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a b s t r a c t
The magnetic composite hydrogel was prepared by using graphene oxide (GO), carboxymethyl 
starch (CMS) and Fe3O4 as raw materials via a facile one-step reaction route. Magnetic CMS/GO 
hydrogel was applied as an adsorbent for methylene blue (MB) and characterized by scanning 
electron microscopy, X-ray diffraction, Fourier-transform infrared spectroscopy, thermogravimetry 
and vibrating sample magnetometer. Kinetics, isotherm and thermodynamics of adsorption were 
investigated. The results show that the adsorption of MB onto the hydrogel was well-described by 
pseudo-second-order adsorption kinetic and Langmuir models, and it was a spontaneous thermal 
reaction. GO was uniformly dispersed in the hydrogel, which significantly improved the adsorp-
tion capacity and thermal stability of the hydrogel. In addition, the adsorbent showed high effi-
ciency for the removal of MB with the maximum adsorption capacity of 622.71 mg/g at 293 K, and 
its removal efficiency had no significant reduction after five cycles of adsorption. Thus, magnetic 
CMS/GO hydrogel may be a promising adsorbent for the removal of MB from aqueous solutions 
in environmental pollution treatment.
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1. Introduction

Dyes are organic colorant compounds that are widely 
used in many different industries such as textile, paint, plas-
tic, paper and tanning [1–3]. The application of dyes pro-
duced a large amount of harmful wastewater, which caused 
pollution of natural waters and disrupted the balance of the 
ecosystem [4]. Methylene blue (MB) is one of the thiazine 
dyes, which is carcinogenic [5]. Excessive ingestion can cause 
some adverse effects such as nausea, abdominal pain, pre-
cordial pain, dizziness, headache and sweating [6]. Thus, the 
effective treatment of dye wastewater has become an urgent 
problem to be solved. To date, many different methods 
such as adsorption [7], chemical precipitation [8], mem-
brane filtration [9], photodegradation [10] and oxidation 
[11] have been applied to the treatment of dye wastewater. 

However, adsorption is the most effective method due to its 
high removal efficiency, simple operation and low cost [12]. 
There are many adsorbents for the removal of dyes such 
as activated carbon, activated diatomaceous earth, natural 
montmorillonite and coal cinder, and good performances 
have been achieved [13–15]. Therefore, it is very important 
to prepare efficient adsorbents to remove dyes from water.

With the increasing interest in green and degradable 
adsorbents, carboxymethyl starch (CMS) has been gradually 
taken into account [16]. It has a strong adsorption capacity 
for dyes due to its large number of reactive groups such as 
carboxyl and hydroxyl groups. However, it is a water-sol-
uble starch and forms a colloidal solution when dissolved 
in water, making it difficult to use as an adsorbent for the 
adsorption of pollutants in water [17]. Therefore, the chem-
ical cross-linking modification was opted to improve its 
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structural stability. Graphene oxide (GO) is a carbonaceous 
material with a two-dimensional sheet structure [18]. It is 
a highly potential and efficient adsorbent due to its large 
number of oxygen-containing functional groups, ultra-
high specific surface area and high selective adsorption 
[19,20]. However, GO is difficult to be separated from the 
aqueous solution through traditional centrifugation and 
filtration methods due to the small particle size and good 
dispersibility in water [21]. Therefore, Fe3O4 nanoparticles 
can be compounded on the surface of GO to obtain a mag-
netic composite material that can be separated from the 
aqueous solution with an external magnetic field [22,23]. 
Currently, GO, CMS and magnetic particles as adsorbents 
for the adsorption of MB have been reported independently. 
However, this work is the first to obtain a magnetic hydro-
gel by dispersing GO and magnetic nanoparticles into the 
three-dimensional cross-linked network structure of CMS.

In response to the problems of difficult recycling of 
GO and high water solubility of CMS, magnetic CMS/GO 
hydrogel was designed in this paper. Its morphology, struc-
ture and thermal stability were characterized. The effects of 
pH, time, initial dye concentration and adsorbent dosage 
on the adsorption performance of the composite hydrogel 
were investigated by using MB as the adsorption model. 
Kinetics, isotherm and thermodynamics of adsorption were 
also investigated.

