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a b s t r a c t

In the present study, a new solid adsorbent, lignosulfonate-graphene oxide-acrylamide (LS-GO-AM) 
ternary composite hydrogel possessing good mechanical strength and high dye adsorption capac-
ity, was prepared by a simple polymerization, and used for the removal of dyes from aqueous solu-
tion. The adsorption property of a model dye, methylene blue (MB), onto the hydrogel was studied. 
The effects of adsorption time, initial pH, and concentration were investigated. When the initial 
MB concentration was 3 mg·L–1 at an LS-GO-AM concentration of 4 g·L–1, the absorption was 98.36% 
while the solution was nearly decolorized. Moreover, adsorption kinetic and equilibrium data were 
described well with pseudo-second-order and Langmuir isotherm models for MB adsorption. The 
LS-GO-AM composite hydrogel with enhanced mechanical strength could be easily separated from 
the reaction system.
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1. Introduction

More and more attention has been paid to effluent dyes 
from textile, leather, paper, and plastics. Various techniques 
such as physical, chemical, physicochemical and biologi-
cal treatments are available for dye-containing wastewater 
treatment [1]. In these methods, adsorption has been con-
sidered to be superior to other techniques to remove dyes 
due to its lower operating cost, convenience of design, and 
effective elimination of the secondary contamination [2].

Lignin is one of the most abundant renewable resources 
whose content in wood varies from 19 to 35%. Some of lig-
nin-based materials were used adsorbent for color removal 
and the results have shown that through lignin chemical 
modification, the use of lignin as an adsorbent for dye 
removal from aqueous media can be significantly enhanced 
[3]. Lignosulfonate is a modified lignin obtained from spent 
sulfite pulping liquors that contains many hydrophilic 
groups (sulfonic, phenylic hydroxyl and alcoholic hydroxyl) 

[4], to promote surface adsorption [5], and demonstrate 
great potential in wastewater treatment. In recent years, 
great academic interest has been devoted to investigate the 
lignosulfonate-based adsorbents [6,7]. But lignosulfonate is 
difficult to collect from water due to its solubility; therefore, 
it is crucial that a lignosulfonate-based sorbent material be 
easily separated from the reaction system [8]. Although the 
chemical reactivity of lignin is low, lignin can graft-copoly-
merize with vinyl monomers such as acrylic acid and acryl-
amide to make a polymeric hydrogel [9]. Compared with 
lignin, lignosulfonate possesses better chemical reactivity 
to prepare hydrogel with high dyes adsorption capacities. 

Graphene sheets—one-atom-thick two-dimensional 
layers of sp2-bonded carbon—have inspired ever-increasing 
enthusiasm recently owing to its exceptional chemical and 
mechanical property values such as its 1 TPa Young’s mod-
ulus and 130 GPa ultimate strength [10]. Graphene oxide, a 
graphene precursor, has a large surface area that can accom-
modate many oxygen-containing hydrophilic functional 
groups such as –COOH and –OH. The presence of these 
functional groups makes graphene oxide sheets strongly 
hydrophilic, allowing it to readily swell and disperse in 



Z. Zhang et al. / Desalination and Water Treatment 83 (2017) 168–175 169

water [11]. Furthmore, these reactive groups on the sur-
face of GO provide good compatibility with polymers to 
form a GO/polymer composite with a stable structure [12]. 
In addition, these groups have strong sorbent ability for 
removal of dyes from aqueous solutions [8,13]. Neverthe-
less, the hydrophily of GO tend to form hydrogen bonding 
interaction between water molecules and GO, which make 
it hard separated from the reaction system.

Therefore, if the mechanical strength of lignosulfon-
ate hydrogels was improved, an adsorbing material with 
high dyes adsorption capacity could be separated from the 
reaction system. In this work, a new solid adsorbent, lig-
nosulfonate-graphene oxide-acrylamide ternary composite 
hydrogel, was prepared by simple solution polymerization 
for the removal of dyes.

