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and its adsorption capacities calculated based on the 
Langmuir isotherm for MB and MG were 1,538.5 and 
917.4 mg g−1, respectively. The dye adsorption data fit-
ted well to the pseudo-second-order model and Langmuir 
model at 25 °C with pH 5.8.

Keywords Glow-discharge-electrolysis plasma · 
Chitosan (CS) · Hydrogel · Adsorption · Cationic dyes

Introduction

Dyes are extensively used in chemical industries, such as 
textile, printing, food, paper, cosmetics and plastics indus-
tries. However, the release of dyes into the environment is 
harmful, not only because of their color, but also due to 
the fact that many dyes and their degradation products are 
mutagenic and/or toxic to living organisms [1]. Therefore, 
dye removal from the contaminated water has been con-
sidered a worldwide problem and has attracted the atten-
tion of academia and industry. At present, various treatment 
techniques, such as photocatalysis [2], electrochemical 
oxidation [3], advanced oxidation [4], adsorption [5], and 
biological methods [6], have been developed to remove 
dyes from aqueous solutions. Among all the techniques for 
wastewater treatment, adsorption has been recognized as 
one of the most convenient and effective methods for the 
removal of pollutants because of its low initial investments, 
simple design, easy operation, high efficiencies, and eco-
friendly nature [5, 7]. Although activated carbon has been 
widely used in adsorption, its microporous nature has lim-
ited the pore utility and the adsorption capacity for large 
molecules [8].

In recent years, hydrogels with three-dimensional net-
work structure as well as functional groups have received 
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great attention for wastewater purification because of their 
high adsorption capacity and economic advantages [9, 
10]. Hydrogels can absorb a lot of water without dissolv-
ing. Due to the unique swelling property and the three-
dimensional network structure, such as honeycomb, layer 
and ribbon-like morphology, hydrogels have been investi-
gated as promising adsorbents for the removal of dyes from 
aqueous solutions [9–11]. However, most of the hydrogels 
have been synthesized using petroleum chemical products. 
As we all know, these hydrogels are toxic and non-biode-
gradable, therefore, they can produce long-term and seri-
ous environmental issues. Recently, the development and 
application of biopolymer hydrogels have increased owing 
to their unique properties, such as non-toxicity, biodegrada-
bility and biocompatibility [12, 13]. Consequently, natural 
polymer-based hydrogels are gaining great attention.

Chitosan (CS), a natural cationic amino polysaccharide 
copolymer, obtained by the deacetylation of chitin, is a lin-
ear polysaccharide and is chemically defined as a copolymer 
consisting of two residues: glucosamine(2-amino-2-deoxy-
b-glucopyranose) and N-acetylglucosamine(2-acetamido-
2-deoxy-b-d-glucopyranose) [14, 15]. CS is the first most 
abundant natural alkaline polysaccharide and the second 
most abundant natural polymer. In addition, this polysac-
charose has gained immense interest due to its well non-
toxicity, biodegradability, biocompatibility, and mucoad-
hesive properties [16]. However, the protonation of amino 
groups results in dissolution of CS in acidic solution, which 
limits CS to be used as an adsorbent in acidic media [17]. 
Therefore, improving the acid resistance is one of the hot 
topics for studying the modified CS recently.

For improving the performance, many methods have 
been used to prepare chitosan-based hydrogels, such as 
chemical initiation [13], UV-curing technique [17], and 
radiation [18]. Glow-discharge-electrolysis is a non-con-
ventional electrolysis process in which plasma is sustained 
by direct current glow discharges between the electrode 
and the liquid electrolyte around it [19, 20]. In fact, this 
technique has been widely used in the field of synthetic 
chemistry [21], wastewater treatment [22], oxidative degra-
dation [23], and surface modification [24]. However, appli-
cation of glow-discharge-electrolysis plasma (GDEP) to 
initiate synthesis of hydrogel in aqueous solution is rarely 
reported. Recently, our works showed that hydrogels could 
be efficiently prepared with GDEP to initiate copolymeri-
zation that would allow improvements in the adsorption 
[9, 25] and water absorbency [26] properties. Results indi-
cated that GDEP-initiated copolymerization is a promising 
method which has advantages over the others, such as sim-
ple steps, mild reaction conditions, lower cost of setup, and 
temporal control over polymerization [9, 25, 26].

Vinyl monomers acrylic amide (AM) and 2-acrylamido-
2-methyl-1-propanesulfonic acid (AMPS) were chosen 

because of the following reasons [27, 28]: the toxicities 
of AM and AMPS are lower than that of the acrylic acid. 
AM, a non-ionic and cheap common monomer for prepar-
ing hydrogel materials, can be used to improve the strength 
of hydrogels [9, 27]. AMPS is a hydrophilic monomer con-
taining anionic and non-ionic groups. Increasing number 
of ionic groups in a hydrogel increases its swelling capac-
ity, and the non-ionic groups can improve its salt tolerance 
[28].

