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Graphene oxide has received world-wide attention due to its exceptional physicochemical properties.
Herein, a sulfonated magnetic graphene oxide composite (SMGO) was synthesized from graphene oxide
and was used as adsorbent for removing Cu(Il) ions from aqueous solution. The composite was charac-
terized by TEM, EDS, particles size, BET, TG-DTA, FT-IR, and Raman. It can be separated and recovered eas-
ily using magnetic separation technology. The effects of operating parameters such as pH, Cu(Il)
concentration and temperature on the Cu(Il) adsorption were investigated by using a response surface

Keywords: . methodology (RSM). Optimum Cu(Il) uptake of 62.73 mg g~! was achieved at pH 4.68, Cu(ll) concentra-
Graphene oxide . 1 o . .

Sulfonated tions 73.71 mg L™ ', and temperature 50 °C. The adsorption process can be well described by the pseudo-
Magnetic second order kinetic model. The experimental data of isotherm followed the Langmuir isotherm model.
Cu(Il) removal Moreover, the thermodynamic parameters calculated from the temperature-dependent isotherms indi-
Adsorption cated that the adsorption reaction was an endothermic and spontaneous process. All results indicate that

the SMGO is a promising adsorbent for the efficient removal of copper ions from wastewater.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Graphene oxide (GO), also called graphite oxide sheet, is a two
dimensional nanomaterial prepared from chemical oxidation of
natural graphite [1,2]. In contrast to pristine graphite, the graphene
oxide sheets are heavily oxygenated, bearing hydroxyl and epoxide
functional groups on their basal planes, in addition to carbonyl and
carboxyl groups located at the sheet edges [3-5]. These groups
and the large surface area of GO hold great promise for removal
and recovery of metals from aqueous solutions [6]. Some research-
ers have applied GO and GO based composite materials to the re-
moval of various metal ions, such as chromium(VI) [7], copper(Il)
[8], lead(II) [9], cadmium(II) and cobalt(Il) [6]. However, owing to
its hydrophilic nature, GO can be dispersed in aqueous media, it
is difficult to be separated from the solution using traditional sep-
aration methods after the adsorption process, which may increase
the cost of industrial application and/or cause the treated water to
be re-polluted [3,10]. The problem can be solved using magnetic
technology [11]. The magnetic properties of some magnetic mate-
rials such as Fe304 and y-Fe,O5; can be imparted to adsorbents
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facilitating their trapping from the medium with the help of an
external magnetic field [12]. This technology combines the advan-
tages of adsorption with the merit of easy separation due to the
incorporation of magnetic species [10].

The ability of an adsorbent to capture metals is controlled in
part by the number and the kind of available functional groups
used for binding metals [13]. The groups on the GO backbone are
very limited, which may cause trouble in its application for re-
moval of metal ions. Therefore, it is highly needed to find a method
to introduce some stable and specific functional moieties to GO
[14]. In order to increase the adsorption ability of GO, and to im-
prove the adsorption selectivity of metal ions, a great number of
GO derivates have been obtained by grafting new functional
groups such as ethylenediamine [7] and EDTA [9] through a GO
backbone. Sulfanilic acid is widely used in the manufacture of dyes,
pesticides and sulpha drugs. It contains a sulfo group (—SOsH) and
an amino group (—NH;). The amino group can react with cold ni-
trous acid to produce diazotized sulfanilic acid which can be used
to synthesize the sulfonated magnetic graphene oxide composite.
The sulfo group on the benzene ring is known to form stable com-
plexes with various metal cations. Therefore the sulfonated mag-
netic graphene oxide composite may be favorable for the metal
cations removal. Copper exists mainly as divalent cation in aque-
ous solutions. Water containing copper beyond the prescribed lim-
it of 1.3 mgL™! causes liver damage and lung cancer in human
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beings [15]. Therefore, it is necessary to treat copper contaminated
wastewater prior to its discharge to the environment. In the pres-
ent study, sulfonated magnetic graphene oxide composite was syn-
thesized in an attempt to remove Cu(ll) ions from aqueous
solution.

The objectives of this study were to (1) prepare and characterize
sulfonated magnetic graphene oxide composite (SMGO) and apply
it as adsorbent to remove Cu(Il) ions from aqueous solution in a
batch system; (2) model and optimize the adsorption process with
RSM technique; (3) investigate the effects of the process parame-
ters on Cu(Il) adsorption; (4) discuss the adsorption mechanism
with kinetic, isotherm and thermodynamic models.