2. Experiment and methods

2.1. Chemicals

Graphite (99.95%) was obtained from Macklin 
Biochemical Co., Ltd., (Shanghai, China). Carboxymethyl 
starch (CMS) was bought from Puxiu Biotechnology Co., 
Ltd., (Hangzhou, China). FeCl3·6H2O and FeSO4·7H2O 
were supplied by Guangfu Technology Development Co., 
Ltd., (Tianjin, China). Epichlorohydrin (ECH) and meth-
ylene blue (MB) were purchased from Kemiou Chemical 
Reagent Co., Ltd., (Tianjin, China). All other chemicals were 
of analytical grade.

2.2. Synthesis of hydrogel

2.2.1. Synthesis of GO

GO was prepared from natural graphite using the mod-
ified Hummers method [24]. 10 mL H3PO4 and 90 mL H2SO4 
were mixed to obtain a mixed strong acid solution. 0.75 g of 
graphite powder was dispersed into the mixed solution, and 
then 4.5 g of potassium permanganate was gradually added 
to it with stirring at 50°C for 24  h. After the reaction, the 
mixture cooled to room temperature was carefully poured 
into 200  mL of ice water containing 2  mL of H2O2 and left 
to stand for 24 h. The substrate was washed to neutral with 
1  mol/L HCl and distilled water under 10,000  rpm centrif-
ugation to obtain the graphite oxide dispersion. Then the 
above dispersion was sonicated for 3 h to obtain a homoge-
neous graphene oxide solution.

2.2.2. Synthesis of magnetic CMS/GO hydrogel

2 g of CMS, 20 μL of epichlorohydrin, 1 g of FeSO4·7H2O, 
2 g of FeCl3·6H2O were dispersed into 20 mL of GO solution 

(2  mg/L), and the beaker was placed in a water bath at 
70°C and stirred for 30  min. Then 1  mol/L NaOH solution 
was added to maintain the pH at about 10, and magnetic 
CMS/GO hydrogel was prepared after 3  h. The hydrogel 
was immersed in distilled water and washed by renew-
ing the water every 8  h. After repeating three times, the 
hydrogels were lyophilized using a freeze dryer, and dry-
based hydrogels were obtained.

2.3. Characterization

The morphology of the sample was imaged by using 
scanning electron microscopy (SEM, Phenom XL, Phenom-
World, Netherlands) under an accelerating voltage of 10 kV. 
X-ray diffraction (XRD) patterns were recorded on an X-ray 
diffractometer (XRD, D8 ADVANCE, Bruker, Germany) 
using Cu-Kα radiation (λ  =  1.5438  Å). The thermal stabil-
ity was investigated by using a thermogravimetry (TG, 209 
F3 Tarsus, NETZSCH-Gerätebau GmbH, Germany) from 
50°C to 800°C with a heating rate of 10°C/min under nitro-
gen atmosphere. The groups of the hydrogel were analyzed 
by using a Fourier-transform infrared spectroscope (FTIR, 
Tensor37, Bruker, Germany) at a wavenumber range of 
400~4,000  cm−1 with a resolution of 4  cm−1. Magnetization 
measurements were recorded with a vibrating sample mag-
netometer (Lake Shore 7404, Quantum Design, Inc., USA) 
with an applied field of between ±30 kOe.

2.4. Dye adsorption

The adsorption properties of hydrogels were inves-
tigated using MB as the adsorption object. 5  mg of hydro-
gel was added to 20 mL of MB solution (50 mg/L) and the 
mixture was shaken for 100  rpm at 25°C on a constant 
temperature water bath shaker. The adsorbent was sepa-
rated from the solution with a magnet and the residual MB 
solution concentration was measured with a visible spec-
trophotometer at a wavelength of 664 nm. Finally, removal 
efficiency (R) and adsorption capacity (qe) for MB were  
calculated.