In this work, a chitosan/P(2-acrylamido-2-methyl-1-pro-
panesulfonic acid-co-acrylic amide) (CS/P(AMPS-co-
AM)) hydrogel was successfully prepared through GDEP 
technique, and then employed as an absorbent for the 
removal of cationic dyes such as methylene blue (MB) 
and malachite green (MG) from aqueous solutions. The 
structure, thermal stability and morphology of hydrogel 
were characterized by Fourier transform infrared (FTIR), 
TG/DTG, X-ray diffraction (XRD), and scanning electron 
microscope (SEM), respectively. The effects of pH, con-
tact time and initial concentration on the dye adsorption 
were investigated by batchwise experiments. In addition, 
a mechanism of initiated copolymerization by GDEP was 
also proposed.

Experimental

Reagents

Chitosan (CS, the average molecular weight Mw = 1 × 105 
to 3 × 105 g mol−1, and the degree of deacetylation 
>85 %) was purchased from Zhejiang Golden-Shell Bio-
chemical Co., Ltd (Zhejiang, China). AMPS (analytical 
reagent grade) was obtained from Shandong Shouguang 
Runde Chemical Co., Ltd (Shandong, China). Acrylamide 
(AM, analytical reagent grade) was received from Tianjin 
Guangfu Fine Chemical Industry Research Institute (Tian-
jin, China). N,N′-methylenebisacrylamide (MBA, chemical 
pure) was supplied by Shanghai Chemical Reagent Cor-
poration (Shanghai, China). MB and MG were analyti-
cal grade and supplied by Jiangsu Sopo Chemical Share-
holding Co., Ltd (Jiangsu, China). All chemicals were 
used without further purification. Other chemicals, such as 
sodium hydroxide (NaOH) and hydrochloric acid (HCl), 
were all of analytical grades. The pH was adjusted with 
0.1 mol L−1 solutions of NaOH and HCl.

Preparation of CS/P(AMPS‑co‑AM) hydrogel

The experimental apparatus was similar to the one 
described in our previous work [9]. The CS/P(AMPS-co-
AM) hydrogel was prepared as the following procedure. In 
a 250 mL three-neck flask, 0.5 g CS was added in 28 mL 
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distilled water and stirred for 10 min at 25 °C. Subse-
quently, 2.0 g AMPS was placed into the flask. To dissolve 
completely, the mixture was stirred for additional 20 min. 
The amounts of 4.0 g AM and 0.1 g MBA were simul-
taneously added into the above solution and stirred for 
10 min. After that, two electrodes were immersed into the 
solution to start the glow discharge for 54 s under a 540 V 
and 77 mA. At this stage, the reaction mixture was raised 
to 75 °C and stirred for additional 3–6 h. The final prod-
uct was cooled to 25 °C and cut into small pieces about 
2–5 mm. Finally, the resulting product was washed several 
times with distilled water, dried in a vacuum oven at 60 °C, 
and milled through a 100-mesh sieve.

Characterization of the CS/P(AMPS‑co‑AM) hydrogel

Fourier transform infrared spectra of the samples were car-
ried out on a DIGILAB FTS 3000 FTIR spectrophotom-
eter (USA) in the range of 400–4,000 cm−1 with a KBr 
pellet. XRD of the samples was recorded by a Rigaku D/
max-2400 X-ray power diffractometer with Cu-Kα radia-
tion (λ = 0.15406 nm), running at 40 kV and 150 mA, 
scanning from 5° to 80°. Thermogravimetric analysis (TG/
DTG) of the samples was obtained on a PE TG/DTA 6300 
instrument with a nitrogen flow rate of 50 mL min−1 and 
a heating rate of 10 °C min−1, over a temperature range 
of 20–800 °C. Surface morphology of the samples was 
observed on a Zeiss Ultra Plus field emission (FE)-SEM. 
Before SEM observation, the samples were freeze-dried to 
remove the water completely, and then coated with gold. 
Absorbance measurement of dyes was recorded on an 
UV757CRT Ver 2.00 spectrophotometer (Shanghai, China) 
in the range from 200 to 800 nm.

Adsorption experiments

Effect of pH on adsorption capacity

Effect of pH on adsorption capacity was tested as follows. 
The pHs ranged from 2 to 10 were adjusted by 0.1 mol L−1 
HCl and NaOH, and 1,000 mg L−1 dyes solutions were 
prepared at several pH. In 40 mL of each pH dye solution 
0.025 g dried hydrogel was placed and shaken at 25 °C 
for 5 h. The mixture was filtered, and the absorbance was 
determined by UV spectrophotometer. The equilibrium 
adsorption capacity (qe) was calculated as the following 
equation [6, 9]:

where qe (mg g−1) is the equilibrium adsorption capacity of 
dyes, C0 and Ce (mg L−1) the concentrations of dyes in the 
aqueous phase before and after the adsorption equilibrium, 

(1)qe =
(C0 − Ce)V

m

respectively; V (L) the volume of the aqueous phase and m 
(g) is the amount of dry hydrogel.