2. Materials and methods
2.1. Materials

Graphite powder was supplied by Tianjin Hengxin Chemical
Preparation Co., Ltd. Sulfanilic acid was provided by Tianjin Guan-
gfu Fine Chemical Research Institute, Tianjin, China. All chemicals
used in the experiments were analytical grade.

GO was synthesized by oxidizing natural flake graphite powder
using a modified Hummers method [2,8,9]. Briefly, graphite pow-
ders were first preoxidized by concentrated H,SO,4, K»S,0g, and
P,0s. Next, the concentrated H,SO4, KMnO4 and NaNO3 were used
to oxidize the preoxidized graphite, and 30% H,0, was added to
eliminate the excess MnO,, and the products were rinsed with
HCI (10%) and Milli-Q water and then sonicated for 2 h. The mag-
netic graphene oxide (MGO) was prepared by coprecipitation
method. Fe** and Fe?* (molar ratio 2:1) were mixed in the GO solu-
tion with addition of ammonia solution to form Fe304-GO compos-
ite. The sulfonated magnetic graphene oxide composite (SMGO)
was obtained by reacting aryl diazonium salt of sulfanilic acid with
MGO in ice bath for 4 h. The reaction mechanism of MGO with aryl
diazonium salt of sulfanilic acid involves the homolytic fission of
dinitrogen from the diazonium salt leading to the generation of
aryl radical which binds to the MGO surface via stable C—C cova-
lent bond [16]. The resulted paste was filtered and washed repeat-
edly until pH was about 7.0 and finally stored at 4°C. The
concentration of SMGO, which was used for adsorption in our
experiment, was 4.50 + 0.16 mg mL~!. Detailed processes are illus-
trated in the Supplementary Data.

2.2. Characterization

The TEM image was performed on a JEOL1230 microscope. The
EDS spectrum was collected with an energy-dispersive X-ray spec-
trometer (EDAX Genesis 2000, USA). The size of the adsorbent was
obtained by Zeta Sizer and Nano series equipped with a micropro-
cessor unit (ZEN3690, Malvern, UK). The BET specific surface area
was determined using nitrogen adsorption-desorption measure-
ments (Autosorb-1, Quantachrome Instruments, USA). TG and
DTA curves were recorded using thermoanalytical equipment
(SDT Q600, USA) in nitrogen atmosphere from room temperature
to 800 °C (sample mass 19.350 mg, flux rate 100 mL min~!, heating
rate 10 °C min~!). FT-IR spectrum of SMGO was collected by using
a Perkin-Elmer Spectrum One spectrometer in KBr pellet at room
temperature. The Raman spectra were carried out using a Raman
spectrometer (Labram-010, JY, FAR).

2.3. Batch adsorption procedures

The stock solution (1 g L™1) of Cu(Il) was prepared by dissolving
pure copper powder (1.000 g of pure copper powder was dissolved
in 20 mL HNOj solution (20%) in a 1000 mL flask and Milli-Q water

was added up to the mark). The solutions of different concentra-
tions used in various experiments were obtained by diluting stock
solution.

For all the adsorption experiments, 2 mL (0.45 +0.16 mg mL™')
of SMGO were introduced into 50 mL of the Cu(II) solution in con-
ical flasks, and the experiments continued on a rotary shaker
(180 rmin~') at 30°C for 6 h. Then, the mixture was separated
by using a permanent magnet. The concentration of Cu(Il) ions
was determined by flame atomic absorption spectrometry (Perkin-
Elmer AA700, USA). The effects of pH (3.0-6.0), Cu(Il) concentra-
tion (20-80mglL~!), and temperature (10-50°C) on the g
(according to Eq. (1)) were investigated by response surface
methodology.
qe = (CO ch)v (1)

where ge is the equilibrium adsorption capacity (mg g~ '), Co and Ce
are the initial and equilibrium liquid phase solute concentration
(mg L), respectively. V is the liquid phase volume (L) and W is
the amount of adsorbent (g).