3. Results and discussion

3.1. Synthesis of magnetic CMS/GO hydrogel

CMS is a water-soluble starch with a large number of 
carboxyl and hydroxyl groups [25]. The hydrogel is pre-
pared by cross-linking between the molecular chains of 
CMS in the presence of ECH as a crosslinker at the pH 
value of 10. In addition, Fe3O4 particles could also be pre-
pared under this condition, which greatly increases the 
possibility of preparing magnetic hydrogels by the one-step 
method. The addition of GO is expected to significantly 
improve the adsorption properties of the hydrogel due to 
a large number of reactive groups such as hydroxyl and 
carboxyl groups, which have strong adsorption on dyes. 
The schematic illustration for the preparation of magnetic 
CMS/GO hydrogel is given in Fig. 1. Polymerization was 
performed in the presence of Fe2+, Fe3+ and GO, which is 
able to homogeneously immobilize the GO flakes and 
the produced Fe3O4 into the polymer network.
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3.2. Characteristics

The morphology of magnetic CMS/GO hydrogel is 
shown in Fig. 2. SEM image shows that the hydrogel is 
porous with interconnected pores that are evenly distrib-
uted. This structure can not only increase the specific sur-
face area of the hydrogel but also accelerate the diffusion 
rate of the dye solution in the polymer network, which 
significantly increases the diffusion rate of dye molecules 
and the contact with functional groups. Thus, the adsorp-
tion capacity and the adsorption rate of the hydrogel are 
obviously enhanced.

The XRD patterns of GO and magnetic CMS/GO 
hydrogel are shown in Fig. 3a. The GO sample has a sharp 
diffraction peak at 2θ of 10.18° with an interlayer spac-
ing of 0.923  nm, which is much larger than that of natu-
ral graphite (0.335  nm) [26]. A large amount of oxygen-
containing functional groups was introduced into the 
sheets of natural graphite, which remarkably increased 
the interlayer spacing. Since the van der Waals forces 
between the sheets are greatly reduced by the increase 
of interlayer spacing, the multilayered GO can be exfo-
liated into single or few-layered GO by ultrasonic treat-
ment [27]. The hydrogel showed diffraction peaks at 2θ of 
30.2°, 35.4°, 43.0°, 57.1°, and 62.6° indexed to (220), (311), 
(400), (511) and (440), respectively, which corresponded to 
the crystallographic planes in the Fe3O4 crystal structure. 
This indicates the successful loading of Fe3O4 nanopar-
ticles into the composite. In addition, there is no GO dif-
fraction peak at 2θ of 10.18° for GO, indicating that the GO 
flakes are uniformly embedded in the hydrogel network.

The FTIR spectra of GO and magnetic CMS/GO hydro-
gel are shown in Fig. 3b. Both samples show a strong peak 
at 3,250  cm–1 which is related to –OH stretching vibration. 
For GO, the characteristic peaks at 1,730; 1,220 and 1,050 cm–1 
are associated with –C=O, –C–O–C and –C–O, respec-
tively. For hydrogel, the characteristic peak at 2,925  cm–1 
is related to –C–H, and the characteristic peak of –C–O–C 
appears at 1,015–1,150 cm–1, indicating that the CMS cross-
linking reaction has occurred. In addition, the characteristic 
peaks at 697 and 577 cm–1 are correlated with Fe–O group, 

which indicates that Fe3O4 is successfully compounded with 
hydrogel [28].

The TG curves of magnetic CMS hydrogel and mag-
netic CMS/GO hydrogel are shown in Fig. 3c. There was a 
significant weight loss in both samples. The weight loss of 
magnetic CMS/GO hydrogel occurred in the range of 255°C 
to 300°C, while magnetic CMS hydrogel occurred in the 
range of 262°C to 308°C. In addition, the residual mass of 
magnetic CMS/GO hydrogel was 44.5%, which was appar-
ently higher than that of magnetic CMS hydrogel at 40.6%. 
Thus, it indicates that the addition of GO increased the 
thermal stability of the hydrogel.

