Industry Co. Ltd.
2.2. Preparation and Characterization of GO and rGO

GO was synthesized in reference to the modified Hummers
method described in our previous study [25]. Briefly, natural gra-
phite powder was added into H2SO4 solution for the production
of graphite oxide (GtO). Then, the GtO sample was filtered and
washed with HCl (10% v/v) and deionized water (DI) for the
removal of chemical residues, which was then subjected to cen-
trifugal washing until neutrality so as to remove unexfoliated
GO. Then, the GO was suspended in DI under strong stirring and
ultrasonication for at least 1 h to synthesize rGO. The reduction
was performed with hydrazine hydrate (the hydrazine hydrate/
GO weight ratio = 10) at 95 �C. Stirring and intermittent ultrason-
ication were provided throughout the whole preparation process.
After completion, the rGO powder was immediately isolated via fil-
tration, and washed with distilled water for four times, followed by
2

drying at 40 �C to remove the residual solvent [26]. The synthetic
routes for GO and rGO are shown in Fig. 1.

Fourier-transform infrared spectroscopy (FT-IR, BrukerTen-
sor27, Germany) of GO and rGO was used to identify the variations
of functional groups. Thermo-gravimetric analysis (TGA, Netzsch
STA 409PCLuxx, Germany) was conducted at 25–800℃ with the
rate of 10℃/min in an N2 atmosphere. Raman spectra were cap-
tured using a Raman spectrometer (Horiba HR-800, France). X-
ray photoelectron spectroscopy (XPS, Thermo fisher Scientific K-
Alpha+, USA) was used for the quantitative analysis of the surface
elements in the samples. The data were analyzed with the XPS
Avantage 5.52 software. The morphology and structure of the sam-
ples were captured by scanning electron microscopy (SEM, Hitachi
SU8010, Japan). The zeta potential measurement was performed
using the Zetasizer Nano-ZS90 System (Malvern Inc.).

2.3. Adsorption experiments

Batch adsorption kinetics experiments of Met, Ace and Azo onto
the surface of GO and rGO were carried out. In each test, 1 mg of
each adsorbent (GO and rGO) was mixed with 20 mL of 50 mg/L
pesticides solutions in a 50 mL centrifuge tube at 298 K, and the
pesticides were analyzed at time intervals of 0.5, 1, 1.5, 2, 2.5, 3,
4, 5, 6, 7, 8 and 9 h after the adsorption experiments. The adsorp-
tion isotherm experiments were performed in the same way as the
adsorption kinetics experiment at 298 K. The initial concentrations
of Met, Ace and Azo ranged from 5 to 100 mg/L, 5 to 150 mg/L and
50 to 300 mg/L, respectively. Experiments for adsorption thermo-
dynamics were conducted with the addition of 1 mg of adsorbent
into pesticide solutions (20 mL, 50 mg/L) at the temperature of
298, 308 and 318 K.

All the above experiments were conducted in triplicates and
under shaking at 200 rpm for 9 h to achieve adsorption equilib-
rium. All aqueous phases in the mixture were separated from the
adsorbent through 1 min of centrifugation at 14000 rpm and filter-
ing of the supernatant through a 0.45 lm membrane filter before
analysis. The pesticide concentration in the samples was measured
with a high performance liquid chromatography (HPLC) system
(UltiMate 3000, Thermo Fisher Scientific, USA). The information
about the standard curve of the three pesticides is presented in
Table S2.

The adsorption capacity of each adsorbent was calculated with
Eq. (1):

Qt ¼ C0 � Ctð Þ � v=m

where Qt represents the adsorption capacity of the adsorbent (mg/
g), V is the sample volume of the pesticide (L), m indicates the
adsorbent dosage (g), C0 stands for the initial concentration of the
pesticide (mg/L) and Ct is the residual concentration of the pesticide
at time t (mg /L).

2.4. Adsorption kinetic model

The kinetic models could be used to ascertain the relationship
between adsorption time and adsorption capacity and analyze
the adsorption mechanism of pesticides on GO and rGO [27]. Thus,
the pseudo first-order [Eq. (2)], pseudo second-order [Eq. (3)], and
Elovich [Eq. (4)] were used to fit the kinetic experiments data in
this study [19,28].