Adsorption kinetics

Dried hydrogel of 0.06 g was added in 200 mL of each 
dye solution (1,000 mg L−1, pH 5.8) and shaken at 25 °C. 
The sample was removed at the desired time-interval and 
filtered, and determined the absorbance by the UV spec-
trophotometer. The adsorption capacity was calculated 
according to Eq. (1).

Adsorption isotherms

Adsorption isotherms of the hydrogel for the two dyes 
were measured at different concentrations. 40 mL MB 
(from 700 to 1,500 mg L−1) and MG (from 400 to 
1,400 mg L−1) were added into 0.03 g hydrogels, respec-
tively. The solutions were shaken for 5 h, then filtered, 
and measured the absorbance. The adsorption capac-
ity was calculated according to Eq. (1). Each adsorption 
study was repeated three times, and then the average was 
calculated.

Results and discussion

Copolymerization mechanism of AMPS and AM 
onto GDEP‑initiated CS

Generally speaking, in the process of glow discharge, 
energetic electrons produced by GDEP are about 5–20 eV 
[23], which can transfer energy to gas water molecules in 
the gas sheath layer to form a variety of active free radi-
cals such as HO· and H· [20]. HO· and H· within plasma 
distributed in solution can provide a reactive intermediate 
source for solution chemical reaction. The results proved 
that HO· played an important role in the degradation of 
organic compounds because it was the most powerful oxi-
dizing species after fluorine [23]. Apart from hydrogen 
abstraction on labile H atoms of hydrocarbon chains (e.g., 
RH + HO· → H2O + R·), HO· is able to add to double 
bonds [23]:

Thus, in the initiated graft copolymerization by GDEP, 
the produced HO· radicals can be added onto polymer 
chains, so the hydrogels have promising properties [25, 
26]. Previous studies showed that the mechanism of GDEP-
initiated copolymerization was similar to that of the chemi-
cal initiation and γ-ray irradiation in hydrogels’ synthetic 
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process [26, 29], which was concluded by the free radical 
process. A possible copolymerization mechanism of AMPS 
and AM onto CS initiated by GDEP is shown in Scheme 1. 
Initially, the gas water molecules absorb enough energy 
from plasma in the gas sheath layer to form HO· and H· 
radicals, which is termed “free radical formation process” 
(reaction 1). Apart from hydrogen abstraction on the labile 
H atoms from reactive hydroxyl (–OH) groups at C-3, C-6 
and amino (–NH2) groups at C-2 position of CS, the HO· 
radicals can react with the double bonds of AM and AMPS, 
forming a new CS (a and b), AM and AMPS radicals (c), 

which is termed “chain initiation process” (reaction 2). 
Thereafter, random reactions of radicals with AM and 
AMPS monomers lead to the chain propagation and growth 
(reaction 3), so that monomers are grafted onto CS back-
bone successfully forming d and e radicals. The degrading 
reactions caused by radicals (HO·) and polymer chains are 
ignored at this stage, owing to the formation of hydrogel 
to cease from further reaction if discharge conditions (i.e., 
discharge time and discharge voltage) are controlled appro-
priately [25, 26]. Meanwhile, radicals (f) of homopolymer 
and copolymer of AMPS and/or AM can also be formed 

Scheme 1  The copolymerization mechanism of AMPS and AM onto GDEP-initiated CS. (1) Radical formation, (2) chain initiation, (3) chain 
propagation, (4) chain termination
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in reaction 3, but they do not cause appreciable unwanted 
effects on the properties of the final products. Because 
the cross-linker MBA can crosslink the polymer by reac-
tion of its two double bonds [25, 26]. In the above stages, 
the copolymer radicals, homopolymer radicals, and cross-
linker are co-existing which can form a three-dimensional 
network of copolymer by radical–radical and termination 
reactions (reaction 4).

Characterization of the CS/P(AMPS‑co‑AM) hydrogel

FTIR analysis

The FTIR spectra of CS (a), AM (b), AMPS (c) and 
CS/P(AMPS-co-AM) (d) are shown in Fig. 1. As can 
be seen from Fig. 1a, the overlapped peak at around 
3,433 cm−1 corresponds to the stretching vibration of –OH 
and –NH. The peak at 1,599 cm−1 is assigned to the N–H 
bending vibration. The peak at 1,382 cm−1 is attributed to 
the deformation vibration for the amide III of CS [27]. The 
peaks at 1,157, 1,030 and 1,082 cm−1 are attributed to the 
C–O–C (glucosidic bond), C6–OH and C3–OH, respec-
tively [30].

