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tion of S and N co-doped reduced
graphene oxide for high-efficiency adsorption
towards methylene blue†

Meixiu Li,ab Yanhui Li, *ab Xiaoping Zhang,c Heng Zheng,a Aitang Zhang,a

Tao Chen,a Wenhao Liu,d Yuanhai Yu,b Jingquan Liu, a Qiuju Du,a Dechang Wangb

and Yanzhi Xiaa

S and N co-doped reduced graphene (S–N-rGO) nanohybrids were prepared by a one-step oil bath heating

process using glutathione (GSH) as a green and mild co-reduction agent and a S and N source. It can be

applied in the field of adsorption for the removal of methylene blue (MB) from aqueous solutions. The

efficient adsorption rate of S–N-rGO hybrids for MB (50 mg L�1) was observed with the best even within

200700 from blue solutions into colorless (the mass ratio GO : GSH ¼ 60 : 200). Under this mass ratio, the

effects of initial solution pH, temperature, initial concentration and contact time on adsorption towards

MB were explored systematically. The results indicated that the adsorption capacity at 275 K could reach

up to 598.8 mg g�1, the adsorption behavior followed the pseudo-second-order kinetic model and the

equilibrium adsorption data fitted the Langmuir isotherm well. Thermodynamic and kinetic analyses

revealed that adsorption is an exothermic, spontaneous and physisorption process.
1. Introduction

With the development of science and technology and the
growing demand for materials, different kinds of industries
including food, leather, textile, plastic, cosmetic, paper,
printing and dye continue to expand. However, the problem of
water contamination caused by dye industries need to be
addressed urgently. At present, the methods used for removing
dyes from water can be divided into three main types: physical,
chemical and biological means. In addition, high cost, and low
removal efficiency and secondary pollution are the main chal-
lenges to remove dyes from wastewater. Compared with others,
the best advantage of physical methods is easy operation.
Adsorption, membrane separation, magnetic separation,
extraction and leach are frequently used physical methods.
Among them, the adsorption method has attracted increasing
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attention due to its characteristics such as economy, high effi-
ciency and easy operation.1

Compared with natural materials including zeolite, silica,
wheat shells, orange peel, coir pith, almond shells and natural
polymeric materials, synthetic nanomaterials have advantages
due to their controllability of micromorphology and desig-
nability of chemical composition and surface groups.2,3 With
large specic surface area and easily modied surface groups,
graphene and graphene-based materials have been widely
applied in sewage treatment.4–9 There are twomethods to design
the chemical composition of graphene: the surface function-
ality and heteroatom doping, which can provide active adsorp-
tion sites.10–15 The results show that modications are in favor of
improvements of adsorption capacity of graphene towards dyes.
For instance, Zhong's group4 prepared a rhamnolipid-
functionalized graphene oxide hybrid with abundant func-
tional groups and mesopores feature by one-step ultra-
sonication. The adsorption capacity onto methylene blue (MB)
of this hybrid calculated from the Langmuir model was 529.10,
568.18 and 581.40 mg g�1 at 298, 308 and 318 K, respectively,
and it took more than 7 h to reach equilibrium for MB
adsorption (200 mg L�1, 298 K). In addition, graphene–Fe3-
O4@carbon (GFC) hybrids with hierarchical nanostructures
were synthesized aer treatments by one-pot solvothermal and
hydrothermal carbonization processes,10 which were applied for
the adsorption of MB. Compared with the corresponding binary
hybrids (graphene/Fe3O4 and Fe3O4@carbon), the adsorption
capacity showed about 40% improvement and the dye removal
efficiency of this hybrid could be retained at about 86% and
RSC Adv., 2020, 10, 37757–37765 | 37757
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77% aer ve adsorption–desorption cycles in water and 1 M
HCl, respectively. Although the equilibrium for MB (50 mg L�1,
298 K) was reached within 20 min, the adsorption capacity of
these hybrids was not more than 50 mg g�1. In these studies,
both adsorption rates and capacities of adsorbents are not
simultaneous and signicantly improved, and the reality is that
the rate of production of sewage is much faster than that at
which it can be treated. For heteroatom doping, S, B, P and N
are the main heteroatoms. The results indicated that co-doping
of S and N can improve the reactivity and their potential
applications15–17 Several methods such as hydrothermal18–20 or
solvothermal21 method, chemical vapour deposition,22 reux23