Qt ¼ Qeð1� e�K1t ð2Þ

Qt ¼ Q2
eK2t= 1þ K2Qetð Þ ð3Þ

Qt ¼ 1=bð Þ � lnð1þ abtÞ ð4Þ



Fig. 1. Synthetic routes for the fabrication of GO and rGO.
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where Qt is the adsorption capacity of the adsorbent at time t (mg/
g), Qe indicates the adsorption capacity of the adsorbent at equilib-
rium (mg/g), K1 represents the kinetic rate constant (1/h) of the
pseudo first-order, K2 is the kinetic rate constant [g/(mg�h)] of the
pseudo second-order, a represents the initial adsorption rate (mg/
g), b indicates the desorption constant (g/mg) and t is the adsorp-
tion time (h).

2.5. Adsorption isotherm model

The absorption isotherm model could be employed to analyze
the adsorption mechanism of pesticides on GO and rGO. The exper-
imental data of adsorption isotherm were fitted into five isotherm
models, namely Langmuir, Freundlich, Temkin, Dubinin–
Radushkevich and Sips. Eq. (5) shows the Langmuir isotherm
model that can be expressed as follows [29]:

Qe ¼ Q0
maxKLCe= 1þ KLCeð Þ ð5Þ

where Qe indicates the adsorption capacity of the adsorbent at equi-
librium (mg/g), Ce indicates the adsorbate concentration at equilib-
rium (mg/L), Q0

max represents the maximum saturated monolayer
adsorption capacity of adsorbent (mg/g), and KL is a constant
related to the affinity between an adsorbent and adsorbate (L/
mg). The Freundlich isotherm [Eq. (6)] can be shown as follows
[30]:

Qe ¼ KFC
n
e ð6Þ

where KF is the Freundlich constant (mg/g)/(mg/L)n and n (dimen-
sionless) is the Freundlich intensity parameter, which indicates
the magnitude of the adsorption driving force or the surface hetero-
geneity. The heat of adsorption can be represented by Temkin iso-
therm [Eq. (7)] [31,32].

Qe ¼ RT=bTð Þ � lnATCe ð7Þ
3

where R is the gas constant [0.008314 kJ/(mol�K)], T indicates the
temperature (K), AT is the Temkin isotherm binding constant (L/
mg) and bT is a constant corresponding to the heat of absorption
(kJ/mol). Eqs. (8) and (9) describe the Dubinin-Radushkevich iso-
therm model [33]:

Qe ¼ qDRe
�KDRe2 ð8Þ

e ¼ RTln 1þ 1=Ceð Þ½ � ð9Þ

E ¼ 1=
ffiffiffiffiffiffiffiffiffiffiffi
2KDR

p
ð10Þ

where qDR is the theoretical adsorption capacity (mg/g), KDR indi-
cates a constant related to the absorption energy (mol2/kJ2) and e
is the Polanyi potential. Eq. (10) expresses the free energy (E) of
adsorption (kJ/mol), which can be used to indicate the mechanism
of absorption process. The Sips isotherm [Eq. (11)] is represented
as follows [34]:

Qe ¼ KsC
bs
e = 1þ asC

bs
e

� �
ð11Þ

where Ks is the Sips model isotherm constant (L/mg), as represents
the Sips model constant and bs is the Sips model exponent.

2.6. Adsorption thermodynamics

The absorption thermodynamic calculation was carried out
with the Van’t Hoff equation [Eqs. (12)–(14)].

lnKc=DS=R � DH=RT (12)

DG ¼ �RTlnKc ð13Þ

DG ¼ DH� TDS ð14Þ
where R is the gas constant (0.008314 kJ/(mol�K)), T represents the
temperature (K), DH indicates the variation in enthalpy (kJ/mol), DS
is the variation in entropy [kJ/(mol�K)] and DG is the variation in



Table 1
Independent variables and the coding levels in the adsorption experiments of Met
onto GO and rGO.

Independent variables Coded Levels

(�1) (0) (+1)

Time (h, X1) 0.5 1 3
Temperature (�C, X2) 25 35 45
Met concentration (mg/L, X3) 10 50 100
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Gibbs free energy (kJ/mol). Kc is the thermodynamic equilibrium
constant and can be obtained with Kc ¼ Qe=Ce [35].

