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The wide use of atrazine (ATZ) as a triazine herbicide poses serious threats to the
environment and human health. Therefore, it is particularly necessary to develop some
effective methods for the removal of ATZ from the environment. Here, we studied the
removal of ATZ from aqueous solutions by three graphene-based materials (GBMs), in-
cluding graphene oxide (GO), reduced graphene oxide (rGO) and graphene nanoplatelets
(GNP). The results revealed that all the three GBMs had extremely high ATZ adsorption
capacity, which followed the order of rGO (1083.94 mg/g) > GO (1011.94 mg/g) >
GNP (1005.77 mg/g), and they were also confirmed to be applicable to actual samples.
The adsorption was well fitted by the Elovich kinetic model with the determination
coefficient (R?) > 0.985, 0.998 and 0.993 for GO, rGO and GNP, respectively. Moreover,
the adsorption isotherm data were fitted to the Langmuir, Freundlich, Temkin, Dubinin-
Radushkevich and Sips models. The results revealed that the adsorption process was
the best fit by the Sips model. The fitting results of adsorption kinetics and adsorption
isotherm demonstrated that the adsorption is a multi-mechanism process. In addition,
the interaction mechanism of ATZ with the adsorbents was investigated by density
functional theory (DFT), and the visual illustration revealed that the adsorption process
was driven synergistically by H-bonding and = — = conjugation interactions. The
developed materials are of high convenience and feasibility, and have great application

potential in the removal of ATZ and other pesticides from the aqueous environment.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Over the past decades, herbicides have been widely used in agricultural and aquacultural practices to remove field
weeds or as environmental modifiers to remove harmful algae, weeds and moss in water bodies (Hamilton et al., 2011;
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Souza et al., 2020). Large amounts of herbicides have entered the environment in various forms and eventually pollute the
soil and water bodies, posing serious threats to humans and the environment (Yang et al., 2019; Yu et al.,, 2021). Among
herbicides, atrazine (ATZ; chemical structure shown in Fig. S1) is widely used and becomes a particularly ubiquitous
micropollutant (He et al.,, 2019). Due to its selectivity and high water solubility, ATZ is used both as a pre-emergent
and early post-emergent herbicide. This herbicide is widely used to control dicotyledonous weeds and some grasses in
agriculture in order to improve the yield of crops (Khavar et al.,, 2018; Li et al., 2018). However, due to the long half-life
and large application amount, ATZ residues are gradually accumulated as environmental pollutants in water bodies and
pose potential hazards to the environmental and human health (Dionne et al., 2021; Vieira et al., 2021). Therefore, it is
urgent to develop effective methods for the removal of ATZ residues from the environment.

In recent years, many remediation techniques have been developed to reduce the harm caused by ATZ, such as Fenton
reaction (Yang et al.,, 2018; Fareed et al,, 2021), ozonation (Yuan et al,, 2019), adsorption (Wang et al., 2020; Ighalo
et al., 2020; Adeniyi et al., 2021; Binh et al., 2022), and chlorination methods (Kong et al., 2016). Among these methods,
adsorption has been recognized as a superior and widely used method owing to its relatively low cost, easy operation
and eco-friendly water cleaning effect. Currently, carbon-based nanomaterials have been developed as high-performance
adsorbents to be widely used in the adsorption of heavy metal ions, dyes and other pollutants from aqueous solutions,
due to their high stability, large specific surface area, rich sp? bonds, abundant oxygen functional groups and large
- conjugated structure (Bhattacharyya et al., 2021; Mehrabi et al., 2019; Velasquez-Rojas et al., 2021; Al-Ghouti et al.,
2022). For instance, Kuang et al. (2020) reported the adsorption of methylene blue by activated carbon (AC) modified
with anionic surfactant (SLS), which exhibited a high adsorption capacity of 232.5 mg/g. In addition, the adsorption of
Cd** by nonmagnetic and magnetic biochars (CMB and M-CMB) was conducted in a previous study, and the maximum
adsorption capacity could reach 60.69 and 41.07 mg/g at the initial Cd>* concentration of 180 mg/L, respectively (Huang
et al., 2020).

Compared with other carbonaceous materials, graphene-based materials (GBMs) such as graphene oxide (GO), reduced
graphene oxide (rGO) and graphene nanoplatelets (GNP) have the advantage of selective adsorption for organic pollutants
through strong 7 -7 interaction, electrostatic interaction and H-bonding interaction (Molla et al., 2019; Nithya Priya et al.,
2022; Zarenezhad et al., 2022). For instance, Zhao et al. (2019) investigated the adsorption performance of tetracycline-
Cu multi-pollutants by GO and rGO, and concluded that the adsorption mechanism mainly includes w-7 conjugation,
electrostatic interaction, and the bridge connection by Cu?*. Moreover, commercial GNP could remove tetracycline
antibiotics from aqueous solutions with an adsorption capacity up to 240.4 mg/g when used as an adsorbent (Sui et al.,
2017). Although there have been numerous studies of the adsorption behavior of GBMs, there were relatively few studies
of GBMs to be used for herbicide removal. In this work, ATZ was selected as the representative pesticide pollutant, and
GO, rGO and GNP were used as adsorbents for the removal of ATZ from aqueous solutions and studying the adsorption
behavior. The main objective is to ascertain the adsorption capacity of GO, rGO and GNP for ATZ and investigate the
interaction mechanism between them. Finally, the applicability and of GBMs as adsorbents for real samples was tested.
The results may provide valuable information for the removal of pesticides from aqueous environments using GBMs.