and thermal annealing24,25 were developed to prepare S and N
co-doped graphenes. Ci's group26 prepared S and N co-doped
graphene aerogel using thiourea as a S and N source to
adsorb radioiodine in nuclear waste with a maximum iodine
adsorption capacity up to 999 mg g�1 at 298 K. Feng and his
coworkers investigated the adsorption performance of S and N
co-doped graphene hydrogels onto malachite green. It was
found that the maximum adsorption was 740.7 mg L�1 aer
more than 100 min to reach equilibrium at 293 K. High cost is
the main challenge limiting their applications. Therefore,
developing a facile route for the synthesis of the modied gra-
phene that has high adsorption rate and large adsorption
capacities towards dyes is still in great demand.

Herein, we report a facile strategy to directly synthesize S
and N co-doped reduced graphene oxide (denoted as S–N-rGO)
by one-step oil bath heating method in the presence of gluta-
thione (GSH) as a mild reducing agent. Aer preparation by an
environment-friendly, simple process, S–N-rGO hybrids were
obtained, and the effects of the amount of GSH, initial solution
pH, temperature, initial concentration and contact time on the
adsorption of MB were studied by batch adsorption experi-
ments. In addition, the equilibrium, kinetics, thermodynamics
and adsorption mechanism of adsorption processes were also
further investigated.
2. Experimental section
2.1 Materials

Natural graphite powder (99%) with an average size of 3 mm
was supplied by Xiamen Knano Graphite Technology Co., Ltd.
GSH (99%, BR) was purchased from Shanghai Yuanye Co., Ltd.
Sulfuric acid (98%, AR), potassium permanganate (99%, AR),
sodium nitrite (99%, AR) and hydrogen peroxide (30%, AR) were
purchased from Shanghai Jinlu Chemical Co., Ltd. MB was
provided by Tianjin Red Cliff Chemical Reagent Factory. All
reagents were used without further purication.
2.2 Synthesis of S–N-rGO

The graphene oxide (GO) was synthesized according to a modi-
ed Hummers method as previously described in the litera-
ture.27 The as-prepared GO was puried by dialysis in double-
distilled water for three days using a 3500 Da cut-off dialysis
membrane tube. The stable GO suspension (1.2 mg mL�1) was
obtained by sonication under ambient conditions for 1 h.
37758 | RSC Adv., 2020, 10, 37757–37765
First, GSH (200 mg, 4 mmol) was added to the freshly
prepared suspension of GO (1.2 mg mL�1, 50 mL) under
mechanical stirring for 10 min. Aer that, the reaction mixture
was transferred to a beaker and treated at 90 �C for 11 h in an oil
bath. The as-synthesized product was collected by centrifuga-
tion and washed several times with deionized water to afford
the S and N co-doped rGO (S–N-rGO) aqueous suspension,
which was freeze-dried for subsequent use. For comparison,
rGO was prepared using the same procedures, but without the
addition of GSH.
2.3 Instruments

Scanning electron microscopy (SEM, FEI Quanta200F) was
performed to analyze the morphology of S–N-rGO. SEM
mapping (JEM-2100F) was carried out to characterize the
distribution of the elements. The physical structures and
chemical compositions of the as-synthesized S–N-rGO were
characterized by X-ray diffraction (XRD, X'Pert-PRO MPD and
MRD, PANalytical, Holland), X-ray photoelectron spectroscopy
(XPS, ESCALAB 250XI), Raman spectroscopy (Jobin-Yvon HR
800 France), and Fourier transform infrared (FTIR) spectros-
copy (Tensor 27, Bruker Corporation).
2.4 Bath adsorption experiments