2.4. Box—-Behnken experimental design and method of analysis

The relationship between factors and responses was established
by empirical mathematical models based on the response surface
methodology (RSM). Box-Behnken design (BBD) is a class of rotat-
able or nearly rotatable second-order designs based on three-level,
incomplete factorial design, and it is the most frequently used un-
der response surface method (RSM) design [17]. Based on the re-
sults from preliminary experiments, a three-factor, three-level
Box-Behnken experimental was employed to model and optimize
the adsorption process. The three factors (pH, Cu(Il) concentration,
and temperature) are represented by X, X5, and X3, respectively.
Adsorption capacity (ge, Y) was taken as the response. Factors
and their levels were shown in Supplementary Data Table S1 and
total of 18 experiments were performed (Table 1) including six
center points for replication. Experimental data obtained from
the BBD model experiments can be stated in the form of the follow-
ing equation:

3 3 2 3
Y=Po+ Y BXi+ D BiXi+> Y piXiXj+e 2)
i=1 i=1 i=1 j=2
Table 1
Experimental design based on Box-Behnken design (BBD) used in this study.
Expt. no.  Coded variables® Responses®
X] X2 X3 YObs YPre yObs_YI’re
1 -1(3.0) -1(20) 0(30) 2537+0.89 24.49 0.88
2 1(5.0) -1(20) 0(30) 37.96+0.70 3873 -0.76
3 0(3.0) 1(80) 0(30) 41.20+0.42 4044 0.76
4 1(5.0) 1(80) 0(30) 53.61+0.56 5449 —0.88
5 -1(3.0) 0(50) —1(10) 32.04+098 3295 -091
6 1(5.0) 0(50) -1(10) 46.30+1.37 45.57 0.73
7 -1(3.0) 0(50) 1(50) 42.31+345 43.04 -0.73
8 1(5.0) 0(50) 1(50) 59.63+0.70 58.72 0.91
9 0(4.0) -1(20) -1(10) 3241+0.89 3237 0.035
10 0(4.0) 1(80) -1(10) 46.85+0.98 46.70 0.15
11 0(4.0) —1(20) 1(50) 42.31+070 4247 -0.15
12 0(4.0) 1(80) 1(50) 59.81+1.12 59.85 —0.035
13 0(4.0) 0(50) 0(30) 52.41+1.25 50.77 1.64
14 0(4.0) 0(50) 0(30) 5037+0.58 50.77 —0.40
15 0(4.0) 0(50) 0(30) 51.76+1.25 50.77 0.99
16 0(4.0) 0(50) 0(30) 51.02+042 50.77 0.25
17 0(4.0) 0(50) 0(30) 49.63+1.05 5077 -1.14
18 0(4.0) 0(50) 0(30) 49.44+1.27 5077 -1.33

3 X, = pH, X5 = Cu(Il) concentration (mg L"), X5 = Temperature (°C).
 Yops = Observed values of the adsorption capacity (mgg '), Ypr = Predicted
values (mg g71), Yops—Ypre = Residual of observed and predicted values (mg g~).
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where Y represents the value of the response (g.), and fy is the con-
stant coefficient, g, i, and p;; are the linear, quadratic and interac-
tion coefficients, respectively. X;j and X; are the levels of the
independent variables [18]. The experimental data were analyzed
by the Response Surface method with Design-Expert 8.0.6 (Stat-
Ease Inc., Minneapolis, MN, USA).

2.5. Modeling of adsorption kinetics, isotherms, and thermodynamics

To evaluate the mechanism of Cu(Il) adsorption and the poten-
tial rate-controlling steps, such as mass transport and chemical
reaction processes, the pseudo-second order and intraparticle dif-
fusion models have been exploited to analyze the experimental
data. The pseudo-second order equation based on adsorption equi-
librium capacity assumes that the rate of occupation of adsorption
sites is proportional to the square of the number of unoccupied
sites [19]. The pseudo-second order model can be expressed in
the non-linear form:

0 = quzt

=— = 3
1+qu2t ( )

where k, is the pseudo-second order adsorption rate constant
(gmg ' min~ '), and g. is the adsorption capacity calculated by
the pseudo-second order model (mg g~!). The intraparticle diffu-
sion model can be defined as:

qe = kpt'2 + C (4)

where k, is the intraparticle diffusion rate constant (mgg™'-
min~%?) and C of adsorption constant is the intercept.