Magnetization curves of magnetic CMS/GO hydrogel 
and the photos of magnetic separation after adsorption are 
shown in Fig. 3d. Hydrogel exhibits superparamagnetic 

Fig. 1. Schematic illustration for the preparation of magnetic CMS/GO hydrogel.

Fig. 2. SEM image of magnetic CMS/GO hydrogel.
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properties at room temperature with a saturation magne-
tization intensity of 12.30 emu/g. It can be easily separated 
from the aqueous solution under magnetic action.

3.3. Dye adsorption

3.3.1. Effect of pH

To investigate the effect of pH on dye adsorption, the 
pH values of MB solutions were adjusted from 3.0 to 11.0 
at 20  mL of MB concentration (50  mg/L) and 5.0  mg of 
adsorbent. As is shown in Fig. 4a, the adsorption capacity of 
hydrogel increased with increasing pH value and reached 
the maximum capacity at the pH value of 11.0. It should be 
due to the fact that the pH values of solution can affect the 
state of functional groups on the adsorbent and the elec-
trical properties of the dye [29]. In acidic solutions, the 
competition between the cationic MB and H3O+ reduces 
the chance of binding to the active site of the adsorbent, 

resulting in a lower adsorption capacity of the hydrogel. 
In addition, active sites such as –COOH and –OH become 
negatively charged due to deprotonation at high pH val-
ues, which promotes electrostatic interactions between the 
adsorbent and MB molecules. Therefore, the hydrogel has 
high adsorption capacity under alkaline conditions.

3.3.2. Effect of initial dye concentration

The adsorption capacity of the hydrogel in MB solu-
tions of different initial concentrations is shown in Fig. 4b. 
The adsorption capacity of magnetic CMS/GO hydrogel 
increased from 166.75 to 632.16  mg/g at 393  K as the ini-
tial concentration of MB increases from 50 to 250  mg/L. 
This indicates that the mass gradient was the main driv-
ing force for adsorption [30]. In addition, the adsorption 
capacity increases at a decreasing rate and eventually 
tends to a constant as MB initial concentration increases.

Fig. 3. (a) XRD pattern and (b) FTIR spectra of GO and magnetic CMS/GO hydrogel, (c) TG spectra of magnetic CMS/GO hydrogel 
and magnetic CMS hydrogel, (d) magnetic hysteresis loop of magnetic CMS/GO hydrogel (The inset shows the magnetic 
separation of adsorbents from dye solution).
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3.3.3. Effect of adsorbent dosage

The effects of adsorbent dosage on the adsorption 
capacity and the rate of dye removal were evaluated by 

adding a range of 5–25  mg of adsorbent to 20  mL of MB 
solution (50  mg/L). As is shown in Fig. 4c, the adsorption 
capacity of the adsorbent significantly decreases from 164.37 
to 37.94  mg/g with increasing dosage, while dye removal 

Fig. 4. (a) Effect of initial pH, (b) effect of initial dye concentration, (c) effect of adsorbent dosage on the adsorption capac-
ity of MB onto magnetic CMS/GO hydrogel, (d) effect of contact time with pseudo-first-order and pseudo-second-order non-
linear plots of adsorption kinetics for MB onto hydrogels, (e) Langmuir model and Freundlich model non-linear plots of 
the adsorption isotherm at different temperatures, and (f) the thermodynamic analysis of magnetic CMS/GO hydrogel.
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increases from 82.18% to 94.85%. This result is related to 
the splitting effect of the flux or concentration gradient 
between the dye molecule and the adsorbent [31].

3.3.4. Effect of contact time and adsorption kinetic

The effect of contact time from 0 to 120  min on the 
adsorption capacity of the hydrogels was examined at MB 
concentration of 50 mg/L, the dosage of 5.0 mg and tempera-
ture 293  K and this result is shown in Fig. 4d. It is clearly 
seen that the adsorption capacity of the hydrogels increases 
rapidly in the initial stage. With the increase of contact time, 
the adsorption capacity increases more and more slowly 
and finally tends to level off, which is mainly caused by 
the decrease of MB concentration and adsorption sites. The 
adsorption capacity of magnetic CMS/GO hydrogel was 
187.64  mg/g, which was significantly higher than that of 
magnetic CMS hydrogel of 132.48 mg/g. Therefore, the addi-
tion of GO significantly improved the adsorption capacity of 
the hydrogel due to its extremely high adsorption capacity.