In Fig. 1b, the peaks at 3,354 and 3,184 cm−1 are 
assigned to the stretching vibration of N–H. The peaks at 
1,674 and 1,612 cm−1 are attributed to the stretching vibra-
tion of C=O and C=C, respectively [9]. The peaks at 1,428 
and 1,136 cm−1 are assigned to the bending vibration and 
stretching vibration of C–N in AM.

In Fig. 1c, the peak at 3,238 cm−1 is attributed to the 
stretching vibration of N–H. The peaks at 1,666 and 
1,613 cm−1 are assigned to the stretching vibration of C=O 
and C=C, respectively. The peaks at 1,369 and 1,242 cm−1 
are assigned to the bending vibration and stretching vibra-
tion of C–N. The peaks at 1,086 and 626 cm−1 are attrib-
uted to the stretching vibration of S=O and S–O, respec-
tively [26].

Comparison with CS, AM, and AMPS, the peak at 
3,433 cm−1 of CS, corresponding to the stretching vibra-
tions of –OH and –NH2 groups, shifted to lower wavenum-
ber (3,427 cm−1) in the FTIR spectrum of CS/P(AMPS-co-
AM) hydrogel (Fig. 1d). The peaks at 1,157 and 1,082 cm−1, 
corresponding to the C–O–C, and C3–OH of CS, are greatly 
weaken and shifted to 1,113 and 1,091 cm−1. However, the 
peak at 1,030 cm−1, corresponding to the C6–OH of CS, has 
disappeared completely. The C=C peaks at 1,612 cm−1 of 
AM and at 1,613 cm−1 of AMPS have disappeared com-
pletely, and the C=O peaks of AM (1,674 cm−1) and AMPS 
(1,666 cm−1) are strengthened and shifted to lower wave-
number (1,660 cm−1). The peak at 1,086 cm−1 which corre-
sponds to the stretching vibration of S=O is weakened and 
shifted to lower wavenumber (1,042 cm−1) [18]. The peaks 
at 1,405 and 1,207 cm−1 are assigned to the C–N bending 

and stretching vibration. The above information indicates 
that AM and AMPS are grafted onto the CS backbone suc-
cessfully and the copolymer is formed.

XRD analysis

X-ray diffraction is used to study the crystal lattice arrange-
ments and provides very useful information on degree of 
sample’s crystallinity [31]. The XRD patterns of CS (a) 
and CS/P(AMPS-co-AM) (b) are shown in Fig. 2. It can be 
seen that CS shows two strong crystal diffraction peaks at 
2θ = 12.14° and 2θ = 20.10°, respectively. This is because 
strong intermolecular and intramolecular hydrogen bonds 
make CS form crystalline regions easily [32, 33]. How-
ever, the peak at 12.14° disappears, and the peak at 20.10° 
is obviously weakened and shifted to 21.18° after grafting 
copolymerization with AM, AMPS and CS. What is more, 
the intensity of diffraction peak at 21.18° is decreased and 
its shape is widened, which indicate that grafting copolym-
erization changes the crystallinity of CS and the structure 

Fig. 1  FTIR spectra of a CS, b AM, c AMPS, and d CS/P(AMPS-co-
AM)
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of copolymer becomes very disorder [17]. This indicates 
that grafting copolymerization destroys the intermolecu-
lar hydrogen bonds between amine groups and hydroxyl 
groups of the native CS, and forms a new hydrogen bond. 
Therefore, it is reasonable to draw a conclusion from the 
XRD results that AM and AMPS monomers are grafted 
onto CS successfully by GDEP to form a totally amorphous 
composite, and that the graft copolymerization destroys the 
ordered crystal structure of the native CS [17].

Thermal analysis

The grafting copolymerization influenced the ther-
mal stability of CS. The thermal stability of CS (a) and 
CS/P(AMPS-co-AM) (b) are shown in Fig. 3. We can see 
from the thermogravimetry (TG) curve in Fig. 3a, there 
are two weight loss stages for the thermal decomposi-
tion of CS. Weight loss of 6.2 wt% from 25 to 148 °C of 
CS is ascribed to the removal of free water, bound water 

and a little constitutive water. The second weight loss 
of 59.2 wt% from 148 to 787 °C can be attributed to the 
decomposition of C–C bond in the main chain of CS [34]. 
However, the CS/P(AMPS-co-AM) in Fig. 3b exhibits a 
four-step continuous thermal decomposition. Weight loss 
of 3.0 wt% from 25 to 145 °C is assigned to the removal 
of bonded and absorbed water. The second weight loss 
of 12.6 wt% from 145 to 211 °C can be attributed to the 
decomposition of a low molecular weight polymer [26, 35]. 
The third weight loss by 30.4 wt% from 211 to 350 °C is 
ascribed to the loss of hydroxide groups, amine groups, sul-
fonic groups, the destruction of cross-linked network struc-
ture and decomposition of CS main chain [28]. The fourth 
weight loss by 29.2 wt% from 350 to 785 °C is ascribed 
to the breakage of main chains in the polymeric backbone. 
The total weight losses of CS and CS/P(AMPS-co-AM) 
are, respectively, 65.4 and 75.2 wt% at about 800 °C.