2. Experimental
2.1. Materials

GNPs were obtained from Sigma-Aldrich Co. Inc., and the analytical-grade chemicals needed for GO and rGO synthesis
such as potassium permanganate (KMnO,4) and H,0, were supplied by Merck Ltd., India. Concentrated sulfuric acid
(H,S04) and hydrochloric acid (HCl) were provided by Tianjin No. 3 Chemical Plant. Hydrazine hydrate (NH,NH,-H,0)
was obtained from Tokyo Chemical Industry Co. Ltd. ATZ (99.3%) was purchased from Beijing North Weiye Measurement
Technology Research Institute (Beijing, China).

2.2. Preparation and characterization of GBMs

A modified Hummers’ method described in our previous study was used to prepare GO. Typically, natural graphite
powder was initially oxidized by H,SO,4 to form graphite oxide (GtO). After filtration and washing with hydrochloric acid
(10% V/V) and deionized water (DI) to remove the chemical residues, the GtO sample dispersed in deionized water was
subjected to ultrasonic treatment (Elamsonic, S60 H) for 1 h and then centrifuged at 5000 rpm for 15 min to remove
the unexfoliated GtO (Wang et al., 2018). Dried GO (100 mg) was dispersed in ultra-pure water (100 mL) under strong
stirring and ultrasonication for at least 1 h. The sample was reduced with hydrazine hydrate (hydrazine hydrate/GO =
10, w/w) at 95 °C stirring for 8 h to obtain rGO. Then, the obtained rGO powder was filtered, and washed with ultra-pure
water (5 x 100 mL) and methanol (5 x 100 mL), and finally dried at 40 °C for 24 h to remove residual solvent. The detail
process for synthesizing GO and rGO is shown in Scheme 1.

The thermal stability and composition of the samples were tested with the thermal gravimetric analysis (TGA) (STA
409 PC Luxx, NETZSCH, Germany) at the rate of 10 °C/min in a N, atmosphere, and the temperature range was set from
20 °C to 700 °C. Fourier Transform Infrared Spectroscopy (FTIR) (TENSOR 27, Brucker, Germany) was used to analyze the
functional groups and chemical bond types of samples in the range of 500-4000 cm™~!. The Raman spectrometer used in
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Scheme 1. The synthesis process of GO and rGO.

Table 1

Porous properties of GBMs.
Properties GO rGO GNP
BET Surface area (m?/g) 246.31 357.56 26.52
BJH pore volume (cm?/g) 1.60 0.35 0.18
Pore size (nm) 26.00 3.94 26.70

this experiment was the Scientific LabRAM HR Evolution microscopic confocal Raman spectrometer of HORIBA, with an
excitation source of 633 nm and a Si detector. The structure and surface morphology of the sample were examined by
field emission scanning electron microscope (FE-SEM) (SU8010, Hitachi, Japan). The surface elemental composition of GO,
rGO and GNP was quantified using the X-ray photoelectron spectrometer (XPS) (AXIS Supra, SHIMADU, Japan). The BET
surface, Pore volume and pore size of GBMs determined by a surface area analyzer (BSD-PM1, Beijing, China) are shown
in Table 1.

2.3. Adsorption kinetic and isotherm studies

All the adsorption kinetics and adsorption isothermal experimental data were calculated by SPSS statistical software,
and the model curve was fit and plotted by Origin 9.0.

2.3.1. Batch adsorption experiments

A series of adsorption kinetic experiments of ATZ by three GBMs (GO, rGO and GNP) were carried out. GO, rGO and GNP
(1 mg for each) were respectively dispersed in 20 mL ultra-pure water mixed with ATZ at the concentration of 100 mg/L
in a 50-mL centrifuge tube. The centrifuge tube was then placed on a laboratory shaking table (Orbital ShakerIncubator
ES-20, Grant-Bio) at 22 °C. Then, the sample was taken at the scheduled time points (0.25, 0.50, 1.00, 1.50, 2.00, 2.50,
3.00, 4.00, 5.00, 6.00, 7.00, 8.00, 9.00 h), centrifuged for 1 min at 14000 rpm, and the supernatant was filtered through
a 0.45 pm polyethersulfone filter (Agela Technologies, Tianjin, China) attached to a syringe. The concentration of ATZ in
the filtered solution was then determined by high performance liquid chromatography (HPLC) analysis.