2. Materials and methods

2.1. Materials

Lignosulfonate (C20H24Na2O10S2, MW 534.51) was 
obtained from Shanghai Macklin Biochemical Co., Ltd. 
Acrylamide (AM), N, N’-methylenebisacrylamide (MBA), 
methylene blue (MB) and graphite powder (purity of 
99.95%) were purchased from Aladdin Industrial Corpo-
ration (China). KMnO4, concentrated H2SO4, concentrated 
HCl, CaCl2, 30% H2O2 and other reagents were of analytical 
grade and used without further purification.

2.2. Methods

2.2.1. Synthesis of GO and LS-GO-AM ternary composite 
hydrogel

GO was synthesized from natural graphite powder 
using a modified Hummers’s method [14]. Ternary compos-
ite hydrogels were prepared by a simple solution polym-
erization using solutions consisting of monomers (Ls, AM 
and GO), crosslinker (MBA), and initiator (H2O2-CaCl2). 
First, 2.50 mg prepared GO was dispersed in 5 mL of deion-
ized water in a 50 mL glass flask under ultrasonication (220 
V, 200W) for 2 h. Subsequently, 0.40 g LS and 0.30 g CaCl2 
was added to the GO suspension and stirred vigorously to 
form a mixture. Then 4.8 g AM, 0.07 g MBA, and 60 μL of 
30% H2O2 were added. The ternary system (LS-GO-AM) 
was stirred at room temperature until it became a stable 
suspension. The homogeneous mixture solutions were 
transferred into a glass tube and kept for hydrogel forma-
tion under nitrogen at 50°C for 10 h without stirring. After 
hydrogel formation, the ternary composite hydrogels, in 
their existing form, were taken out of the glass tube and put 
into deionized water to remove homopolymers and unre-
acted monomers. LS-AM hydrogels were prepared by the 
same method.

2.2.2. Characterization

Fourier transform infrared spectroscopy spectra (FT-IR) 
was recorded on a VERTEX 70 (Bruker, German) over 500-
4000 cm–1 at a resolution of 0.5 cm–1. XRD was determined 
by a D8 ADVANCE X-ray diffractometer under the follow-
ing conditions: tube current and voltage were 20 mA and 

30 kV, respectively, Cu target, and data were collected over 
the 2θ Bragg angles of 5–90 at a scanning speed of 0.02° s–1. 
The thermal stability of the samples was evaluated using 
thermogravimetric analysis (TGA) (TGA Q500, TA, USA). 
Samples of approximately 12 mg weight were heated in an 
aluminum crucible to 700°C at a heating rate of 20°C min−1 
while the apparatus was continually flushed with a nitrogen 
flow of 25 mL min−1. Tensile testing of the hydrogel samples 
with length of ~10 mm were measured using an INSTRON 
5565 universal testing equipment with a test speed of 1 
mm·min–1. The relative humidity of 52% and temperature 
of 23°C were kept during the measurement. At least five 
specimens were used for each sample in the test and aver-
aged. The morphology of the surfaces of the hydrogels were 
observed by a scanning electron microscopy (Bruker, Ger-
man) at 10 kV. The samples were spread on a circular base 
with double sided tape that has high conductivity and cov-
ered with a thin layer of gold (about 2 nm) by sputtering to 
promote conductivity before SEM observation.

2.2.3. Absorption of MB by LS-GO-AM ternary composite 
hydrogel

The effects of adsorption time, initial MB concentration, 
and pH value on adsorption for ternary composite hydro-
gels were carried out by single factor. The MB stock solu-
tion was prepared by dissolving methylene blue powder 
in deionized water, and the desired pH value was adjusted 
using 0.1 mol·L−1 HCl or 0.1 mol·L−1 NaOH solution. Typi-
cally, a test solution containing MB and dry hydrogel were 
loaded in a 200 mL conical flask and placed it in air table 
with 200 rpm stirring speed at 25°C for 24 h to reach equi-
librium. After a desired adsorption time, the hydrogel was 
removed with forceps, while the concentration of MB after 
adsorption was measured by testing the absorbance at 664 
nm (Fig. 1). A diode array spectrophotometer (Model-8453, 
Agilent Technologies, Inc, USA) was employed for the spec-
trophotometric measurements.