To further prove the result that graft copolymerization of 
AMPS and AM onto CS backbone can change the thermal 
stability of CS, the DTG curves of CS and CS/P(AMPS-co-
AM) are shown in Fig. 4. It can be seen from Fig. 4a that 
the maximum degradation temperatures (Tmax) of CS 
appear at 61.6 and 301.5 °C. However, the maximum deg-
radation temperatures (Tmax) of CS/P(AMPS-co-AM) from 
Fig. 4b are at 74.7, 165.6, 301.5 and 404.8 °C. All results 
show that grafting AMPS and AM onto CS changes the 
thermal stability of the CS.

SEM analysis

In general, hydrogels, as adsorbents, need to have a high 
surface area and porous structure networks to allow diffu-
sion of the dye [18]. SEM images of the CS/P(AMPS-co-
AM) hydrogel are shown in Fig. 5. It is clearly observed 
that the CS/P(AMPS-co-AM) hydrogel exhibits a three-
dimensional porous structure, which forms hydrogel 

Fig. 2  XRD analysis of a CS and b CS/P(AMPS-co-AM)

Fig. 3  TG curves of a CS and b CS/P(AMPS-co-AM) Fig. 4  DTG curves of a CS and b CS/P(AMPS-co-AM)
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particles with a larger surface area compared to smoother 
particles. The sizes of the pores are about 2–10 μm. In 
addition, the CS is well distributed in the hydrogel, and 
there is no phase separation. The interface among AMPS, 
AM and CS is not very clear. This indicates that AM and 
AMPS are grafted onto the CS backbone successfully to 
form a three-dimensional network structure. This unique 
structure can increase the contact area of the dyes, facili-
tate water molecules to diffuse into the porous structure 
network, accelerate the adsorption rate, and improve the 
adsorption capacity effectively [12, 13, 34].

Adsorption study

Effect of pH on cationic dyes adsorption

The pH is one of the key parameters affecting adsorption 
process. Since the adsorption of “anionic” hydrogels was 
strongly affected by ionic strength, no buffer solutions were 
used [9, 25]. As can be seen from Fig. 6, the adsorption 
capacities of CS/P(AMPS-co-AM) hydrogels are higher 
at pH 5–10 than those of at pH 2–5. This is because the 
CS/P(AMPS-co-AM) hydrogels contain –NH2, SO3H and 
–OH, and the structure of hydrogel can change in different 
pH solutions.

At higher pH range (pH 5–10 solution), the cationic 
dyes (D–Cl) are first dissolved, dissociated, and then con-
verted to ionic dyes:

Meanwhile, CS/P(AMPS-co-AM) hydrogel is dissociated:

A substantial number of –SO3H groups in hydrogel are 
deprotonated and ionized to a negatively charged –SO3

−, 

D− Cl → D+
+ Cl−

H2N− R− SO3H → NH2 − R− SO−

3 + H+

which cause high anion–anion repelling and enhance the 
osmotic pressure difference between the internal and exter-
nal particles [25]. As a result, the hydrogel gives rise to the 
swelling [26]. Water molecules and dye cation (D+) diffuse 
into the three-dimensional network structure effectively. 
The adsorption process occurs because of the electrostatic 
attractions between these two counter ions:

In addition, hydrogen-bonding interaction between the 
–NH2 and –OH groups of the CS/P(AMPS-co-AM) hydro-
gel and the amino groups (–NR2) of the dyes can also occur 
[9]. So the hydrogel has higher adsorption capacity at pH 
5–10 solution.

Under acidic pH (pH <5), most of sulfonic groups  
(–SO3

−) in hydrogel are protonated, forming –SO3H [18]:

NH2 − R− SO−

3 + D−
→ NH2 − R− SO3D

H2N− R− SO−

3 + H+
→ NH3 − R− SO3H

Fig. 5  SEM images of CS/P(AMPS-co-AM) hydrogel (×5,000)

Fig. 6  The effect of pH on adsorption capacity

Fig. 7  The effect of time on adsorption capacity at pH 5.8 and 25 °C
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The hydrogen-bonding interaction is strengthened and 
the anion–anion electrostatic repulsion is restricted, conse-
quently, the osmotic pressure of inside the hydrogel parti-
cles is decreased [9]. Therefore, the swelling of hydrogel 
is decreased and the network tends to shrink and collapse. 
Water molecules and dye molecules do not effectively dif-
fuse into the polymeric network, and consequently, adsorp-
tion capacity is decreased.