The adsorption isotherm experiments were carried out with the same procedures used for the adsorption kinetic
experiments, and the concentration of the ATZ solution was set from 6.25 to 150 mg/L. All experiments were carried
out in triplicate, and the results were expressed as the average. A blank test was carried out under the same conditions
without the use of any adsorbent. The initial and equilibrium concentrations of ATZ were used to calculate the adsorption
capacity (mg/g). The adsorption amount of ATZ on each adsorbent was calculated as follows:

(CO - Ce)v

G =—"—, (1)
m

where g, is the adsorption amount of ATZ by per kilogram of absorbent (mg/g) at time t, V represents the volume (L) of
the sample, C, indicates the equilibrium concentration of ATZ (mg/L), Cy represents the initial ATZ concentration (mg/L),
and m represents the mass of the absorbent (g).

2.3.2. Adsorption kinetic models

Kinetic models can be used to ascertain the relationship between adsorption time and adsorption capacity to analyze
the adsorption mechanism (Li et al., 2021). The pseudo first-order kinetic model is usually used to describe the initial stage
of adsorption controlled by the diffusion step and cannot be used to accurately describe the whole adsorption process.
However, the pseudo second-order kinetic model is based on the assumption that the adsorption rate is controlled by the
chemical adsorption mechanism, which can be used to accurately describe the whole process of adsorption. The Elovich
model is often used to describe heterogeneous adsorption process. Here, the three kinetic experimental models (pseudo
first-order, pseudo second-order, and Elovich) were adopted for kinetic data fitting of the adsorption of GO, rGO and GNP
for ATZ:

G = qe(1—e™ ) (2)
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Egs. (2)-(4) are the pseudo first-order, pseudo second-order and Elovich kinetic experimental models, respectively, where
q. (mg/g) and q; (mg/g) are the amounts of adsorbate adsorbed at equilibrium and time ¢t (h), respectively; k; and k, stand
for the first-order and second-order adsorption rate constants (1/h), respectively; « is the initial adsorption rate (mg/kg),
and B is the desorption constant (kg/mg).

2.3.3. Adsorption isotherm models

To analyze the adsorption mechanism of GO, rGO and GNP for ATZ, the Langmuir, Freundlich, Temkin, Dubinin-
Radushkevich and Sips isotherm models were used to test the experimental data. Langmuir isotherm assumes that the
energy sites on the adsorbent surface are uniform, and the Langmuir equation (Saxena et al., 2019) is shown as follows

Eq. (5):
_ Qr(r)laxKl-Ce
1+KC’

where Q7. (mg/g) is the maximum saturated monolayer adsorption capacity of an adsorbent, C. (mg/L) represents the
adsorbate concentration at equilibrium, g, (mg/g) is the amount of adsorbate at equilibrium, and K; (L/mg) is the affinity
constant between the adsorbent and adsorbate. The nonlinearity of the Freundlich isotherm model (Banisheykholeslami
et al.,, 2021) is shown in Eq. (6):

e = KFC:, (6)

(5)

de

where Kr (mg/g)/(mg/L)" is the Freundlich constant, and n is the Freundlich intensity parameter, which indicates the
magnitude of the adsorption driving force or the surface heterogeneity. The Temkin isotherm model (Kesarwani et al.,
2021) can be expressed by Eq. (7) and the Dubinin-Radushkevich isotherm models (Isiuku et al., 2021; Srivastava et al.,
2017) can be shown as Egs. (8)-(10):

RT
e = EIHATCe (7)
Q. = qDRe*KDRS2 (8)
1
& = RTLn [1 + c] 9) 9)

E = 1/y/2Kpx (10)

In these equations, the constant Ar (L/mg) is the Temkin constant and by (kJ/moL) is the heat constant of adsorption;
T (in Kelvin) is the temperature; R (8.314 J/mol/K) is the universal gas constant and ¢ is the Polanyi potential; qpg is
the theoretical adsorption capacity (mg/g); Kpg indicates a constant related to the absorption energy (mol?/kJ?); E is the
mean free energy of adsorption (kJ/moL). In the Sips Eq. (11) (Wanjeria et al., 2018), Ks (L/mg) is the Sips model isotherm
constant; as (L/mg) is the Sips model constant; and bs is the Sips model exponent.

K,CP
Qo= ———- (11)
1+ a,Ce

2.4. HPLC analysis

The treated solution of ATZ was analyzed by a HPLC system (Diane UltiMate_3000, Thermofisher, USA) equipped with
a UV detector. An Agilent ZORBAX Eclipse XDB-C18 column with the size of 5.0 um, 150 mm x 4.6 mm was used for
chromatographic fractionation. By using 70% methanol +30% water (V/V) as the mobile phase, the ATZ solution was
separated by isocratic elution in 10 min with the detection wavelength of 225 nm. The flow rate was 0.8 mL/min, and
the injection volume was 10 wL. Under these conditions, the retention time of ATZ was 4.66 & 0.02 min.