In order to investigate the efficacy of adsorption, Langmuir and
Freundlich models have been used to fit experimental data. The
Langmuir model assumes that a monomolecular layer is formed
when adsorption takes place without any interaction between
the adsorbed molecules [20]. The Langmuir model can be repre-

sented as:

_ qmaxKLCe
9e=711K.C. (3)

where K| is a constant related to the affinity of the binding sites
(Lmg™!), C. is the equilibrium concentration (mgL~!), g. is the
amount of metal ion sorbed (mgg '), gmax iS ge for a complete
monolayer (mg g~ !). The Freundlich model assumes a heteroge-
neous adsorption surface and active sites with different energy
[12]. The Freundlich model is given as:

qe = KeCq (6)

where, Kr and n are the Freundlich constants which are related to
adsorption capacity and intensity, respectively.

The thermodynamic parameters (AG°, AH°, and AS°) provide
in-depth information about internal energy changes that are asso-
ciated with adsorption [21]. The standard free-energy change
(AG®) can be calculated from the following equation:

AG’ = —RTInk® (7)

where R is the universal gas constant (8.314Jmol ' K™ '), T is the
absolute temperature (K), K° is the adsorption equilibrium constant
(it can be calculated by plotting In Kq (Kq = ge/Ce) versus C. and
extrapolating C. to zero [6]. The standard enthalpy change (AH®)
and the standard entropy change (AS°) are calculated from the fol-
lowing equation:

AH® AS°

R TR ®
The slope and intercept of the plot of In K° versus 1/T are —AH°/

R and AS°[R, respectively [21,22].

InK° = —

3. Results and discussion
3.1. Characterization of the composite

The TEM photograph (Fig. 1a) shows that large quantities of
Fe30,4 particles are deposited on the GO surface. Besides, some
wrinkles are observed on the surface of the composite. The inset
of Fig. 1a shows that the obtained SMGO can be easily collected
by a permanent magnet. The EDS spectrum (Fig. 1b) of SMGO
shows that the major constituents of the composite are C, O, S,
and Fe. The C mainly comes from the GO sheets, while O from both
Fe;0,4 and the oxygen-containing functional groups of GO, and the
S mainly comes from the sulfo group of sulfanilic acid. The size dis-
tribution of SMGO is presented in Fig. 1c. The mean diameter of the
SMGO was 637 nm. The BET surface area of the SMGO was mea-
sured to be 92.79 m? g~!. The TG-DTA curves of SMGO (Fig. 1d)
shows significant weight loss (14.69%) between 22 and 127 °C,
which is attributed to the dehydration process. SMGO was found
to have 29.18 wt% weight loss when the temperature range from
127 to 800 °C, which was due to the loss of the functional groups
such as carboxyl, epoxide, hydroxyl and sulfo groups on the sheets
[23]. FT-IR spectrum of SMGO is shown in Fig. 1e. The peak at ca.
1730 cm™! corresponding to C=0 of carboxyl group on the GO
shifts to 1638 cm~! may be due to the formation of —COO~ after
coating with Fe;04 [24]. The absorptions due to the O-H bending
vibration, epoxide groups and skeletal ring vibrations are observed
around 1617 cm~' [25]. The absorption at 1400 cm~! may be
attributed to tertiary C—OH groups [26]. The peaks at 1133,
1008, and 839 cm™! (two vs_o and one Us_phenyt) confirmed the
presence of —SO3;— group [2]. The peak at 623 cm™! is a character-
istic peak corresponding to the stretching vibration of Fe-0 [12].
Fig. 1f shows Raman spectra of GO and SMGO. For both of samples,
the Raman spectra displays two prominent peaks at ca. 1338 and
1590 cm ™!, which are assigned to the D band and G band, respec-
tively. It is well known that the G band is usually assigned to the
E,¢ mode observed for sp? carbon domains, while the D band is re-
lated to the vibrations of sp> carbon atoms of defects and disorder
that can break the symmetry and selection rule [10,27]. Usually,
the intensity ratio of D (Ip) and G bands (Ig) could be used to mea-
sure the extent of disorder. The Ip/Ig of SMGO is slightly higher
than that of the GO, because of the introduction of abundant sulfo
groups to the sp? carbon network [28].