Adsorption kinetics

To investigate the adsorption kinetics, the effects of the 
adsorption capacities of CS/P(AMPS-co-AM) hydrogels 
for two dyes on contact times at pH 5.8 are shown in Fig. 7. 
It shows that the adsorption capacities increase sharply 
within 30 min, then continue to increase with a slower rate 
between 30 and 60 min, and finally level off after 90 min, 
implying that CS/P(AMPS-co-AM) hydrogel has quite fast 
adsorption rate.

For practical applications of adsorption such as pro-
cess control and design, it is significant to understand the 
adsorption rate and the dynamic behavior of the system. 
Adsorption kinetics describes how fast the adsorption 
occurs and also gives information on the factors affecting 
the rate of reaction.

To investigate the mechanism and rate-controlling step, 
three kinetic models, such as the pseudo-first-order, the 
pseudo-second-order and the intra-particle diffusion, were 
used to evaluate the experimental data [25].

The pseudo-first-order kinetics model assumes that the 
adsorption is originated from physical process [36]. It is 
given as [9]:

where k1 (min−1) is the rate constant of the pseudo-first-
order model, qe and qt (mg g−1) are the amounts of dyes 
adsorbed on the adsorbent at equilibrium and at any time t 
(min). The value of the k1 and qe can be obtained from the 
slope and intercept of the straight-line plots of log(qe − qt) 
against t [25].

The pseudo-second-order kinetics model can predict 
the behavior over the whole adsorption processes and is in 
agreement with the chemisorption mechanism being the 
rate-controlling step [37]. It is expressed as:

where k2 (g mg−1 min−1) is the rate constant of the pseudo-
second-order model. The values of k2 and qe can be 
obtained from the plot of t/qt against t.

Figure 8a and b show the linear plots of the two mod-
els, and the correlation coefficients (R2), k1, k2, the calculated 

(2)log(qe − qt) = log qe −
k1

2.303
t

(3)
t

qt
=

1

k2q2e
+

t

qe

qe values and experimental qe(exp) values are all shown in 
Table 1. By comparing Fig. 8a and b, it is obvious that the 
pseudo-second-order model agrees with the experimental 
data better than the pseudo-first-order model. It was observed 
from Table 1 that the qe values (MB 1,061.9 mg g−1 and 
MG 746.3 mg g−1) obtained from the pseudo-second-order 
model are closer to the experimental qe(exp) values (MB 
1,019.1 mg g−1 and MG 734.5 mg g−1) than those from 
the pseudo-first-order model (MB 588.7 mg g−1 and MG 
289.8 mg g−1). In addition, the R2 values (MB 0.9997 and 
MG 0.9999) of the pseudo-second-order model are much 
closer to unity 1, and higher than those of the pseudo-first-
order model (MB 0.8996 and MG 0.9982). These results 
suggested that the adsorption kinetics fit well to the pseudo-
second-order model. The rate-limiting chemisorption process 
involves the valence forces through sharing or exchange of 
electrons between the dyes and the hydrogel [25]. 

The Weber’s intra-particle diffusion model is one of the 
most commonly used methods for identifying the adsorp-
tion mechanism of porous materials. It can be given as [38]:

(4)qt = kintt
1/2

+ I

Fig. 8  The linear plots of kinetic models
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where kint (mg g−1 min−1/2) is the intra-particle diffusion 
rate constant, and I (mg g−1) is the intercept which gives 
information about the thickness of the boundary layer. 
When the adsorption mechanism follows the intra-particle 
diffusion model, a plot of qt against t1/2 should be given a 
linear line. Generally, if the intra-particle diffusion is the 
only rate-controlling step, then the plot passes through 
the origin, if not, the boundary layer diffusion affects the 
adsorption to some extent [37, 38].

Figure 9 shows that the adsorption plots of qt versus 
t1/2 are not linear over the whole time range, and can be 
split into multilinear plots of intra-particle diffusion pro-
cess with different slopes, which indicates that two or 
more steps occur in the adsorption process. The first por-
tion can be assigned to the film diffusion of dye through 
the solution towards the external surface of hydrogel or 
the boundary layer diffusion of dyes molecules, where the 
adsorption rate is very high. The second portion is intra-
particle diffusion of dye molecules through the pores 
of hydrogel and illustrates the gradual adsorption stage, 

where intra-particle diffusion rate is rate-controlling. The 
third portion involves the final equilibrium stage, where 
the intra-particle diffusion starts to slow down and level 
out [39]. It can be also observed from Fig. 9 that the plots 
do not pass through the origin (I ≠ 0), suggesting that the 
intra-particle diffusion is not the only rate-limiting step 
and some other adsorption mechanisms may also play an 
important role [40].