The adsorbed amount of MB on the adsorbent was cal-
culated according to the following equations:
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Fig. 1. Absorption spectrum (a) and standard curve (b).
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where Q is the adsorption capacity (mg·g–1); C0 and Ce are 
the MB concentration before and after adsorption (mg·L–1), 
respectively; V is the initial volume of the MB solution 
(mL); m is the weight of the hydrogel (g); and q is the 
adsorptivity (%).

2.2.4. Desorption process

The desorption process was conducted to employ aque-
ous alcohol solutions (water: ethanol = 1:1, v/v) washing 
for several times. Acidify the aqueous alcohol solutions 
with1 mol·L−1 HCl to pH 2.

3. Results and discussion

3.1. FTIR analysis

Fig. 2 shows the FT-IR spectra of GO, LS, LS-AM and 
LS-GO-AM hydrogels. As-prepared GO sheets show char-
acteristic FT-IR peaks at 3400 cm–1, 1720 cm–1, 1620 cm–1, 
1200 cm–1 and 1061 cm–1 to O–H (broad-coupling hydroxyl 
group), C=O groups, C–C bonds, C–O–C and C–O groups, 
respectively [15]. The characteristic peaks located at 3408 
cm–1, assigned to O–H stretching of LS indicating the pres-
ence of phenol and aliphatic hydroxyls. Peaks 1219 cm–1 and 
1040 cm–1 indicated that LS contained sulfonic acid groups. 
The bands at 618 cm–1 corresponded to the C–S stretching 
vibration [16]. Compared to the original LS, a new peak at 
3200 cm–1 appeared for the LS-AM and LS-AM-GO hydro-
gels, which was the stretching band of the N–H bonds, that 
confirmed successful functionalization of LS chains onto 
AM. Additionally, compared with the LS-AM hydrogel, the 
C–O stretching vibration peak at 1719 cm–1 belonging to GO 
is weak in the LS-GO-AM hydrogel, indicating the existence 
of GO. There was a broad peak at ~3427 cm–1 suggesting the 
hydrogen bonds are disturbed in the LS-GO-AM hydrogel 
and the change could be ascribed to the strong interaction 

through hydrogen bonds between LS-AM hydrogels and 
GO [17]. So the FT-IR results confirmed the proposed for-
mation of LS-GO-AM hydrogels.

3.2. XRD analysis

Compared with pristine graphite, the characteristic 2θ 
peak of GO sheets appearing at ~10.7°corresponds to the 
(001) interplanar spacing of 0.83 nm caused by the oxy-
gen-rich groups on both sides of the sheets and the water 
molecules trapped between the sheets [18]. For LS, the 
broad and low intensity diffraction peak between 20° and 
30° can be attributed to the (002) diffraction peak of carbon, 
indicative of its low graphitization and amorphous nature 
[19]. After loading GO sheets with the LS-AM hydrogel, the 
strong peak of GO at 10.7° almost disappeared. It was noted 
that incorporation of a small handful of GO only slightly 
increased the intensity of the characteristic peaks of LS-AM 
hydrogel [20]. The insignificant pick of GO in XRD patterns 
indicates that the interaction between lignosulfonate and 
GO forms a heterogeneous structure [21].

Fig. 2. FT-IR spectras of GO (a), LS (b), LS-AM (c) and LS-GO-
AM hydrogels (d).

Fig. 3. XRD patterns of graphite, GO, LS, LS-AM and LS-GO-AM 
hydrogels.
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3.3. TGA analysis