The MB (1000 mg L�1) stock solution was prepared by dissolv-
ing MB in deionized water; different desired concentrations of
MB were obtained by diluting the stock solution during the
experiment. Adsorption experiments were carried out in 50 mL
glass conical asks containing 20 mL of different dye concen-
trations and 10 mg adsorbents. All samples were placed in
a water bath shaker (SHZ-82A) and shaken to equilibrium at
room temperature (294 K). The equilibrium concentration of
MB in the solution was determined using a UV-Vis spectro-
photometer (TU-1810, Beijing Purkinje General Instrument Co.,
Ltd., Beijing) aer adsorption. The MB adsorption amount qe
(mg g�1) was calculated using the following formula:

qe ¼ ðc0 � ceÞ
M

� V (1)

where c0 and ce are the initial and equilibrium concentrations
(mg L�1) of MB in the solution, V is the volume of the solution
(L), and M is the mass (g) of the adsorbent used.

The effect of dose on MB adsorption onto S–N-rGO was
determined by adding different amounts of S–N-rGO (5–25 mg)
to 20 mL solution with an MB concentration of 240 mg L�1.

The effect of pH on adsorption was determined by adding
10 mg S–N-rGO into 20 mL solution with an MB concentration
of 240 mg L�1. The solution pH was adjusted from 4 to 10 using
a HNO3 or NaOH solution.

The effect of contact time on dye removal was investigated by
adding 100 mg adsorbents into 200 mL solution with an MB
concentration of 240 mg L�1. At a predetermined time interval,
the MB concentration of the solution was measured using an
UV-Vis spectrophotometer and the adsorption capacity qt (mg
g�1) at time t can be obtained using the following equation:
This journal is © The Royal Society of Chemistry 2020
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qt ¼ ðc0 � ctÞ
M

� V (2)

where ct (mg L�1) is the residual concentration of MB at time
t.

The effect of temperature on adsorption was investigated by
adding 10 mg adsorbents into 20 mL solutions with MB
concentrations ranging from 200 to 300 mg L�1 at 275, 294, and
313 K, respectively. Except for experiments that investigated the
effect of contact time (202 min), the reaction time of the above-
mentioned experiments was 150 min.
3. Results and discussions
3.1 Characterization of S–N-rGO

The morphology of the as-prepared S–N-rGO was rst charac-
terized by SEM and SEM mapping. As shown in Fig. 1A–C,
compared with the lamellar structure with less wrinkles of rGO,
the rGO nanosheets of S–N-rGO exhibited obvious aggregations
with many wrinkles. The SEM mapping technique was also
adopted to visualize the distribution of the elements of S–N-rGO
(Fig. 1D). It can be seen that elements of C, N, O and S were
uniformly distributed on the surface of rGO, where S and N
come from the mercapto groups and amido bonds of GSH,
respectively.

The phase information of S–N-rGO was investigated by XRD
(Fig. 2A). It can be observed that the diffraction peak at about
25� was assigned to (002) of rGO, which indicated the successful
reduction of GO into rGO by GSH. In addition, the weak
diffraction peaks at 2q degrees of 19.6�, 23.6�, 27.3�, 31.0�, 39.0�,
41.0� and 42.5� could be assigned to the sulfur nitride (JCPDS
card no. 36-0535), which conrmed the presence of S and N
consistent with the SEM mapping.

The chemical states of S–N-rGO were further analyzed by
XPS, and the results are shown in Fig. 2B–D. Obviously, the N, O,
S and C elements all existed. In addition, the result showed that
the atomic percentage of C, N, O and S was 69.67%, 10.73%,
15.55% and 4.05%, respectively. The deconvoluted high-
resolution N 1s spectrum of S–N-rGO is shown in Fig. 2C.
Generally, there are two N-containing functional groups in S–N-
Fig. 1 SEM images of (A) GO and (B and C) S–N-rGO. (D) Elemental ma

This journal is © The Royal Society of Chemistry 2020
rGO, which can be identied by the bonding state of the N atom.
The peaks at 400.0 and 401.9 eV could correspond to the
binding energies of pyrrolic N and quaternary N, respec-
tively.28–30 Besides, Fig. 2D exhibits the high-resolution S 2p
spectrum of S–N-rGO. There were two peaks at the binding
energies of 163.78 and 164.88 eV, which were in agreement with
the reported S 2p3/2 and S 2p1/2 spectra attributed to sulfur
binding in the C–S bonds and the conjugated –C]S– bonds,
respectively.31,32 The formation of C–S may be due to the reac-
tion between oxygen-containing groups in GO and GSH and the
–C]S– bonds could arise from the presence of a sulfur-based
ring system, which indicated successful doping of S.