2.7. Experimental design

A face-centered composite design (FCCD) was employed to esti-
mate and optimize of the independent variables (time, tempera-
ture and initial pesticide concentration) on the adsorption
efficiency of three pesticides by GO and rGO [36]. Table 1 shows
the values of the independent variables and the coding levels in
the adsorption experiments of Met onto GO and rGO, and others
are presented in Tables S3 and S4. Twenty experiments were con-
sidered as calculated from Eq. (15) [37].

N = 2 k + 2 k + nc (15).where k is the number of factors, nc used
for predicting the residual error is the replicates in central points.

For estimating the optimal conditions, the quadratic equation
model was presented in Eq. (16).

Y ¼ b0 þ
Xk

i¼1

bixi þ
Xk

i¼1

biix
2
ii þ

Xk�1

i¼1

Xk

j¼iþ1

bijxixj þ e ð16Þ

where Y is the response, b0 is the constant coefficient, bi , bii, bij are
coefficients for the linear, quadratic and interaction effect, xi and xj
are factors, e is error.

Analysis of variance (ANOVA) was conducted at a 95% signifi-
cance level to confirm which factors significantly affect the
response. The accuracy and applicability of the predicted model
were evaluated by the P-values, correlation coefficient (R2) value,
F-test value and lack-of-fit value. The validated model can be plot-
ted in a form of three-dimensional graph to generate surface
response for the determination of the best operation conditions.

2.8. Statistical analysis

All the adsorption kinetics and adsorption isothermal experi-
mental data were calculated by SPSS statistical software and the
model curve was fit and plotted by Origin 9.0. The surface response
experiments were designed and performed, and then the results
were analyzed by Design Expert Version 8.0.6.

3. Results and discussion

3.1. Characterization of GO and rGO

The FT-IR spectra of GO and rGO were acquired to observe the
chemical composition (Fig. 2a). For pure GO, its characteristic
absorption peak at 3356 cm�1 corresponds to the CAOH vibration.
The peaks at 1720, 1616 and 1375 cm�1 are assigned to the vibra-
tion of the C@O group, the skeletal vibration of the CAC bond and
the OACAO bond of the carboxyl group, respectively. In addition,
the peaks at 1224 and 1051 cm�1 are related to the C–O stretching
of the epoxy and alkoxy groups, respectively [38,39]. After the
reduction of GO, the matrix spectrum of the obtained rGO showed
an obvious blue shift. The intensity of the broad band at 3433 cm�1

decreased obviously and the peak of the C@O band almost disap-
peared. However, new peaks appeared at 2924 and 1550 cm�1,
which correspond to the vibration of the CAH group and C@C
group bending [40,41]. These results further confirmed the sub-
stantial removal of oxygen functional groups from GO after the
reduction.

The TGA was used to investigate the thermal stability of GO and
rGO as illustrated in Fig. 2b. The weight loss of GO in the temper-
ature range of 0–100 ℃ could be ascribed to the removal of phys-
ically absorbed water on GO surface. The decomposition of GO at
150–250℃ might be attributed to the degradation of unstable
oxygen-containing functional groups including carboxyl, hydroxyl
4

and epoxide groups, which resulted in the generation of gases
including steam, CO and CO2 [42]. Compared with GO, rGO exhib-
ited a higher thermal stability, and there was only a slight mass
loss below 700℃, demonstrating the removal of most oxygen-
containing functional groups by hydrazine hydrate [26].

Raman spectroscopy was employed to specify the defects and
disordered structures of GO and rGO. As shown in Fig. 2c, the
Raman spectrum of GO includes a broad band at 1361 cm�1, which
is attributed to the breathing mode of the sp2 backbone induced by
defects. The absorption band at 1594 cm�1 corresponds to the first-
order scattering of the E2g mode, which could be definitely
assigned to the zone-center LO phonon mode of the lattice
[43,44]. However, the Raman spectrum of the rGO sample shows
an obvious blue shift relative to that of GO, possibly due to the
strong reduction effect. The D to G band intensity ratio (ID/IG) is
indicative of the crystalline extent of graphene-based materials.
As reported in the literature the ID/IG ratio was about 1.15 for GO
while 1.28 for rGO, indicating that rGO has certain structural
defects [26].