To test the thermal stability of the hydrogels before and 
after the addition of GO sheets, the samples were examined 
by TGA and DTG. TGA traces of pristine graphite showed a 
negligible weight loss over the entire temperature range. GO 
sheets were thermally unstable and started to display sharp 
weight losses owing to decomposition of oxygen-containing 
groups in GO at 150–240°C [22]. In the TGA curve of the lig-
nosulfonate, the degradation was observed to start around 
175°C and almost 30% weight loss occurred at 300°C [23]. No 
obvious weight loss peak of lignosulfonate was observed. 
In Fig. 4(a), the degradation of pure LS-AM hydrogel began 
at ~ 260°C. The rate of weight loss increased with tempera-
ture from 200 to 420°C and thereafter decreased to attain a 
maximum degradation temperature (Tmax) of 374.4°C while 
the Tmax of LS-GO-AM ternary composite hydrogel was 
383.5°C. The Tmax of LS-GO-AM ternary composite hydrogel 
was higher than that of LS-AM hydrogel. From the tempera-
ture of maximum weight loss rate, it was found that since 
GO sheets accession to the LS-AM hydrogel, the thermal 
stability of the composite hydrogel significantly improved. 
The increase in the thermal stability of LS-GO-AM hydrogel 
could be ascribed to an effective attachment of lignosulfon-

ate to the GO sheets that constrains the segmental motion of 
the lignosulfonate by hydrogen bonding, as demonstrated in 
other reports [24,25].

3.4. Tensile testing

Fig. 5 shows the typical stress-strain curves (a) and 
Young’s modulus (b) of LS-AM and LS-GO-AM ternary 
composite hydrogels. As shown, the mechanical proper-
ties of the composite hydrogel containing a small amount 
of GO can be remarkably increased. The LS-AM hydro-
gel was broken under pressure due to its poor toughness, 
while the LS-GO-AM hydrogel maintained a better shape. 
In addition, the LS-GO-AM hydrogel could quickly recover 
its original shape once the compression force was removed. 
Indeed, a small amount of GO could significantly improve 
the mechanical properties of composites. In Fig. 5, the ten-
sile strength of LS-GO-AM ternary composite hydrogel 
increased 285.3% (18.23  70.24 Pa). The Young’s modu-
lus of LS-AM and LS-GO-AM ternary composite hydrogel 
were obtained by measuring the slope in the linear region 
of the stress-strain curve [26]. In Fig. 5b, the Young’s mod-
ulus of LS-GO-AM ternary composite hydrogel reached 

Fig. 4. TGA (a) and DTG (b) curves of Graphite, GO, lignosulfon-
ate, LS-AM and LS-GO-AM hydrogels.

Fig. 5. Stress-strain behaviors (a) and Young’s modulus (b) of LS-
AM and LS-GO-AM ternary composite hydrogels.
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244.01 Pa with GO sheets addition, and increased 142.1% 
relative to the LS-AM hydrogel. This may be because that 
the uniformly dispersed GO/LS-AM hydrogel had a typical 
3D network structure and the residual graphene nanoplates 
were evenly distributed within that matrix and strong inter-
facial adhesion between graphene oxide and lignosulfonate 
were obtained [27]. The special structure also improved the 
mechanical properties [28].

3.5. SEM

SEM images were used to investigate the structure 
of LS-AM and LS-GO-AM that show a loose 3D network 
structure with pore sizes of several micrometers to tens 
of micrometers. There are more pores on the surface of 
LS-GO-AM as compared to LS-AM. This was because GO 
sheets reduce the expansion of the gel matrixes resulting in a 
decrease in the pore sizes [29]. The porous materials have a 
local unidirectional porous structure that facilitates diffusion 
of MB. Unfortunately, there are also a small number of closed 
pores in the surfance of hydrogels, which were not helpful 
to the adsorption process due to the low gas permeability 
[30,31]. The possible reason, due to the reduction in volume 
during the freeze drying, a handful of pores were closed. The 
existence of pore sizes increases the surface area of porous 
material, so more functional groups are exposed [32].

3.6. Adsorption of MB

The effect of adsorption time on the adsorption of MB 
onto the LS-GO-AM ternary composite hydrogel is shown 
in Fig. 7a. When the adsorption time was increased, the 
adsorption capacity and absorption increased substantially. 
When the adsorption time is 5 h, the absorption is 56%, 
whereas the adsorption capacity reaches 17.30 mg·g–1. Due 
to the slow diffusion of adsorbate molecules in the hydro-
gel, the LS-GO-AM ternary composite hydrogel exhibited 
remarkably slower adsorption kinetics than other adsor-
bents [33]. Moreover, the equilibrium balance of adsorption 
was reached at 7 h, in which a higher adsorption capacity 
was obtained, and the adsorption capacity and adsorptiv-
ity reached 18.09 mg·g–1 and 59%, respectively. The surface 
charge of the LS-GO-AM hydrogel, the ionization of GO [34], 
lignosulfonate and acrylamide [35] as well as the structure 
of the MB molecules were affected by the pH value, so it has 
significant influence on the absorption process. In Fig. 7b, 