As shown in Fig. 2E, two characteristic peaks of graphenes
could be observed for GO, rGO and S–N-rGO: the D band at
1349 cm�1 and the G band at 1598 cm�1, respectively. The D
band could be caused by defects in the graphene sheets and the
G band could be attributed to the tangential vibrations of sp2

bonded carbon atoms.33 The ID/IG value of S–N-rGO was calcu-
lated to be 1.21, which was much higher than that of rGO (0.98)
and GO (0.92) due to the introduction of S and N. FTIR spec-
troscopy was employed to characterize the carbon species in S–
N-rGO and GO. As shown in Fig. 2F, compared with GO, S–N-
rGO exhibited similar absorption peaks at 3345 cm�1,
1627 cm�1 and 1384 cm�1, which could correspond to the
stretching vibration of the hydroxyl group, C]C skeletal
vibration and C–O stretching vibration, respectively.34–36 It is
noteworthy that the absorption peaks appeared at 1646 cm�1 of
S–N-rGO, which could be attributed to amide bonds37 indicating
that the reaction between GSH and GO occurred. Besides, the
peak intensity of C]O at 1715 cm�1 in S–N-rGO was signi-
cantly increased due to the introduction of GSH.
3.2 Effects of operating conditions on MB adsorption

3.2.1 Effect of the amount of GSH. The adsorption behav-
iors of S–N-rGO hybridized with different amounts of GSH were
evaluated by the rate of adsorption towards MB (50 mg L�1). It
can be seen from Table 1 that, apparently, the more the amount
of GSH hybridized, the less the reaction time required for the
adsorption of MB from blue solutions turning colorless with the
ppings of C, N, O and S of S–N-rGO.

RSC Adv., 2020, 10, 37757–37765 | 37759
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Fig. 2 (A) XRD patterns for S–N-rGO and rGO. (B) XPS broad spectrum and XPS survey scan of (C) N 1s and (D) S 2p for S–N-rGO. (E) Raman
spectra of GO, rGO and S–N-rGO. (F) FTIR spectra of GO and S–N-rGO.
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amount of hybridized GSH ranging from 0 to 200 mg. It may be
due to the more active adsorption sites formed by doping of S
and N on the surface of the graphene sheet with the increase in
amount of GSH. In addition, the rate of adsorption was
increased but not obvious when the amount of hybridized GSH
was more than 200 mg, which was probably caused by the
saturation of doping, and more active adsorption sites cannot
be provided. Therefore, the best mass ratio between GO and
GSH was determined to be 60 : 200, and other factors that
effected MB adsorption were also evaluated under this condi-
tion. The detailed video of this sample adsorption towards MB
Fig. 3 Effect of different experimental parameters on adsorption of MB

37760 | RSC Adv., 2020, 10, 37757–37765
is provided in the ESI.† Besides, it can be found that there was
no obvious difference in the adsorption capacities of every
sample.

3.2.2 Effects of initial solution pH, dose, temperature and
contact time. The effects of initial solution pH on MB
(240 mg L�1) adsorption onto S–N-rGO were studied within the
pH range between 4 and 10 at room temperature (294 K), as
shown in Fig. 3A. The adsorption capacities of MB presented an
increasing trend from 473.90 to 479.90 mg g�1 with the increase
in pH values in the range of 4–10. In addition, the MB removal
efficiency can reach up to 99.98% when the initial pH of the MB
onto S–N-rGO: (A) pH, (B) dose, (C) temperature and (D) contact time.