In order to investigate the adsorption mechanism of 
hydrogels towards MB, pseudo-first-order and pseudo-sec-
ond-order adsorption kinetic models were used to fit the 
experimental data, and their expressions are described as fol-
lows, respectively [32]:
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where qe and qt (mg/g) are the adsorption capacity of MB at 
equilibrium and time t (min), respectively. k1 and k2 are the 
equilibrium rate constants of the pseudo-first-order and 
pseudo-second-order adsorption kinetic models, respectively.

Kinetic parameters for the adsorption of MB onto 
magnetic CMS hydrogel and magnetic CMS/GO hydro-
gel are shown in Table 1. The correlation coefficient (R2) 
of the quasi-second-order kinetic model was significantly 
higher than that of the quasi-first-order kinetic model, and 
its predicted value was closer to the experimental value 
(qexp), indicating that the hydrogel adsorbed MB mainly by 
chemisorption.

3.3.5. Adsorption isotherm

The adsorption isotherms of magnetic CMS/GO hydro-
gel were studied by calculating the adsorption capacity in 

relation to the equilibrium concentration of MB at different 
temperatures (293, 303 and 313 K). In particular, Langmuir 
isothermal adsorption model is based on the assump-
tion that the adsorption sites on the adsorbent surface are 
restricted and uniformly distributed and there is no inter-
action between adsorbents with the same adsorption force. 
In contrast, Freundlich isothermal adsorption model is 
used to describe the adsorption behavior on non-uniform 
surfaces [33]. Langmuir and Freundlich isothermal adsorp-
tion models were used to investigate the interaction of dyes 
with the adsorbent and the non-linear forms are expressed 
as follows [34]:
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where Ce is dye equilibrium concentration (mg/g), KL is 
Langmuir adsorption constant, qe is adsorption capacity 
of MB at equilibrium (mg/g), qm is maximum adsorption 
capacity (mg/g). KF is Freundlich constant and n is het-
erogeneity factor.

Fig. 4e displays that a lower temperature is more ben-
eficial for the adsorption of MB into magnetic CMS/GO 
hydrogel. This may be related to the weakening of the inter-
action between the active site of adsorbent and MB molecules 
with increasing temperature [35]. In addition, the adsorp-
tion capacity of the adsorbent gradually increases with 
increasing adsorption equilibrium concentration of MB and 
finally tends to equilibrium. The nonlinear fitting parame-
ters of Langmuir and Freundlich’s isothermal models are 
shown in Table 2. It is obvious that the R2 of the Langmuir 
isotherm model is significantly higher than that of the 
Freundlich isotherm model, which indicates that adsorption 
is well-described by the Langmuir isotherm model.

Table 1
Kinetic parameters for the adsorption of MB onto adsorbents

Adsorbent qexp (mg/g)

Pseudo-first-order Pseudo-second-order

k1 (min–1) qe (mg/g) R2 k2 (min–1) qe (mg/g) R2

Magnetic CMS 187.64 0.4955 177.67 0.973 0.0046 187.28 0.997
Magnetic CMS/GO 132.48 0.3471 120.75 0.956 0.0041 129.36 0.994

Table 2
Constants and correlation coefficients of Langmuir and Fre-
undlich models for MB adsorption onto magnetic CMS/GO 
hydrogel at different temperatures

T (K) Langmuir Freundlich

qm (mg/g) KL R2 KF n R2

293 622.71 0.0326 0.989 82.562 2.742 0.940
303 609.67 0.0239 0.982 66.056 2.572 0.953
313 586.84 0.0177 0.992 48.282 2.339 0.961
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3.3.6. Adsorption thermodynamics

In order to further analyze the effect of temperature on 
the adsorption process of magnetic CMS/GO hydrogel, the 
adsorption process was tested at five different tempera-
tures (293, 298, 303, 308, 313 K). The thermodynamic param-
eters such as Gibbs free energy (ΔG°), entropy (ΔH°) and 
enthalpy (ΔS°) are calculated by the following equations [36].
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�
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where Kd is produced by qe/Ce. T is the absolute tempera-
ture in Kelvin, ΔS° is the entropy change, ΔH° is the 
enthalpy constant, and R is the universal gas constant 
[8.314 J/(mol K)]. The values of ΔH° and ΔS° were calculated 
by the slope and intercept of linear fitting in Fig. 4f.