To further identify the surface composition, GO and rGO were
analyzed with the XPS spectra (Fig. 2d). The results suggested the
presence of C1s and O1s on the surface of both GO and rGO.
Fig. 2e demonstrates the high-resolution XPS spectra for C1s peaks
of GO and rGO and their deconvolution peaks. XPS analysis
revealed that the C element usually existed in four chemical states,
including C@C (284.7 eV), CAO (285.3 eV), CAOAC/C@O
(286.4 eV), and OAC@O (288.3 eV) [45,46]. The C/O ratio was
2.16 and 8.12 for GO and rGO, respectively. The lower C/O ratio
of GO indicated the presence of oxygen functional groups, such
as hydroxyl, carboxyl, carbonyl and epoxide on the surface of GO,
which is in agreement with the results of FT-IR and TGA [47].

The zeta potential of GO and rGO was tested, which is an indi-
rect measure of the surface charge present (Fig. 3). It can be seen
that GO exhibited a high negative value of zeta potential
(�37 mV) which is attributed to the deprotonation of the
oxygen-containing functional groups grafted on the surface of GO
such as hydroxyl (AOH) and carboxyl (ACOOH) [48]. On the other
hand, the zeta potential value on the surface of rGO was �31 mV.
Due to the reduction process, the oxygen-containing functional
groups on the surface of GO were reduced, resulting in lower neg-
ative potential of rGO.
3.2. Adsorption capacity of the adsorbent

Pre-experiments have studied the parameters affecting the
adsorption performance, such as pH, the adsorbent dose and pesti-
cide concentration. The experimental results suggested that pH has
no significant effect on the adsorption performance of pesticides in
water, which may be related to the existing forms of the three pes-
ticides at different pH values (Figs. S1 and S2). The pKa of Met was
13.27, which mainly existed as a neutral molecule in the aqueous
media. This means that Met is easy to be protonated at lower pH
due to the two protonatable nitrogen atoms contained in Met
structure. It can also be concluded that the solubility should be
better under acidic conditions, which will lead to the faster release



Fig. 2. Characterization of GO and rGO. FT-IR spectra (a); Raman spectra (b); TGA curves (c); wide survey XPS spectra (d) and C1s core level scan spectra resolved results (e).
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of Met from GO and rGO and thereby decrease the adsorption
capacity of graphene-materials for Met. However, graphene-
materials are negatively charged over the whole pH range, which
can be ascribed to the ionization of carboxylic acid groups. Thus,
there might be electrostatic attraction between graphene-
materials and pesticides, which could improve the adsorption
capacity of GO and rGO for the protonated Met molecules. Compre-
hensively, these two factors may offset each other, making pH have
little effect on the adsorption efficiency of Met by GO and rGO. In
addition, the values of pKa for Ace and Azo were �0.44 and
�0.93, respectively, indicating that they exist in the form of anions.
Their charges are not affected by the variation of solution pH.
Therefore, the adsorption capacities of Ace and Azo by GO and
rGO are not affected by changes in pH. Therefore, pH 7 was chosen
as the appropriate experimental condition. The results revealed
5

that the maximum adsorption efficiency of adsorbent occurred at
1 mg, and no significant increase in adsorption efficiency was
observed above 1 mg. With increasing pesticide concentration,
the adsorption capacity gradually increased and finally reached
saturation.

3.3. Adsorption kinetics

Fig. 4 shows the changes in adsorption amount (Qt) of three
pesticides by GO and rGO with adsorption time. The adsorption
capacity of GO and rGO for Met, Ace and Azo increased rapidly in
the first half hour, and then showed a decrease at 3 h and stayed
stable thereafter. Hence, the reaction time of 9 h was selected as
the equilibrium time for the following experiments. In addition,
GO and rGO exhibited different adsorption capacities for the three



Fig. 3. Zeta potential analysis for GO and rGO.
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pesticides, which may be ascribed to the different structure of pes-
ticides (Fig. 4).