This journal is © The Royal Society of Chemistry 2020
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Table 1 Time taken for the adsorption of MB from blue solutions turning into colorless among different mass ratios between GO and GSH

The mass ratio (GO : GSH) 60 : 0 60 : 50 60 : 100 60 : 150 60 : 200 60 : 250 60 : 300 60 : 350
Required time 1001600 600100 405600 204500 200700 200900 201000 200800

Adsorption capacity (mg g�1) 96.8 94.5 99.5 95.0 99.3 94.8 94.7 95.1
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solution is 10. In addition, it is noteworthy that all removal
efficiencies were more than 98% even in the solution with pH 4
(98.73%) and suggested that S–N-rGO can be a high-efficiency
adsorbent for the adsorption of MB and basic solutions
favored MB adsorption. However, the adsorption capacities just
increased by 1.26%. Therefore, the pH cannot be regarded as
a factor affecting the adsorption process on account of a prop-
erty of cationic dye of MB. High removal efficiencies may be
attributed to the p–p stacking interactions between S–N-rGO
and MB.1

Fig. 3B shows the effect of dose on MB adsorption. It can be
clearly seen that the removal percentage increased rapidly from
50.68% to 99.85% with the increase in amount of adsorbent
ranging from 5 to 15 mg and aer that there was no obvious
change until the amount of adsorbent was 25 mg. This could be
ascribed to the more amount of adsorbents; more active sites
are provided at the beginning, however, abundant adsorption
sites are useless for saturated adsorption in the last second
adsorption solutions.38 At the same time, the adsorption
capacity of S–N-rGO decreased because of the decrease in the
number of adsorbents per unit weight of MB and the reduction
in the utilization rate of active sites with the increase dose.39

Generally, the temperature has a signicant effect on the
diffusion rate of dye molecules and surface physicochemical
properties of adsorbents. In order to study the role of temper-
ature in the adsorption process of MB, adsorption experiments
of S–N-rGO towards MB were investigated at different concen-
trations of MB (200–300 mg L�1) and temperatures of 275, 294
and 313 K, as shown in Fig. 3C. It can be seen that the higher the
concentration of MB, the bigger the adsorption capacity
exhibited at the same temperatures, which could be attributed
to the enhanced driving force of the concentration gradients
with the increase in the dye concentration. Besides, it can be
found that the adsorption capacity decreased with the increase
in temperature under the same concentration of MB, which
indicated that this adsorption was an exothermic process.
Fig. 4 (A) Langmuir and (B) Freundlich isotherms for the adsorption of M

This journal is © The Royal Society of Chemistry 2020
Fig. 3D shows the effect of contact time on the adsorption
capacity of MB (240 mg L�1) at 294 K onto S–N-rGO. It can be
clearly seen that there was a sharp increase in the adsorption
rate of MB on the initial 6 min and a fast increase from 9 min to
32 min, and the adsorption capacities at 6 and 9 min are 425.78
and 441.96 mg g�1, respectively. Aer that, the adsorption rate
becomes low and nally reaches the adsorption equilibrium. A
change in the adsorption rate can be observed because there
were more adsorption sites in the initial stage and less
adsorption sites can be utilized with the increase in time.40
3.3 Adsorption isotherms

The adsorption mechanism and interactive behaviors between
MB and S–N-rGO were studied by the adsorption isotherm. The
equilibrium adsorption data were commonly analyzed by the
Langmuir and Freundlich models. The rst assumes that the
adsorption occurs on the medium surface where the adsorption
sites are evenly distributed and no interaction occurred between
adsorbed dyemolecules. The Langmuir equation is described as
follows:41

ce

qe
¼ ce

qmax

þ 1

qmaxKL

(3)

where ce (mg L�1) and qe (mg g�1) are the equilibrium
concentration and equilibrium adsorption capacity,
respectively.

The Langmuir constant kL (L g�1) and the maximum
adsorption capacity qmax (mg g�1) were determined by plotting
ce/qe with respect to the straight line of ce (Fig. 4A), and the
results are presented in Table 2. The high determination coef-
cients R2 demonstrated that the adsorption equilibrium of MB
by S–N-rGO can be well described by the Langmuir model and
themaximummonolayer capacity of S–N-rGO was 598.8 mg g�1.

Another equilibrium parameter RL is dened as follows:42
B onto S–N-rGO.