2.5. Interaction mechanism determined by theoretical calculation

In order to fully investigate the interaction mechanism between the adsorbate and adsorbents, DFT was employed
to study the optimized geometry and binding energies (BEs) between the adsorbent and ATZ. The initial geometry
optimization was carried out using B3LYP-D3(BJ) functional (Grimme et al., 2011) in conjunction with 6-311G (d, p) basis
set (Mclean and Chandler, 1980) in vacuum. All the structures were confirmed to be in local minima via vibrational
frequency calculation. The independent gradient model based on Hirshfeld partition (IGMH) analyses was performed
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Fig. 1. FE-SEM images of GO (a), rGO (b) and GNP (c).

via the Multiwfn 3.8(dev) code (Lu and Chen, 2012, 2021). To represent the typical functional domains of GBMs, a 19-
membered carbon ring was used as the model structure for the sp? region of GBMs, and the 19-membered carbon ring
with three hydroxyl groups, one epoxide group and one carboxyl group was used as the sp> region model structure of
GBMs in this study. The BEs were calculated at M06-2X-D3 (Zhao et al., 2006)/6-311+G (d, p) level by a correction of
basis set superposition error (BSSE) through the following Eq. (12):

BE = Ecpwms(sp2/sp3)—Atz — EcBms(sp2/sp3) — Earz (12)
2.6. Real samples

To confirm the applicability of the adsorbents in actual samples, the adsorption of ATZ in spiked tap water and
wastewater samples was conducted with the tested absorbents. The adsorbent dose was set as 1 mg while the ATZ
concentration was set as 100 mg/L. The experiments were carried out as described in the adsorption experiment and
the HPLC analysis method was employed to confirm the concentration of ATZ. The parameters of tap water and waste
water are presented in Table S1.

2.7. Reutilization test

After the adsorption test, the adsorbent was collected by centrifugation, and then eluted with chromatographic
pure dichloromethane, and separated by a separating funnel. The elution was repeated for four times. The eluent was
determined by HPLC until the eluent contained no ATZ. The eluted adsorbent was dried in an oven at 40 °C and reused
as an adsorbent for adsorption. About 1 mg of recovered adsorbent was accurately weighed into a 50 mL centrifuge
tube, which was then added with 20 mL of 100 mg/L ATZ solution. Three parallel samples were set for all experimental
samples. The samples were placed in a laboratory shaking table with an oscillation frequency of 200 rpm at 22 °C for
9 h. After centrifugation at 14000 r/min for 1 min, the supernatant was filtered by 0.45 pwm polyethersulfone filter and
stored in the liquid chromatography injection bottle. The residual amount of ATZ was determined by HPLC. In this way,
the re-adsorption experiments were performed for three times using the recovered adsorbents.

3. Results and discussion
3.1. Characterization of the adsorbents

The BET surface area of GBMs was characterized by a surface area analyzer and shown in Table 1. The values of the BET
surface area for GO, rGO and GNP were 246.31, 357.56 and 26.52 m?/g, respectively. Further, the FE-SEM, TGA, XPS and
Raman spectra of GBMs were characterized and the FE-SEM images display their microstructures. As shown in Fig. 1, GO
exhibited a significantly different surface morphology from rGO and GNP. Fig. 1a shows that the surface of GO was thin
and smooth, consisting of partially folded structures, which could result in multilayer aggregation due to the presence of
oxygen-containing groups. These results indicate that GO has been well exfoliated and prepared. However, the surface
of rGO was rough with more folds and some disorganized flakes (Fig. 1b), which might reduce the polymerization and
provide a large available specific surface area to facilitate the adsorption (Zhao et al., 2019). Fig. 1c shows that the GNP
surface consisted of a stack of flat-structured sheets, which might interact with the adsorbate mainly through the 7 -7
stacking interaction for adsorption and therefore be more conducive to the adsorption of pollutants containing aromatic
structure.

To verify the chemical structure of GO, rGO and GNP, the Raman spectra were obtained and presented in Fig. 2a. The
Raman spectrum of GNP showed a peak at 1583 cm™!, which is a G-band. The Raman spectra of GO showed two peaks
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Table 2

Analysis of Cls peaks and relative percentages of different functional groups obtained from XPS spectra.
Binding energy (eV) Assignment Relative fraction of each C moiety

GO rGO GNP

284.6 C-C/C=C 43.4% 47.7% 90.6%
285.3 C-OH 8.5% 24.1% 5.3%
286.4 C-0-C/C=0 30.0% 19.0% 4.1%
288.3 0=C-OH 18.1% 9.2% 0

GO: graphene oxide; rGO: reduced graphene oxide; GNP: graphene nanoplatelets.