Adsorption kinetics is usually employed to describe the adsorp-
tion rate of the solute by the adsorbent and the adsorption type.
Here, the pseudo first-order, pseudo second-order and Elovich
models (Eqs. (2), (3) and (4), respectively) were used to describe
most adsorption reactions. Table 2 lists the corresponding fitting
parameters and determination coefficients (R2). In this work, both
the pseudo second-order and the Elovich kinetic models could bet-
ter fit the data than the pseudo first-order model, providing R2 val-
ues >0.998. These results indicate that the adsorption of the three
pesticides by GO and rGO may be controlled by multiple
mechanisms.
3.4. Adsorption isotherms

Equilibrium adsorption isotherms are useful for investigating
the interaction between solute and adsorbent, which is important
for the design of adsorption systems. The experimental data of
adsorption isotherms were fitted with the Langmuir, Freundlich,
Temkin, Dubinin–Radushkevich and Sips models, and the corre-
sponding fitting parameters are shown in Fig. 5 and Table S5. The
Sips isotherm model had the best fitting for the experimental data,
which could better describe the adsorption process of the three
pesticides on both GO and rGO. The Sips model exponent (bs) is
related to the heterogeneity of the adsorption process. All Met,
Ace and Azo had bs values above 1, demonstrating that the adsorp-
Fig. 4. Effects of adsorption time on the adsorp

6

tion was a heterogeneous process [49,50]. The Sips model can
describe the adsorption occurring on an adsorbent with a hetero-
geneous surface structure [51]. GO and rGO have various func-
tional groups such as hydroxyl groups, which may account for
the heterogeneous adsorption process of the pesticides. And these
various functional groups can also explain why the sips model had
the best fitting.

3.5. Adsorption thermodynamics

To investigate the effect of temperature on the adsorption per-
formance and mechanism, a thermodynamic study was carried out
by varying the temperature from 298 to 318 K. The calculated
results of the thermodynamic parameters are shown in Table 3.
The negative value of DH suggested that the adsorption was an
exothermic process. These results indicate that high temperature
is not conducive to the adsorption of the three pesticides onto
GO and rGO. The negative DS values reflected decreasing random-
ness at the solid/liquid interface during the adsorption process. A
negative DG value was obtained, indicating that the adsorption
was a spontaneous process [52]. With the increase of temperature,
the DG value decreased, indicating that the adsorption efficiency is
better at low temperature. The value of DG within the range
between �80 and �400 kJ/mol indicates a chemisorption process,
while the variation between 0 and �20 kJ/mol is typical for
physisorption. In the present work, the DG values ranged from
�1 to �5 kJ/mol, demonstrating that the adsorption of three pesti-
cides by GO and rGO is a physisorption process.

3.6. FCCD development

According to the experimental results obtained from FCCD, the
statistical relationships among the response and the variables were
obtained and the final equations in terms of actual factors were
predicted as Eqs. (17) and (S1)–(S5).

Adsorption Capacity of Met onto GO (Y1, qe) = � 39.51829
þ 19:85982X1 þ 0:73108X2 þ 2:40761X3�0:20718X1X2

þ 0:031234X1X3 �0:017515X2X3 �3:24335X1
2

�0:00291X2
2 �0:00921X3

2

ð17Þ
ANOVA was employed to evaluate for the significance of the

variables and model fitting [53]. The acquired results are summa-
rized in Table 4 and Table S6-S10. The higher F-test values and
lower P-values (<0.0001) were obtained, indicating that the model
is significant. The lack-of-fit value was non-significant, confirming
tion of pesticides onto GO(a) and rGO (b).



Table 2
Adsorption kinetic models and related parameters.

Materials Pesticides Pseudo-first order Pseudo-second order Elovich

Qe (mg/g) K1 (1/h) R2 Qe (mg/g) K2 (g/(mg �h)) R2 a (mg/g) b (g/mg) R2

GO Met 70.31 5.4132 0.9957 71.55 0.2819 0.9989 8.46 � 109 0.3274 0.9979
Ace 134.89 5.9862 0.9967 136.83 0.1863 0.9991 1.23 � 1012 0.2039 0.9985
Azo 259.33 4.8543 0.9952 264.69 0.0621 0.9986 9.02 � 1011 0. 1025 0.9992

rGO Met 53.29 6.0397 0.9952 34.11 0.4489 0.9982 1.20 � 1011 0.4886 0.9984
Ace 208.51 5.3177 0.9934 212.63 0.0857 0.9977 2.92 � 1010 0.1111 0.9990
Azo 223.58 4.5671 0.9969 228.39 0.0665 0.9997 2.14 � 1010 0.1022 0.9979