3.2. RSM approach for optimization of Cu(ll) adsorption

Table 1 shows the results of BBD experiments for studying the
effect of three independent variables along with the predicted
mean and observed responses. According to the designed experi-
mental data, the second-degree polynomial model for the adsorp-
tion capacity was regressed and obtained as:

Yrre (adsorption capacity) = 50.77 + 7.07X; + 7.93X,
+5.81X;3 — 0.046X; X,
+0.76X:X3 + 0.76X2X3
— 5.76X3 — 5.48X5 + 0.054X3 (9)

where X;, X, and X5 represent the values (in coded units) of pH,
Cu(Il) concentration and temperature, respectively. ANOVA (Table 2)
showed that this regression is statistically significant at F-value of
106.20 and values of prob > F (<0.0001). The well fit of the model
was evaluated by the coefficient of determination. In this case, the
coefficient (R* =0.9917) and adjusted coefficient (Adj R? = 0.9824)
are very high, indicating high correlation between the observed
and the predicted value [29]. At the same time, a relatively low va-
lue of the coefficient of variation (CV=2.72%) indicates the
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Fig. 1. Characterization of SMGO: (a) TEM photograph; (b) EDS spectrum; (c) Particles size distribution; (d) TG-DTA curves; (e) FT-IR spectrum and (f) Raman spectra of GO

and SMGO.

Table 2

Analysis of variance (ANOVA) for response surface quadratic model for Cu(Il) removal by the SMGO.
Source Sum of squares df Mean square F-Value p-Value®
Model 1485.83 9 165.09 106.20 <0.0001
X1 (pH) 400.08 1 400.08 257.36 <0.0001
X3 (Cu(Il) concentration) 502.86 1 502.86 323.47 <0.0001
X3 (Temperature) 270.07 1 270.07 173.73 <0.0001
X1Xa 8.573 x 1073 1 8.573 x 103 5515 x 1073 0.9426
X1X3 233 1 233 1.50 0.2553
XoX3 2.33 1 2.33 1.50 0.2553
Xi? 144.58 1 144.58 93.01 <0.0001
X2 130.96 1 130.96 84.25 <0.0001
X3? 0.013 1 0.013 8.189 x 102 0.9301
Residual 12.44 8 1.55
Lack of fit 5.50 3 1.83 1.32 0.3657
Pure error 6.94 5 1.39

R?=0.9917; Adj R? = 0.9824, Pred R? = 0.9346, Coefficient of variance = 2.72%.
2 p<0.01, highly significant; 0.01 < p < 0.05 significant; p > 0.05, not significant.

precision and reliability of the experiments [30]. Besides, the F-va-
lue for lack-of-fit is insignificant (p = 0.3657 > 0.05) thereby con-
firming the validity of the model. To summary, the quadratic
model is statistically significant for the prediction of the adsorption
capacity. Fig. 2 also indicates that the values of the responses pre-
dicted from the quadratic model agree well with the observed val-
ues in the range of the operating variables investigated.

The best way of expressing the effects of the independent vari-
able on the response is to generate surface response plots, which

were done by varying two variables within the experimental at
its “0” level [17]. Fig. 3a shows the interactive effect of pH and
Cu(Il) concentration on the adsorption process. According to
Fig. 3a, the adsorption capacity of SMGO increased when pH in-
creased from 3 to 5. It can be explained that because the solution
pH affects the solution chemistry of metals and the activity of
the functional groups of the SMGO. In low pH environments, some
functional groups, such as hydroxyl, sulfo, and carbonyl, would be
in protonated cationic forms which repel the positively charged
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removal using RSM models.

copper ions. Besides, there is a high concentration of H* and H30",
which compete with Cu?* for the binding sites on the surface of the
adsorbent, resulting in a decreased adsorption of Cu(Il) [11]. With
an increase of the pH value, the number of H* and H30" and the po-
tential decreased, resulting in an increase of the adsorption capac-
ity for copper ions [31]. At initial Cu(II) concentrations in the range
of 20-60 mg L™}, the adsorption capacity increased with the in-
crease of initial Cu(Il) concentration. It can be explained that high-
er concentration of metal ions enhanced the mass transfer driving
force and the number of collisions between Cu(Il) ions and the
adsorbent, which increased the adsorption process. Concentrations
beyond 60 mgL~' made little contributions to the adsorption,
which may be due to the saturation of the adsorption sites.
Fig. 3b shows the interaction effect of initial solution pH and tem-
perature on the Cu(Il) uptake in the form of a 3D plot. As seen in
Fig. 3b, over the temperature tested (10-50 °C), higher tempera-
ture enhanced the surface activity of the adsorbent and kinetic en-
ergy of the solution, resulting in an increased adsorption of Cu(II).
This phenomenon indicated that this process is temperature
dependent. From Fig. 3¢, we can see that the effects of the initial
Cu(Il) concentration and temperature were similar to Fig. 3a and
b. From the regression Eq. (9) and Fig. 3, the optimum conditions
for maximum removal (62.73 mg g~!) were found to be as follows:
pH 4.68, initial Cu(ll) concentrations 73.71 mgL~!, and tempera-
ture 50 °C.