D-band to G-band (ID/IG; 1.26) compared with GO (1.12), which may be ascribed to the increase in the average size of
the sp? region after the reduction of GO (Wang et al., 2013).

The TGA was used to evaluate the oxygen-containing functional groups on the surface of GBMs and their thermal
stability as shown in Fig. 2b. The weight loss process of GO could be mainly divided into three stages: in the first stage
(before 150 °C), the weight loss was due to the evaporation of water adsorbed on the surface of GO; while in the second
stage (150-230 °C), it was owing to the thermal decomposition of oxygen-containing groups such as epoxy groups,
carbonyl groups and hydroxyl groups on the surface of GO, which resulted in a higher weight loss of 48.11%; the weight
loss in the last stage might be attributed to the decomposition of the carbon lattice in GO. rGO (by 13.80%) and GNP
(by 6.83%) showed significantly less weight loss at 150-400 °C, which was far lower than that of GO (48.11%), indicating
higher thermal stability of rGO and GNP than GO.

In order to further distinguish the structure of GO, rGO and GNP, their chemical composition was determined by XPS
(Fig. 2¢). As a result, the C1s (285.0 eV) and O1s (532.0 eV) energy spectra with significant variations in the C/O ratio were
observed among the studied adsorbents. As shown in Table S2, GO had a high oxygen concentration of 27.56%, while that
of rGO and GNP was only 8.92% and 1.27%, respectively. The C/O ratio of GO was 2.63, indicating the presence of numerous
oxygen-containing groups on the surface of GO, which may destroy the sp? region of graphite. The C/O ratio of rGO was
10.21, indicating that a part of oxygen-containing groups on GO surface disappeared during the reduction and the sp?
region was restored. The high C/O ratio of GNP suggested that it contained almost no oxygen-containing groups, which
is consistent with its high thermal stability in the TGA analysis.

In Fig. 2d-f, the splitting of the C1s peaks by de-convolution using four different components revealed that the four
peaks were respectively attributed to aromatic or aliphatic carbon C-C/C=C (~284.6 eV), C-OH (~285.3 eV), C-0-C/C=0
(~286.4 eV) and O-C=0 (~288.3 eV) (Gao et al,, 2018; Liu et al., 2015). As shown in Fig. 2d-f, in the XPS spectrum of GO,
rGO and GNP, there was a dominant peak of sp> C=C at 284.6 eV, which corresponds to the graphitic structure. Several
small peaks of C-OH at 285.3 eV and C-0-C/C=0 at 286.4 eV are assigned to carbon atoms attached to different oxygen-
containing moieties. Based on the XPS results, the C1s peaks and relative percentages of different functional groups on the
surface of GO, rGO and GNP were obtained (Table 2). The results revealed that the concentration of C-C/C=C increased in
the order of GO, rGO and GNP, indicating that the concentration of oxygen-containing groups on the surface of the GBMs
is in reverse proportion to that of C-C/C=C. For the oxygen-containing groups, the concentration of C-O-C/C=0 and COOH
moieties was almost 50.0% on GO surface while about 30% on rGO surface, implying reduction of partial C-0-C/C=0 and
COOH moieties during the reduction of GO to rGO, which is in line with the increase in the concentration of C-OH groups
(24.1%) and C-C/C=C (47.7%) in rGO.

3.2. Adsorption capacity of the adsorbents

To evaluate the adsorption capacity of GBMs for ATZ, batch adsorption experiments were implemented. Pre-
experiments were carried out on the factors that might affect the adsorption capacity, such as the adsorbent dose, pH and
ATZ concentration. The results revealed that pH has little effect on the adsorption performance of the adsorbent (Fig. S3).
When the adsorbent dose was 1 mg, the adsorption effect was the best, and there was no obvious change with increasing
adsorbent dose. With increasing concentration of ATZ, the adsorption capacity increased and finally reached saturation.
The maximum adsorption capacities of ATZ on GO, rGO and GNP were 1011.94, 1083.94 and 1005.77 mg/g, respectively,
indicating that all the three adsorbents have excellent adsorption performance, particularly rGO.

The adsorption capacity of ATZ on GBMs may be affected by the effective BET surface area, H-bonding and w-x
stacking interaction (El-Kammah et al., 2022). As shown in Table 1, the BET surface area values of GO and rGO are much
greater than that of GNP, indicating that GO and rGO should have higher adsorption capacity for ATZ; however, GNP also
exhibited excellent adsorption performance, possibly because besides the effective BET surface area, the H-bonding and
- stacking interaction between ATZ and GBMs are also key factors affecting the adsorption capacity of ATZ on GBMs.
The detailed mechanism for the effect of H-bonding and w-m stacking interaction on the adsorption capacity of ATZ
on GBMs would be further investigated in Section 3.5. In addition, a comparison of the adsorption capacities of various
adsorbents for ATZ as previously reported is presented in Table 5. It can be seen that GBMs are superior to many other
adsorbents for ATZ adsorption. This result might be attributed to the synergistic effect of H-bonding and 7 - stacking
interaction between GBMs and ATZ molecules.
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Fig. 3. Effects of contact time on the adsorption of ATZ onto GBMs.