Fig. 5. Adsorption isotherm fitting curves of GO adsorption for Met (a), rGO adsorption for Met (b), GO adsorption for Ace (c), rGO adsorption for Ace (d), GO adsorption for
Azo (e), and rGO adsorption for Azo (f).
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the adequacy of the developed model. The values of R2 and Adj R-
Squared parameters (Adj.R2) were very close to 1, indicating that
the adsorption of pesticides by GO and rGO can be well described
7

and predicted by the developed model. Coefficient variation (CV)
determines the reliability of the performed tests and a supreme
degree of precision, and its value of <10% is reproducible [54].



Table 3
Adsorption thermodynamics and related parameters.

Materials Pesticides Temperature (K) DG kJ/mol DH kJ/mol DS (kJ/(mol�K))
GO Met 298 �2.80 �17.27 �0.05

308 �2.60
318 �1.84

Ace 298 �2.74 �20.64 �0.06
308 �2.22
318 �1.54

Azo 298 �4.91 �44.57 �0.13
308 �4.08
318 �2.27

rGO Met 298 �2.39 �8.05 �0.02
308 �2.25
318 �2.01

Ace 298 �3.49 �18.96 �0.05
308 �2.55
318 �2.43

Azo 298 �4.40 �38.57 �0.11
308 �3.45
318 �2.11

Table 4
ANOVA for the adsorption capacity of Met onto GO.

Source Sum of squares Degree of
freedom (df)

Mean squares F-value Probability P-value > F

Model 16420.42 9 1824.49 246.07 <0.0001
X1 138.19 1 138.19 18.64 0.0015
X2 626.81 1 626.81 84.54 <0.0001
X3 13913.00 1 13913.00 1876.46 <0.0001
X1 X2 57.51 1 57.51 7.76 0.0193
X1 X3 26.54 1 26.54 3.58 0.0878
X2 X3 498.12 1 498.12 67.18 <0.0001
X1
2 26.32 1 26.32 3.55 0.0889

X2
2 0.23 1 0.23 0.031 0.8629

X3
2 930.28 1 930.28 125.47 <0.0001

Residual 74.14 10 7.41
Lack of Fit 55.23 5 11.05 2.92 0.1323
Pure Error 18.91 5 3.78
Cor. Total 16494.56 19
R2 = 0.9955 Adj.R2 = 0.9915 Pred.R2 = 0.9643 Coefficient Variation

(CV %) = 5.21
Adeq. Precision (AP) = 53.808
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The low values of CV, i.e., 5.21% (GO-Met), 9.75 % (rGO-Met), 3.48 %
(GO-Ace), 1.41 % (rGO-Ace), 2.61 % (GO-Azo) and 3.03 % (rGO-Azo),
indicated the reproducibility of the model. Besides, Adeq. precision
(AP) higher than 4 confirmed the appropriate relationship between
the experimental and predicted results [55].
3.7. Effects of different factors on responses and optimization

The plots of three-dimensional surface response are graphical
representations of the regression equation, which is a function of
two factors while holding all other factors at fixed levels. The plots
can help to understand the main effects and interaction effects of
two factors. Fig. 6 demonstrates that the adsorption capacity of
three pesticides onto GO and rGO increased with increasing initial
pesticide concentration. On the contrary, the adsorption capacity of
pesticides decreased with increasing temperature, which may be
due to the exothermic adsorption process. Moreover, the results
revealed that the adsorption capacity is enhanced by an increase
of the contact time (Figs. S3–S4).

The optimal conditions of adsorption time, temperature and ini-
tial concentration of three pesticides onto GO and rGO are pre-
sented in Table S11. The predicted adsorption capacity of GO for
Met, Ace and Azo was 105.23, 286.45 and 2730.51 mg/g; while that
of rGO was 92.61, 357.37 and 2682.04 mg/g, respectively. Desir-
ability factor is another important parameter to evaluate the best
8

adsorption conditions. In this work, the desirability for all the opti-
mal conditions was very close to 1, indicating that adsorption con-
ditions can obtain the highest adsorption capacity for Met, Ace and
Azo onto GO and rGO.