The parameters kint and R2 of all three linear seg-
ments of qt versus t1/2 are shown in Table 2. It can be eas-
ily observed that kint values are increased as k1 > k2 > k3; 
indicating that film diffusion is a rapid process while 
intra-particle diffusion is a gradual process. Besides, all 
R2 values reflect the specific applicability of Weber’s 
intra-particle diffusion model in various stages of dye 
adsorption onto the CS/P(AMPS-co-AM) hydrogel. Simi-
lar results were reported on the adsorption of Congo Red 
on coal-based mesoporous activated carbon and MB onto 
poly(cyclotriphosphazene-co-4,4′-sulfonyldiphenol) nano-
tubes [39, 40].

Effect of concentration on adsorption capacity

An ideal adsorbent for the removal of dyes should not only 
have a fast rate of adsorption but also a large adsorption 
capacity [40]. Adsorption isotherms give a description of 
how adsorbates interact with adsorbents and can provide 
information about the relationship between the amount of 
dye adsorbed on the solid phase and the concentration of 
dye in solution. Figure 10 shows the effect of the adsorp-
tion capacity on the equilibrium concentration at pH 5.8 
and 25 °C. It was observed that the adsorption capacity 
increased with the increase of dyes equilibrium concentra-
tion and reached saturation adsorption at higher equilib-
rium concentrations. This is because at lower concentra-
tions almost all dyes molecules can contact with the active 
sites on the surface of hydrogel [40, 41]. Nevertheless, the 
adsorption sites will reach saturation at high equilibrium 

Table 1  Adsorption kinetic 
parameters of dyes on the 
CS/P(AMPS-co-AM) hydrogel 
at pH 5.8 and 25 °C

Dye qe(exp) (mg g−1) Pseudo-first-order model Pseudo-second-order model

k1 (min−1) qe (mg g−1) R2 k2 (g mg−1 min−1) qe (mg g−1) R2

MB 1,019.1 0.0411 588.7 0.8996 1.39 × 10−4 1061.9 0.9997

MG 734.5 0.0012 289.8 0.9982 3.74 × 10−4 746.3 0.9999

Fig. 9  Intra-particle diffusion kinetics for adsorption of MB and MG 
on CS/(AMPS-co-AM) hydrogel

Table 2  The intra-particle diffusion parameters of all three linear segments

Dyes First portion Second portion Third portion

k1 (mg g−1 min−1/2) I1 (mg g−1) R1
2 k2 (mg g−1 min−1/2) I2 (mg g−1) R2

2 k3 (mg g−1 min−1/2) I3 (mg g−1) R3
2

MB 185.23 −12.4 0.9918 34.06 701.8 0.8953 7.86 915.4 0.8581

MG 49.29 397.3 0.9999 24.78 525.44 0.9887 5.18 665.7 0.9438
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concentrations, indicating that the hydrogel is an effective 
adsorbent for high concentration dyes.

Adsorption isotherms

To investigate an interaction of the adsorbent surface and 
adsorbate molecules, the Freundlich and Langmuir isotherms 
models were selected to elucidate dye–hydrogel interaction 
in this work. In general, the linear regression is the most 
commonly used method to study the isotherm parameters.

Freundlich isotherm is an empirical model that is the 
earliest known relationship describing the adsorption equa-
tion and it is based on adsorption on a heterogeneous sur-
face. It is given by the equation as follows [42]:

where KF (mg g−1) is the Freundlich characteristic con-
stant, and n is the adsorption intensity. If a value for n is 
above unity, adsorption is a favorable and physical process. 
If a value for n is below unity, this implies that adsorption 
process is governed by a chemical mechanism [42, 43].

The Langmuir isotherm model assumes monolayer 
adsorption on a surface with a finite number of identical 
sites. It is given as:

where b (L mg−1) is the Langmuir adsorption equilibrium con-
stant, and qm (mg g−1) is the maximum amount of adsorption. 
The essential characteristic of the Langmuir isotherm model 
can be expressed as the dimensionless separation factor RL:

(5)ln qe = lnKF +
1

n
lnCe

(6)
Ce

qe
=

1

bqm
+

Ce

qm

(7)RL =
1

1+ bC0

where C0 (mg L−1) is the initial dyes concentration. The 
RL indicates the type of isotherm whether: unfavorable 
(RL > 1), linear (RL = 1), favorable (0 < RL < 1) or irrevers-
ible (RL = 0) [44, 45].