Table 3
Fitting parameters of adsorption kinetics of ATZ onto GO, rGO and GNP with the pseudo first-order, pseudo second-order and Elovich kinetic
models.

Materials Pseudo-first order Pseudo-second order Elovich

Qe (mg/g) kq (1/h) R? e (mg/g) k; (g/(mg h)) R? o (mg/g) B (g/mg) R,
GO 961.38 3.8861 0.9347 1011.94 0.0067 0.9627 3.01 x 10° 0.0123 0.9851
GO 1028.59 3.2475 0.9590 1083.94 0.0055 0.9852 2.77 x 10° 0.0114 0.9985
GNP 977.80 5.3543 0.9733 1005.77 0.0134 0.9835 3.35 x 10° 0.0197 0.9938

3.3. Adsorption kinetics

Fig. 3 shows the changes in adsorption amount (q;) of ATZ by GO, rGO and GNP with contact time. The absorption
of ATZ by the three absorbents increased rapidly in the first 30 min and generally reached equilibrium within 1 h. To
ensure that the adsorption of ATZ reached equilibrium, the adsorption time was set as 9 h. The commonly used pseudo
first-order, pseudo second-order and Elovich kinetic models were used to fit the kinetic curve, respectively. The relevant
fitting parameters and determination coefficients (R?) are shown in Table 3. As a result, the Elovich kinetic model achieved
better fitting than both the first-order kinetic model and second-order kinetic model, and the determination coefficients
(R?) were > 0.985, 0.998 and 0.993 for GO, rGO and GNP, respectively, indicating that the adsorption of ATZ by these
three adsorbents involves multiple mechanisms.

3.4. Adsorption isotherms

Adsorption isotherms are useful for investigating the relationship and interaction between the adsorbent and adsorbate
when the adsorption process reaches equilibrium. To understand how the functional groups on GBMs affect the adsorption
process, the adsorption isotherm curves of GO, rGO and GNP for ATZ were constructed (Nodeh et al., 2019; Wanjeria et al.,
2018). The adsorption is a non-linear process as fitted by the Langmuir (Eq. (5), Freundlich (Eq. (6)), Temkin (Eq. (7)),
Dubinin-Radushkevich (Eq. (8)) and Sips (Eq. (11)) adsorption models as shown in Fig. 4. The corresponding parameters
are listed in Table 4. Compared with the Langmuir, Temkin and Freundlich models, the Dubinin-Radushkevich and Sips
models, which are often used for heterogeneous adsorption processes, seemed to better fit the experimental data and
describe the adsorption process of ATZ. Therefore, the adsorption process of ATZ by the three adsorbents should be
multilayer heterogeneous adsorption, indicating that in the adsorption process, there are also some interactions between
ATZ molecules besides the interaction between ATZ and the adsorbent.

As shown in Table 4, the Dubinin-Radushkevich isotherm model had a better fitting with the R? values above 0.9. The
adsorption energy (E), which was used to estimate whether the adsorption process is chemisorption or physisorption, was
0.0485, 0.0421 and 0.0451 kJ/mol for GO, rGO and GNP, respectively, implying that the adsorption of ATZ on the three
adsorbents is a physical adsorption process, and the adsorption process occurs on both homogeneous and heterogeneous
surfaces (Tran et al., 2017; Wanjeria et al., 2018). This finding is consistent with the observation of FTIR analysis (PS1 and
Fig. S2), which showed that the various functional groups of the adsorbent interacted with ATZ by the 7w - stacking and
H-bonding interactions.

In general, the fitting of the Sips isotherm model was the most consistent with the experimental data. According to the
graphical analysis (Fig. 4) and the corresponding data (Table 4), it can be used to well describe the adsorption process of
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Fig. 4. Experimental data fitting of ATZ adsorption by three adsorbents with various adsorption isothermal models: GO (a), rGO (b), GNP (c). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 4
Parameters of isotherm models for ATZ absorption.
Isotherm model Isotherm parameter GO rGO GNP
Langmuir Q% (Mglg) 6460.05 7197.21 6558.12
K. (L/mg) 0.0023 0.0020 0.0022
R? 0.8804 0.8504 0.8968
Freundlich Kr (mg/g)/(mg/L)" 14.52 15.36 15.45
n 0.9678 0.9560 0.9503
R? 0.8656 0.8436 0.8883
Temkin b (kJ/mol) 0.0880 0.1416 0.7756
At (L/mg) 1.58 2.09 52.17
R? 0.8623 0.8414 0.8853
Dubinin-Radushkevich qpr (Mg/g) 1272.86 1395.19 1306.40
Kpr (mol?/kJ?) 212.64 282.59 24581
E (kJ/mol) 0.0485 0.0421 0.0451
R? 0.9491 0.9073 0.9538
Sips Ks (L/mg) 0.0001 46292 x 10717 1.1207 x 107
as (L/mg) 9.66 x 1078 432 x 10720 1.04 x 107°
bs 4.40 11.83 5.55
R? 0.9577 0.9904 0.9766