3.3. Adsorption kinetics

The adsorption of Cu(Il) from aqueous solution to the SMGO as a
function of contact time is shown in Fig. 4a. As presented in the fig-
ure, the adsorption equilibrium was reached within 180 min. Fur-
ther increase of contact time cannot lead to stronger adsorption
capacity. The fast sorption velocity indicates that strong chemi-
sorption or strong surface complexation contributes to the sorp-
tion of Cu(ll) on the SMGO [32]. Data on the adsorption rates of
Cu(Il) ions by various graphene oxide-based composite have
shown a wide range of adsorption times. For example, the copper
adsorption equilibrium time on graphene oxide aerogels was
15 min [33]. But it was 7 h for graphene oxide/Fe30, composites
[34].

The non-linearized form of the pseudo-second order model for
the adsorption is given in Fig. 4a. The value of k,, g. was calculated
as 1.63 x 1073 (gmg ' min~') and 55.205 (mg g~!), respectively.
The calculated g, values agreed very well with the experimental
data. Besides, the correlation coefficient was 0.989. Therefore, the
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Fig. 3. 3D surface mapping plot for multiple effect of (a) pH and Cu(II) concentra-
tion (m/V=0.18 gL', t=6h, T=30°C), (b) pH and temperature (m/V=0.18 gL,
t=6h, Co=50mgL™"), (c) Cu(ll) concentration and temperature (m/V=0.18 gL},
t=6h, pH=4.0).

kinetic data for the adsorption process obeyed the pseudo-second
order model, suggesting a chemisorption process [35]. A similar
observation was previously reported by Prasanna Kumar et al.
[36] for copper(Il) sorption onto Tectona grandis L. f. leaves powder.
It is more likely to predict that the adsorption behavior may in-
volve valency forces through sharing or exchange of electrons be-
tween metal cations and the functional groups of SMGO [36].

The intraparticle diffusion model was used to identify the mass
transfer steps in the Cu(lIl) ions adsorption onto SMGO. The plot of
q. versus t%° is observed in Fig. 4b. As reported, if the regression of
qc against t°° is linear and the regression line passes through the
origin, then it can be concluded that the intraparticle diffusion is
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Fig. 4. (a) Pseudo-second-order sorption Kinetics, (b) Intraparticle diffusion kinet-
ics. m/V=0.18gL"!, pH=5.0, T=30°C, Co=50mg L.

the rate-controlling step [37,38]. In this case, the plot was multi-
linear over the whole time range, implying that more than one pro-
cess affected the adsorption. The initial portion related to the
boundary layer diffusion (film diffusion), and the second portion
described the gradual adsorption step, where the intraparticle dif-
fusion is the rate-limiting step. The third linear portion indicated
the adsorption-desorption equilibrium. Therefore, film diffusion
and intraparticle diffusion were simultaneously occurring during
the adsorption process, and the intraparticle diffusion was not
the only rate controlling step for the whole process. Similar behav-
ior was obtained by Zhang et al. [39] in the adsorption of Rhenium
ions onto modified nano-Al,0s.