RSC Adv., 2020, 10, 37757–37765 | 37761
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Table 2 Adsorption isotherm model parameters for MB absorbed by S–N-rGO

Temperature

Langmuir Freundlich

qmax (mg g�1) kL (L mg�1) R2 RL kF (mg1�1/n L1/n g�1) 1/n R2

275 K 598.80 1.893 0.99995 0.001758 415.715 7.143 0.90603
294 K 571.43 1.768 0.99941 0.001882 407.483 8.621 0.97103
313 K 564.97 1.475 0.99966 0.002255 395.440 8.333 0.95202

Fig. 5 (A) Pseudo-first-ordermodel, (B) pseudo-second-ordermodel,
and (C) intraparticle diffusion model for the adsorption of MB onto S–
N-rGO.
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RL ¼ 1

1þ kLC0

(4)

where the RL value indicates that the Langmuir isotherms are
favorable (0 < RL < 1), unfavorable (RL > 1), linear (RL ¼ 1) or
irreversible (RL ¼ 0).43 The RL data (Table 2) demonstrated that
S–N-rGO was a favorable adsorbent for MB adsorption. The
Freundlich model supposes that the adsorption occurs on the
medium surface in which adsorption sites are unevenly
distributed. The linear equation is as follows:44

ln qe ¼ ln kF þ 1

n
ln ce (5)

where kF (mg1�1/n L1/n g�1) is the Freundlich constant connected
with the adsorption capacity and 1/n is the empirical parameter,
which is associated with the adsorption intensity. kF is deter-
mined by plotting ln qe with a straight line relative to ln ce
(Fig. 4B), and the corresponding Freundlich isotherm constants
Table 3 Thermodynamic parameters for MB adsorbed by S–N-rGO

Kinetic model Parameters Values

Pseudo-rst-order K1 (min�1) 0.0207
qe (mg g�1) 19.95
R2 0.7424

Pseudo-second-order K2 (g mg�1 min�1) 4.24 � 10�3

qe (mg g�1) 462.96
R2 1.0000

Intraparticle diffusion model Kid1 (mg g�1 min1/2) 120
C1 (mg g�1) 150
R1

2 0.8059
Kid2 (mg g�1 min1/2) 4.90
C2 (mg g�1) 430
R2

2 0.9068
Kid3 (mg g�1 min1/2) 0.580
C3 (mg g�1) 453
R3

2 0.8124

37762 | RSC Adv., 2020, 10, 37757–37765
are listed in Table 2 aer calculations. The low R2 within the
Freundlich model suggested that the adsorption data of MB
onto S–N-rGO cannot be well tted by the Freundlich model.
3.4 Kinetic studies

Adsorption kinetic studies were thoroughly explored at the
condition of 294 K, since they can provide important informa-
tion on the adsorption rate and mechanism. Fig. 5A and B show
the pseudo-rst-order and pseudo-second-order kinetics for the
adsorption of MB onto S–N-rGO, respectively. These two kinetic
models can be expressed in a linear form as follows:45

logðqe � qtÞ ¼ log qe � k1

2:303
t (6)

where k1 (min�1) is the adsorption rate constant. The k1 can be
calculated through the tting line by plotting log(qe� qt) versus t
(Fig. 5A). The kinetic parameters were calculated, and the
results are provided in Table 3. The determination coefficient
was only 0.7424, indicating that the adsorption of MB onto S–N-
rGO does not follow the pseudo-rst-order kinetic model. The
linear form of the pseudo-second-order model is expressed as
follows:46

t

qt
¼ 1

k2qe2
þ t

qe
(7)

where k2 (g mg�1 min) is the pseudo-second-order rate constant,
and the value of k2 was calculated by plotting t/qt versus t tting
line (Fig. 5B). The determination coefficient (Table 3) was very
high (R2 ¼ 1.0000) and the calculated equilibrium adsorption
capacity (462.96 mg g�1) was consistent with the experimental
data (461.56 mg g�1); therefore, the adsorption of MB onto S–N-
rGO followed the pseudo-second-order kinetic model.