ATZ by the three adsorbents. The Sips model index (b;) is related to the heterogeneity of the adsorption process (Alvarez
et al,, 2015; Dehghani et al., 2016; To et al., 2017), and the values for ATZ adsorption by GO, rGO and GNP were 4.40,
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Table 5

Comparison of adsorption capacity for ATZ on different adsorbents.
Adsorbents Adsorption capacity (mg/g) Reference
Zr6-based metal-organic frameworks (MOFs) 36 Akpinar et al. (2019)
Activated carbon 92.23 Tan et al. (2016)
Apricot Kernel Shell Biochar 7.72 Zhang et al. (2022)
Modified montmorillonite 23.53 Park et al. (2014)
Activated carbon 104.9 Gupta et al. (2011)
MMWCNT 40.16 Tang et al. (2012)
Graphene Oxide (GO) 1011.94
reduced Graphene Oxide (rGO) 1083.94 This work
Graphene nanoplatelets (GNP) 1005.77

11.83 and 5.55, respectively, which are all much greater than 1, indicating that the adsorption is a heterogeneous process.
Sips isotherm can be used to describe the adsorption of heterogeneous surfaces. The surface of these GBMs is composed
of various functional groups such as COOH, OH and C-0O-C, which may account for the heterogeneous process of ATZ
adsorption and also why the Sips model has the best fitting (Yu et al., 2016).

3.5. Theoretical calculation and adsorption mechanism

To further investigate the adsorption mechanism of ATZ on GBMs, a computational simulation was implemented using
DFT. It has been reported that the adsorption of GBMs for pollutants mainly depends on the sp? region and oxygen-
containing functional groups (sp> region) in their own structure, in which the interaction mechanisms generally include
hydrogen bonding and 7 -7 conjugation (Huong et al., 2018). As presented in Table 3, the adsorption capacity of the
GBMs for ATZ follows the order of rGO (1083.94 mg/g) > GO (1011.94 mg/g) > GNP (1005.77 mg/g). Some studies have
reported that the key factors influencing the adsorption of adsorbate onto GBMs are the surface area, -7 conjugation
and H-bonding (Foschi et al., 2021). Therefore, the adsorption capacity of GO, rGO and GNP is largely dependent on
their own surface properties, such as oxygen-containing groups and the sp? region, which can greatly influence the H-
bonding and 7 -m stacking interaction. To confirm the mechanisms for the adsorption behavior at the molecular level,
the representative functional domains (sp? and sp> region) of GBMs were chosen and DFT was employed to calculate
the interactions of ATZ with the sp? region [GBMs(sp?)-ATZ] and sp> region of GBMs [GBMs(sp?)-ATZ]. Fig. 5 presents
the visual illustrations of the optimized structure and the colored isosurfaces for the investigated models. According to
the optimized geometry of the sp® (Fig. 5a) and sp? region (Fig. 5b) of GBMs with ATZ, the interaction distance between
GBMs and ATZ molecules was lower than 3.5 A, illustrating that the interactions between GBMs and ATZ molecules are
effective interactions. The interactions between ATZ molecules and the adsorbents were visualized through the isosurface
of IGMH (isovalue = 0.005 a.u.) (Fig. 5¢c-d), which was mapped by sign (1,) p function. It is known that the surfaces with
electron density [p(r)] < 0.005 a.u. are generally mapped into van der Waals (vdW) interactions (colored with green)
and the surfaces with 0.005 < p(r) < 0.05 a.u. are mapped into H-bonding (colored with blue) (Johnson et al., 2010).
As shown in Fig. 5 (c-d), the interactions between ATZ and adsorbents could be clearly revealed by the color mapped
isosurfaces. The isosurfaces of GBMs(sp®)-ATZ are colored as blue and green, indicating that ATZ interacts with GBMs by
both H-bonding and vdW interactions (Fig. 5c). However, in Fig. 5d, the isosurfaces of GBMs(sp?)-ATZ are all marked as
green, revealing that the interactions between ATZ and the sp? region of GBMs are vdW interactions, namely -7 stacking
interactions. In the optimized geometry of the sp> region of GBMs with ATZ (Fig. 5a), the interaction distance between
ATZ molecules and GBMs mainly by H-bonding was 1.76, 2.01 and 2.20 A, respectively; while in GBMs(sp?)-ATZ (Fig. 5b),
the ATZ molecule interacts with GBMs(sp?) by m-m stacking interaction with an interaction distance of 3.31 A. The BE
of GBMs(sp?)-ATZ was 4.54 Kcal/mol lower than that of GBMs(sp?)-ATZ, suggesting that the GBMs(sp?)-ATZ structure
is more stabilized. All these results suggested that the H-bonding interaction between ATZ and GBMs is stronger than
the - stacking interaction, which is more conducive to the adsorption of adsorbate. This result is in accordance with
the finding that compared with graphene, GO complexes are more stable due to the existence of H-bonding interactions
(Vovusha et al., 2013). Therefore, GNP exhibited the lowest adsorption capacity for ATZ due to the few oxygen-containing
groups, indicating that the adsorption of ATZ largely depends on the w-m stacking interaction. However, for GO and rGO,
the adsorption might occur under the synergistic effect of H-bonding and 7 -7 stacking interactions.