at a MB concentration of 120 mg/L, the absorption capac-
ity increases to 18.25 mg·g–1 at pH 7. The LS-GO-AM hydro-
gel was protonated in acid region, due to the competitions 
among the excessive H+ ions on the surface of hydrogel and 
water, the absorbing ability was reduced greatly. However, 
the hydrogel was deprotonated in alkaline region, and the 
electrostatic interaction between hydrogel and MB molecules 
increases resulting in a higher dye adsorption. Similarly, the 
pH-regulated absorption behavior is also observed in other 
carbon absorbents [36]. In Fig. 7c the absorption decreased 
while adsorption capacity revealed a general upward trend. 
Because there is an insufficient amount of the LS-GO-AM 
ternary composite hydrogel to adsorb MB, there appears sat-
uration. When the initial MB concentration is 3 mg·L–1, the 
absorption is up to 98.36% and the solution can be nearly 
decolorized. Furthermore, when the initial MB concentra-
tion is 700 mg·L–1, the adsorption capacity and absorption 
are 47.52 mg·g–1 and 34.04%, respectively. Quantitatively, the 
adsorption capacities and absorption of LS-AM was 34.24 
mg·g–1 and 21.15%, respectively. Obviously, the capacities 
and adsorptivity of LS-GO-AM was significantly improved. 
Compared with GO and lignosulfonate, LS-GO-AM hydro-
gels with better thermal stability and mechanical properties 
could be easily separated from the reaction system, thus to 
promote industrialization. The results also show that the dye 
absorption of LS-GO-AM ternary composite hydrogel are 
higher than modified lignin [3,37]. 

Photographs of the MB solution before and after the 
LS-GO-AM ternary composite hydrogel treatment were 
visually compared as shown in Fig. 7d. Reduction in 
decreasing degree of color was observed with the MB con-
centration increased. Because there is no enough composite 
hydrogel to adsorb MB, while when the initial MB concen-
tration was low, the solution was nearly decolorized.

3.7. Adsorption kinetics

Pseudo-first-order [Eq. (3)] and pseudo-second-order 
[Eq. (4)] models were employed to fit the experimentally 
obtained adsorption data [38]. Pseudo-first-order and pseu-
do-second-order equation may be expressed as:

1ln( ) lne t eQ Q Q k t=− −  (3)

2
t 2 e

1
= +

Q Qe

t t
k Q

 (4)

Fig. 6. SEM images of hydrogel samples: (a) LS-AM hydrogel; (b) LS-GO-AM composite hydrogels.
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where k1 and k2 are the pseudo-first-order and pseudo-sec-
ond-order rate constant. Qt is the amounts of MB adsorbed 
per adsorbent (mg·g–1) at time t. The parameters of the 
pseudo-first-order and pseudo-second-order equations for 
the adsorption of MB onto LS-GO-AM ternary composite 
hydrogel are listed in Fig. 8a and Table 1.

As can been seen from Fig. 8a and Table 1, these 
two models both have high correlation coefficients, but 
the calculated data according to the pseudo-first-order 
equation did not agree with the experimental adsorp-
tion capacity (Qe). The numerical results calculated from 
pseudo-second-order equation are close to the measured 
data which indicated that the pseudo-second-order 
model was a more applicable model to the kinetics of MB 
adsorption. Thus, we can infer that the removal of MB 
by the LS-GO-AM ternary composite hydrogel is mainly 
controlled by the chemical interaction between MB and 
the binding sites [24].