3.4. Adsorption isotherms and thermodynamics

The Freundlich and Langmuir adsorption isotherms obtained
using the non-linear method at 283.15, 303.15, and 323.15 K are
shown in Fig. 5, and the isotherm constants as well as the coeffi-
cients of determination are shown in Table 3. From Fig. 5 and Ta-
ble 3, we can see that the experimental data are fitted better by
the Langmuir model than by the Freundlich model within the stud-
ied temperature range, suggesting that Cu?* is adsorbed by specific
sites of SMGO and forms monolayer [8]. The value of gn.x at differ-
ent temperatures 283.15, 303.15, and 323.15 K were found to be
50.678, 56.857, and 63.670 mg g~ !, respectively. Both gmax and K
of the Langmuir model increased with increase in temperature,
indicating the bonding between Cu(Il) and active sites of the adsor-
bent weakened at lower temperature and the adsorption process is
endothermic [11]. The g is 56.857 mgg~' at 303.15 K, which is
higher than that of GO (46.6 mgg ' at room temperature and
pH =5) [8], GO aerogels (29.59 mgg ! at 313.15K and pH =6.3)
[33] and carbon nanotubes (28.49 mgg~! at room temperature
and pH = 5) [40]. The huge adsorption capacity might owe to the
abundant oxygen-containing functional groups and large surface
(92.79 m? g~') of SMGO. On the other hand, the introduction of
abundant —SOsH groups to the sp? carbon network was another
cause.

Plot of InK° versus 1/T for Cu(Il) adsorption on SMGO is shown
in Fig. S1 (Supplementary Data). The thermodynamic parameters
calculated at three different temperatures are listed in Table 4.
The negative AG° (—20.196 k] mol~! at 283.15 K, —22.273 k] mol !
at 303.15 K, and —24.349 k] mol~! at 323.15 K) indicated that the
adsorption was a spontaneous process under the conditions ap-
plied, and the value of AG° became more negative with the in-
crease of temperature, indicating that higher temperature

70
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‘o
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20 < 283.05K
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Fig. 5. Langmuir and Freundlich non-linear plots of adsorption isotherms for Cu(II)
onto the SMGO at 283.15, 303.15, and 323.15 K. The solid lines are Langmuir model
simulation, and the dashed lines are Freundlich model simulation. m/V=0.18 gL',
pH=5.0,t=6h.

Table 3
Langmuir and Freundlich isotherm parameters for Cu(ll) adsorption on SMGO (m/
V=0.18gL !, pH=5.0, t=6h).

Models Parameters Temperature (K)
283.15 303.15 323.15
Langmuir
Gmax (Mg g™") 50.678 56.857 63.670
K. (Lmg™1) 0.203 0.263 0.311
R? 0.950 0.973 0.985
Freundlich
n 4.181 4.464 4.649
Ky (Lmg™") 17.627 21.574 25.395
R? 0.946 0.940 0.923
Table 4

Thermodynamic parameters of Cu(Il) adsorption on SMGO (m/V=0.18 gL, pH = 5.0,
t=6h).

Thermodynamic parameters Temperature (K)

283.15 303.15 323.15
In k° 8.579 8.837 9.063
AG® (k] mol 1) ~20.196 ~22273 ~24.349
AHe (k] mol™) 9.205

AS° (Jmol~' K1) 103.835

facilitated the adsorption process [21]. The obtained positive AH®
value (9.205 k] mol~!) suggests an endothermic adsorption mech-
anism, which is in good agreement with the results that the
adsorption of Cu(ll) increases with the increasing temperature
(Fig. 5). AS° (103.835] mol ' K™ ') is also positive, which implies
that adsorption process is spontaneous with high affinity. It also
suggests that there are some structural changes in both the adsor-
bate and adsorbent [6]. Above all, it can be concluded that the
adsorption of Cu(Il) on the SMGO is an endothermic and spontane-
ous process.

4. Conclusions

The analysis results of TEM, EDS, Particles size, BET, TG-DTA, FT-
IR, and Raman indicated that sulfonated magnetic graphene oxide
composite was successfully prepared. It can be easily separated by
magnetic separation from the medium after adsorption. The intro-
duction of sulfo groups to the GO surface can increase efficiency of
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Cu(Il) adsorption. The variables (pH, Cu(ll) concentrations, and
temperature) were successfully optimized by response surface
methodology and the maximum predicted value of adsorption
capacity was 62.73 mg g~ '. The kinetics and isotherm experiment
data can be well described with the pseudo-second order model
and the Langmuir isotherm model, respectively. The rate control-
ling mechanism study revealed that film diffusion and intraparticle
diffusion were simultaneously occurring during the adsorption
process. The thermodynamic parameters indicated that the
adsorption reaction of Cu(ll) on the SMGO was an endothermic
and spontaneous process. Based on these results, it can be con-
cluded that the SMGO is a very suitable material for metal ions pol-
lution cleanup.
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