The thermodynamic parameters were calculated as 
shown in Table 3. The value of ΔG° increased from 5.042 
to 5.651 as the temperature increases from 293 to 313  K. 
This result demonstrates that the adsorption process of 
MB by the adsorbent is a spontaneous reaction. In addi-
tion, the value of ΔH° is negative, indicating the adsorption 
is an exothermic reaction. Furthermore, the value of ΔS° is 
positive, illustrating an increase in the randomness of the 
solid/solution interface.

3.4. Desorption and reusability evaluation

In order to investigate the repeatability, magnetic CMS/
GO hydrogel was desorbed by stirring in 70% ethanol solu-
tion for 3 h and dried at 40°C. The dye removal efficiency of 
the hydrogel after five adsorption–desorption treatments is 
shown in Fig. 5. It can be clearly seen that the removal effi-
ciency of the hydrogel remains above 90% after 5  times of 

recycling, indicating that the hydrogel has excellent repro-
ducibility. In addition, the hydrogel can be easily separated 
from the wastewater by using a magnet due to its stable 
magnetic properties. Therefore, hydrogels can be used as 
ideal adsorbents for the treatment of dye wastewater.

3.5. Comparison with other adsorbents

In order to further understand the adsorption ability of 
magnetic CMS/GO hydrogel, the results of the adsorbent 
were compared with other adsorbents for the adsorption 
capacity of MB. The maximum adsorption capacity and 
conditions of the various adsorbents are shown in Table 4. 
It can be seen that magnetic CMS/GO hydrogel adsorbents 
show a much higher adsorption capacity for MB than 
other adsorbents. In addition, the hydrogel is an ideal and 

Fig. 5. Reusability of magnetic CMS/GO hydrogel.

Table 3
Thermodynamic analysis data for the adsorption of MB onto magnetic CMS/GO hydrogel (R2 = 0.9963)

ΔH° (kJ/mol) ΔS° (J/K mol) ΔG° (kJ/mol)

293.15 K 298.15 K 303.15 K 308.15 K 313.15 K

–3.54 4.49 –5.042 –5.191 –5.345 –5.492 –5.651

Table 4
Comparison with other adsorbents

Adsorbent Contact time (h) qm (mg/g) pH Reference

Activated carbon 5 270.27 6 [37]
Cellulose nanocrystal 4 217.4 7 [38]
Magnetic chitosan/GO composite 1.5 95.16 5.3 [39]
Magnetic xylan/poly(acrylic acid) hydrogel 1 438.60 8 [40]
Carbon/montmorillonite composite 6 138.1 8 [41]
Magnetic chitosan composite 24 45.1 5.5 [42]
Magnetic CMS/GO hydrogel 2 622.71 7 This study
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efficient adsorbent due to its high adsorption rates and 
moderate conditions.

4. Conclusion

In this study, a magnetic GO/CMS hydrogel was suc-
cessfully synthesized and used as an adsorbent for the 
removal of MB from aqueous solutions. The hydrogel 
has excellent adsorption performance with an adsorption 
capacity of up to 622.71 mg/L for MB. The results show that 
the addition of GO can significantly enhance the adsorp-
tion capacity and thermal stability of the hydrogel. The 
hydrogel has good magnetic separation and can be easily 
separated and recovered from the wastewater under the 
action of an applied magnetic field. Moreover, the hydro-
gel has good reusability and no significant decrease in 
adsorption efficiency after multiple reuses. Thus, magnetic 
GO/CMS hydrogel has potential application prospects 
for the removal of MB in dye wastewater.
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