To validate the reliability of FCCD optimization, four experi-
ments (n = 4) were conducted under the optimal conditions, and
the adsorption capacities of three pesticides by GO and rGO were
obtained and shown in Table S11. The predicted values were very
similar to the experimental results, suggesting that the models can
accurately describe the relationship between the independent
parameters and response.
3.8. Characterization of adsorbents loaded with pesticides.

The SEM images of GO and rGO before and after adsorption of
the three pesticides are shown in Fig. 7. Fig. 7a shows that GO con-
sists of folded and wrinkled sheets randomly aggregated in a disor-
dered structure, and rGO showed flaky structure and scale-like
layered structure overlapped to form a compact structure
(Fig. 7e). Fig. S5 shows the SEM images for the initial structures
of Met, Ace and Azo. Flake-, needle- and block-like structures could
be observed for Met, Ace and Azo, respectively. In addition, after
the adsorption of three pesticides, it could be clearly seen that
the surfaces of the three pesticides were completely covered by
GO dispersion (Fig. 7b–d) or rGO dispersion (Fig. 7f–h). Moreover,



Fig. 6. Three-dimensional surface plots of the effect of pesticides concentration and temperature on adsorption capacity of GO and rGO.
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the element species and distribution are shown in Fig. S6. The
structural elements of GO and rGO were mainly C and O, and there
was a small amount of S, while no N was found [56]. The structural
elements of Met included C, H, N and S. The existence of N in Fig. S6
(a) and (d) demonstrated the adsorption of Met on GO and rGO.
The structural elements of Ace and Azo comprised C, O and N
(Fig. S6b,c, e,f), and elemental analysis confirmed that Ace and
Azo were adsorbed on GO and rGO.
9

The FT-IR spectra of Met, GO and GO after Met adsorption (GO-
Met) are shown in Fig. 8a. For Met, the peak at 3300 cm�1 can be
attributed to the NAH flexural vibration. The NAH bending and
CAN stretching vibrations are in the 1400–1700 cm�1 region
[57,58]. The characteristic absorption peaks at 1720 and
1247 cm�1 are due to C@O and CAO stretching vibrations, and
those at 2924 and 2890 cm�1 are attributed to CAH stretching
vibration [27,59]. After adsorption of the pesticides onto GO, there



Fig. 7. SEM images of GO (a), GO after Met (b), Ace (c), and Azo adsorption (d), rGO (e), rGO after Met (f), Ace (g), and Azo adsorption (h).

Fig. 8. FT-IR spectra of GO (a) and rGO (b) before and after the adsorption of Met.
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was an obvious shift as well as a decrease in the intensity of the
peaks corresponding to N-H, CAH and CAN stretching and bending
frequency. None of these new peaks was observed to appear after
pesticide adsorption, indicating that no new covalent bond was
formed during the adsorption process. Met adsorption on rGO
showed no difference from that on GO (Fig. 8b). The same results
were obtained for all the pesticides (Fig. S7). As discussed above,
the adsorption of pesticides on GO and rGO is probably a
physisorption process.
3.9. Adsorption mechanism

The mechanism for the different adsorption capacities of the
three pesticides onto GO/rGO remains unclear. It has been found
that the adsorption of GO for pollutants mainly depends on
oxygen-containing functional groups and sp2 carbon p-p conju-
gated structure in its structure, for which the interaction mecha-
nisms possibly include electrostatic interaction, H-bonding and
p-p conjugation in general [60]. We speculate that the different
structures of the three pesticides (no aromatic ring, one aromatic
ring and three aromatic rings) may contribute to their different
adsorption capacities onto GO/rGO. The first possible mechanism
is that the p-p conjugation interaction between the aromatic rings
10
in pesticides and graphene-materials facilitates the adsorption of
GO and rGO for the pesticide. Increasing aromatic rings in the pes-
ticide structure would lead to stronger p-p conjugation interac-
tions between pesticides and graphene-materials, which would
accordingly enhance the adsorption capacity of GO or rGO for the
pesticide. This mechanism may explain our result that the adsorp-
tion capacities of GO and rGO at equilibrium for the pesticides fol-
lowed the order of Azo > Ace > Met (Fig. 5). Besides, the large
amount of functional groups on GO and rGO, such as –OH and –
COOH, could form H-bonding and electrostatic interaction with
pesticide molecules, affecting the adsorption capacity of GO or
rGO for the pesticide. Compared with rGO, GO had more oxygen-
containing groups, which contributed to more H-bonding interac-
tions and electrostatic interactions between GO and pesticides.
Therefore, there are significant differences in adsorption capacity
for pesticides between GO and rGO. The last possible mechanism
may be ascribed to the H-bonding and p-p conjugation between
pesticides, which may result in cooperative adsorption. In addition,
the p-p conjugation interaction between pesticide molecules is an
important adsorption force. More aromatic rings generally repre-
sent stronger p-p conjugation interaction between pesticide mole-
cules, which lead to a higher adsorption capacity. Thus, the
adsorption capacity of Azo on GO and rGO is much greater than