The steps of adsorption process are studied thoroughly with
Weber's intraparticle diffusion model which is expressed as eqn
(8).47

qt ¼ kidt
1/2 + C (8)

where kid (mg g�1 min�1/2) is the intraparticle diffusion rate
constant and C (mg g�1) represents the intercept related to the
adsorption steps. According to this model, a plot of qt versus t

1/2

could be linear if intraparticle diffusion is involved in the
adsorption process and if the plot passes through the origin,
then intraparticle diffusion is the sole rate-limiting step.48 It has
also been suggested that in instances when qt versus t1/2 is
multilinear, two or more steps govern the adsorption
process.49,50 Given the multilinearity of this plot for adsorption
This journal is © The Royal Society of Chemistry 2020
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Table 4 Thermodynamic parameters for MB adsorbed by S–N-rGO

T (K) DG (kJ mol�1) DH (kJ mol�1) DS (J mol�1 K�1)

275 �10.160 �17.293 �25.940
294 �9.667 — —
313 �9.174 — —
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of MB onto S–N-rGO, this suggested that adsorption occurred in
three phases (Fig. 5C). The initial steeper section represented
surface or lm diffusion, the second linear section expressed
a gradual adsorption stage where intraparticle or pore diffusion
was rate-limiting and the third section was the nal equilibrium
stage. As the plot did not pass through the origin, intraparticle
diffusion was not the only rate-limiting step. Thus, there were
three processes controlling the adsorption rate, but only one
was rate-limiting in any particular time range. The intraparticle
diffusion rate constant kid was calculated as shown in Fig. 5C
and Table 3. Larger intercepts within the second and third
stages suggested that the second and third stages had a larger
role as the rate-limiting step.51

3.5 Thermodynamic study

To evaluate the effect of temperature on the adsorption process
of MB onto S–N-rGO, the thermodynamic parameters such as
Gibbs free energy (DG), enthalpy (DH) and entropy (DS) were
calculated using the following equations:52

DG ¼ DH � TDS (9)

ln

�
qe

Ce

�
¼ �DH

RT
þ DS

R
(10)

where R is the universal gas constant (8.314 J mol�1 K�1). The
values of DH and DS can be obtained from the slope and the
intercept of the linear straight by the linear tting plots of ln(qe/
ce) versus 1/T. The thermodynamic parameters at different
temperatures are listed in Table 4. The values of DG were all
negative, indicating that the adsorption reaction of MB onto S–
N-rGO was a spontaneous process. As the temperature
increased, the absolute value of DG became lower, which indi-
cated that the higher the temperature, the more unfavorable the
adsorption. The negative value of DH (�17.293 kJ mol�1) sug-
gested that the adsorption process of MB onto S–N-rGO was an
exothermic process which was consistent with the effect of
temperature.53,54 The negative value of DS (�25.940 J mol�1 K�1)
corresponded to a decrease in the degree of freedom of the
adsorbed species.55

4. Conclusions

In summary, novel S and N co-doped rGO hybrids have been
successfully prepared by a one-step oil-bath heating method
with GSH as a source of S and N. Adsorption experiments
showed that the content of GSH had an effect on the adsorption
capacity of MB onto S–N-rGO, and the best mass ratio between
GO and GSH was determined to be 60 : 200, which can facilitate
This journal is © The Royal Society of Chemistry 2020
the efficient adsorption of MB from blue solutions turning into
colorless within 200700. The effects of pH, temperature, contact
time and adsorbent dose on the adsorption of MB onto S–N-rGO
were studied in detail. The equilibrium adsorption data were
more suitable for the Langmuir isotherm model and the
adsorption capacity was 598.8 mg g�1 at 275 K. The kinetic
study showed that the adsorption process followed the pseudo-
second-order kinetic model. The intra-particle diffusion model
studies indicated that kinetic adsorption involved three
processes: surface or lm diffusion, a gradual adsorption stage
and nal equilibrium stage. The thermodynamic parameters
showed that the adsorption reaction was a spontaneous and
exothermic process. The obtained results in this work indicated
that the S–N-rGO hybrids can be used as potential candidates
with high efficiency for removing MB from wastewaters.
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