In addition, the isosurface of GBMs (sp® region) with ATZ implied that the H-bonding interactions of ATZ with GBMs
mainly act on the bridging oxygen and hydroxyl oxygen groups, in which the carboxyl group plays a minor role (Fig. 5¢).
Compared with GO, rGO had more bridging oxygen and hydroxyl oxygen groups in the sp region, which is more conducive
to the adsorption of ATZ. This may be the reason for the highest adsorption capacity of rGO for ATZ among all absorbents,
which is consistent with the experimental results. It can be thus concluded that in the adsorption process, ATZ interacts
with the adsorbents through H-bonding and 7 -m stacking, which together promote the adsorption capacity (as shown
in Fig. S4).
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Fig. 5. Optimized geometry of the sp> and sp? region of GBMs with ATZ (bond lengths in A) (a, b). Isosurface map for ATZ with isovalue = 0.005
a.u. onto the sp® region of GBMs [isosurface-GBM(sp?)-ATZ] (c) and the sp? region of GBMs [isosurface-GBM(sp?)-ATZ] (d) corresponding to IGMH
analyses.

3.6. Real sample test

The application experiments of the three GBMs were carried out by adsorption of ATZ (100 mg/L) from tap water and
wastewater to evaluate their applicability in actual samples. The adsorption capacities of GO, rGO and GNP for ATZ were
1078.24, 1150.36 and 1011.66 mg/g in tap water, and were 1086.49, 1142.84 and 975.52 mg/g in wastewater, respectively
(Fig. S5). The results demonstrated that GO, rGO and GNP have extraordinary adsorption capacities for ATZ in tap water.
Due to the presence of complex matrix, the adsorption capacity for ATZ in wastewater was slightly lower. Obviously,
rGO has the highest adsorption capacity among the three materials, which may be ascribed to the interactions between
the adsorbent and adsorbate as discussed in the previous section. The results suggest that the GBMs can be used for the
removal of ATZ from the aqueous environment and provide important implications for the removal of pesticides from
the environment in actual practice. However, compared with the three materials in the actual application process, GNP
is more suitable for practical application due to its lower cost.

3.7. Reutilization test

In order to verify the recyclability of the adsorbents, recycling experiments were carried out. As shown in Fig. S6, GO,
rGO and GNP were reused to adsorb ATZ. At the first repetition, GO, rGO and GNP maintained a high adsorption capacity
for ATZ. The adsorption rate of GO, rGO and GNP was 98.2%, 98.7% and 97.5%, respectively. At the second repetition, the
adsorption rate of GO, rGO and GNP for ATZ decreased by 2.6%, 2.1% and 4.2%, respectively, which still showed a good
adsorption effect on ATZ. After the third repetition, the adsorption rate of GO, rGO and GNP for ATZ was still higher than
95%, indicating that the three adsorbents have good reusability. In addition, it is easy to operate the adsorbate elution by
dichloromethane, which greatly facilitates the reutilization of adsorbents.
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4. Conclusions

Three GBMs were used as absorbents for the removal of ATZ from aqueous solutions and characterized by SEM, TGA,
XPS, FTIR and Raman spectroscopy. Experimental results revealed that all the three materials exhibited extraordinarily
high adsorption capacity for ATZ with an order of rGO > GO > GNP. DFT was employed to study the interactions of ATZ
with absorbents and give visual illustration by IGMH analyses, which can explain the sequence of adsorption capacity.
The adsorption kinetic and adsorption isotherm fitting results demonstrated that the adsorption is a heterogeneous and
multi-mechanism adsorption process, which can be attributed to the synergistic effect of H-bonding and 7 -7 conjugated
interaction between ATZ and GBMs. The developed materials are inexpensive, convenient and feasible, and can be used
to realize the removal of ATZ from the aqueous environment and provide reference for the adsorption of other pesticides
in actual application.
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