Fig. 9. Possible mechanism for the adsorption of pesticide molecules on GO/rGO.

Table 5
Comparison of adsorption capacities of various adsorbents for pesticide removal.

Pesticide Adsorbent Analysis method Adsorption Capacity Reference

Met AS/NZVI/GO HPLC 59.13 mg g�1 [61]
Met orange bagasse HPLC 10.776 mg g�1 [62]
Met biochar (BC) UV–Vis 32.42 mg g�1 [63]
Met GO HPLC 105.23 mg g�1 This work
Met rGO HPLC 92.61 mg g�1 This work
Ace Biochar (BC) UV–Vis 4.87 mg g�1 [63]
Ace Molecularly imprinted polymers (MIP) HPLC-MS-MS 25.62 mg g�1 [59]
Ace FeCl3-pistachio shells (MAC) HPLC 86.10 mg g�1 [64]
Ace GO HPLC 286.45 mg g�1 This work
Ace rGO HPLC 357.37 mg g�1 This work
Azo polystyrene (PS) UPLC-MSMS 20.88 mg g�1 [65]
Azo polyethylene (PE) UPLC-MSMS 16.69 mg g�1 [65]
Azo RS + P(soil:rice straw: peat) HPLC 78.14 mg g�1 [66]
Azo GO HPLC 2730.51 mg g�1 This work
Azo rGO HPLC 2682.04 mg g�1 This work
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that of other two pesticides. The possible adsorption mechanisms
for pesticide molecules on GO and rGO are depicted in Fig. 9.

3.10. Comparison with previous studies

The comparison with other adsorbents used for removal or
adsorb pesticides is summarized in Table 5. Compared with other
adsorbents, GO and rGO exhibit considerable potential advantages.
On the one hand, GO and rGO exhibited high adsorption capacities
when used to adsorb three pesticides simultaneously. On the other
hand, GO and rGO have a wide range of applications and can be
used to remove organic pollutants containing aromatic rings in
aqueous solutions. These characteristics make GO and rGO efficient
adsorbents that may be widely used.

4. Conclusions

This study investigated the adsorption properties of GO and rGO
for Met, Ace and Azo in aqueous solutions. The adsorption experi-
ments demonstrated different adsorption capacities of GO and rGO
for the three pesticides. The pseudo second-order and Elovich
kinetic models could well fit the experimental data, providing R2

values > 0.998. Adsorption isotherm analysis revealed that the Sips
model could best fit the adsorption process of the three pesticides
on both GO and rGO, indicating that the adsorption is a heteroge-
neous process. Besides, the thermodynamic study indicated that
11
the adsorption process is exothermic and physical adsorption.
The effects of the main operating parameters on pesticides removal
from aqueous solutions using GO and rGO were investigated and
optimized via RSM. The maximum adsorption capacity of GO for
Met, Ace and Azo was 105.23, 286.45 and 2730.51 mg/g; while that
of rGO was 92.61, 357.37 and 2682.04 mg/g, respectively. Increas-
ing aromatic rings in the pesticide structure would lead to stronger
p-p conjugation interaction between pesticides and graphene-
materials, which would accordingly enhance the adsorption capac-
ity of GO or rGO for the pesticide. In addition, the H-bonding and
electrostatic interaction between pesticide molecules and adsor-
bents also plays a synergistic role in promoting the adsorption.
This work provides new insights into the application of GO and
rGO as green adsorbents for removal of pesticides and other
organic pollutants containing aromatic rings from water.
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