3.8. The adsorption isotherm

Both Langmuir and Freundlich isotherm models were 
used to describe and analyze adsorption equilibrium as 
described by Eqs. (5) and (6) [38]:

 e e

e m m

1
= +

L

C C
Q Q K Q

 (5)

1
ln ln lne e FQ C K

n
= +  (6)

where Qe is the amount of MB adsorbed (mg·g–1) at equi-
librium, Qm (mg·g–1) and KL are the Langmuir constants 
related to the saturated adsorption capacity and adsorp-
tion energy, respectively. KF and n were the Freundlich 
constants related to the sorption capacity and sorption 
intensity, respectively. The fitted line and corresponding 
parameters for the sample obtained from the lines are 
listed in Fig. 8b and Table 1. In Table 1 the absorption 

Table 1
Kinetic parameters and adsorption isotherm parameters for 
the adsorption of MB onto LS-GO-AM ternary composite 
hydrogel

Pseudo-first-order model Pseudo-second-order model

Qe 
(mg·g–1)

k1  
(L·mg–1)

R2 Qe 
(mg·g–1)

k2 R2

24.63 0.1227 0.9858 18.24 6.386 × 10–3 0.9969

Langmuir isotherm model Freundlich isotherm model

Qm 
(mg·g–1)

KL 

(L·mg–1)
R2 KF 

(mg·g–1)
1/n R2

45.45 0.0498 0.9901 1.681 0.5195 0.9480

Fig. 7. Adsorption behaviors of MB on LS-GO-AM ternary composite hydrogel. (a) Effect of the adsorption time (C0 = 120 mg/L, T = 
25°C, pH = 7.0). (b) Effect of the initial pH value (C0 = 120 mg/L, T = 25°C, t = 7 h). (c) Effect of the initial MB concentration (T = 25°C, 
pH = 7.0, t = 7 h). (d) photographs of the MB solution before (top) and after (bottom) the LS-GO-AM ternary composite hydrogel 
treatment.
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data of MB onto LS-GO-AM ternary composite hydrogel 
can be fitted by the Langmuir absorption isotherm model 
with a high higher correlation coefficient (0.99) compared 
to the Freundlich model. In addition, the experimental 
adsorption capacity for the adsorption of Qm was 45.45 
mg/g, very near to the value calculated from Langmuir 
model Qm 47.52 mg/g. It was shown that the equilibrium 
adsorption of LS-GO-AM ternary composite hydrogels 
were well described by the Langmuir isotherm model, 
indicating that the adsorption process was mainly gov-
erned at the monolayer and took place on a homoge-
neous surface.

3.9. Application of LS-GO-AM hydrogel

In order to improve the adsorption efficiency of 
LS-GO-AM hydrogel, thus to promote industrialization, we 
fabricated a simple device for removing MB from dyeing 
wastewater (Fig. 9). The volume of feeding solution was 
50 mL and the initial concentration of MB was 120 mg/L. 
The LS-GO-AM hydrogel is 2 cm in length deep and has a 
diameter of 1 cm. And the flow was adjusted of 1 mL·min–1. 
When the adsorption time is 50 min, the adsorption capacity 
reaches 25.7 mg·g–1. This device has the advantage of sim-
ple techniques, convenient operation, and the continuous 
operation could be realized. Furthermore, the LS-GO-AM 
hydrogels could be regenerated and reused after several 
recycled adsorption-desorption processes, and the adsorp-
tion capacities maintained ~ 97% after 5 cycles and ~ 90% 
after 10 cycles.

4. Conclusions

LS-GO-AM ternary composite nanocomposites hydro-
gels were synthesized by simple solution polymerization. 
Compared with LS-AM hydrogels, the thermal stability and 
mechanical properties of the composite hydrogels were sig-
nificantly improved. The equilibrium adsorption isotherm 
reveals that the Langmuir model describes the adsorption 

process better. Additionally, the LS-GO-AM ternary com-
posite hydrogel displayed enhanced mechanical strength 
and could be easily removed from the reaction system. 
The results showed that the LS-GO-AM ternary composite 
hydrogel has great potential application in removal of dyes 
(MB) from industrial wastewater. Importantly, the adsorp-
tion capacities maintained ~ 97% after 5 cycles and ~ 90% 
after 10 cycles.
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