If the adsorption isotherm is closely fitted with the Lang-
muir model, the values of free energy change (∆G0) may 
be calculated according to the following equation:

(8)�G0
= −RT ln b

Fig. 10  The effect of equilibrium concentration on adsorption capac-
ity at pH 5.8 and 25 °C

Fig. 11  a Freundlich isotherm and b Langmuir isotherm

Table 3  Freundlich and Langmuir isotherm parameters and their cor-
relation coefficients at pH 5.8 and 25 °C

Isotherm model Parameters Dye

MB MG

Freundlich KF (mg g−1) 686.57 105.30

n 8.32 3.21

R2 0.9658 0.8983

Langmuir qm (mg g−1) 1,538.5 917.4

b (L mg−1) 0.034 0.008

R2 0.9987 0.9943
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The ∆G0 for the chemisorption is at a range of −80 to 
−400 kJ mol−1, the physisorption together with chemisorp-
tion is at the range of −20 to −80 kJ mol−1, and the phy-
sisorption is generally between −20 and 0 kJ mol−1 [42].

Figure 11 shows the experimental data and predicted 
equilibrium curve of Freundlich (a) and Langmuir (b) iso-
therms. The relative parameters are listed in Table 3. The 
plots suggest that the adsorption processes can be described 
by Langmuir and Freundlich isotherms, though Langmuir 
isotherm provides a better fit to the experimental data 
because Langmuir isotherm agrees with the experimental 
data better than that of Freundlich. In addition, it is found 
that R2 obtained from the Langmuir isotherm model is 
0.9987 and 0.9943, which is higher than those of Freun-
dlich isotherm (0.9658 and 0.8983) as listed in Table 3. The 
result suggests that the experimental data is not fitted well 
with the Freundlich isotherm.

It is found from Table 3 that the values of n in Freun-
dlich isotherms are 8.32 and 3.21, representing favorable 
adsorption, and therefore, this suggests that a physical 
mechanism, which is referred to the weak adsorption bond 
and conducted with Van der Waals forces and hydropho-
bic interaction [42], is dominant rather than a chemical 
adsorption.

Langmuir isotherm indicates the monolayer adsorp-
tion of dye onto the hydrogel. The RL values of adsorption 
dye onto hydrogels are 0.01–0.04 and 0.08–0.25 for MB 
(700–1,500 mg L−1) and MG (400–1,400 mg L−1), respec-
tively, which lie in the range of 0–1, a favorable adsorption 
of MB and MG on hydrogel. In addition, the ∆G0 values 
are –23.03 and –19.64 kJ mol−1 for MB and MG, which lie 
between –80 and 0 kJ mol−1. Thus, the adsorption of dyes 
on hydrogel is a physisorption together with chemisorp-
tion process due to electrostatic interactions, ion exchange, 
hydrophobic interaction, and Van der Waals forces. Nega-
tive ∆G0 values suggest that the adsorption process takes 
place spontaneously.

Many works have reported the use of modified chitosan 
to remove dyes [46, 47]. To evaluate the hydrogel syn-
thesized by GEDP among the adsorbents prepared from 
other techniques for the removal of two dyes from aque-
ous solutions, a comparison based on the Langmuir adsorp-
tion capacity, qm, is listed in Table 4. The results show that 
the CS/P(AMPS-co-AM) hydrogel prepared by GDEP has 
higher adsorption capacity for the two dyes, and this novel 
composite has a great potential as an alternative promising 
adsorbent for the removal of dyes from aqueous solutions.

Conclusion

The CS/P(AMPS-co-AM) hydrogels were prepared by 
GDEP-initiated graft copolymerization in aqueous solu-
tion, in which MBA was used as a cross-linking agent. 
FTIR and XRD indicated that AM and AMPS were grafted 
onto the CS backbone successfully, forming copolymer. 
TG/DTG suggested that grafted AMPS and AM onto 
CS could change the thermal stability of the CS. SEM 
showed a unique three-dimensional porous structure for 
the CS/P(AMPS-co-AM). The hydrogel was applied to 
the removal of MB and MG from aqueous solutions. The 
adsorption capacities were affected significantly by pH, 
contact time and dye initial concentration. The results 
showed that the adsorption capacities were much higher in 
neutral solutions than those in acidic conditions. Adsorp-
tion kinetic indicated that adsorption behavior of dyes 
on CS/P(AMPS-co-AM) hydrogel followed the pseudo-
second-order model with multi-step diffusion process. 
The equilibrium experimental data fitted perfectly with 
the Langmuir isotherm. The CS/P(AMPS-co-AM) hydro-
gel showed very large adsorption capacities at pH 5.8 
and 25 °C, whose maximum adsorption capacity for MB 
and MG based on Langmuir isotherm were 1,538.5 and 
917.4 mg g−1, respectively. Negative ∆G0 values revealed 

Table 4  Comparison of the 
maximum adsorption capacities 
of CS/P(AMPS-co-AM) 
hydrogel for MB and MG with 
other adsorbent

Adsorbent Preparation techniques Langmuir qm (mg g−1) Refs.

MG MB

CS/P(AMPS-co-AM) GDEP 917.4 1,538.5 This work

CS-g-PAA/APT Chemical initiator – 1,848 [10]

CS-g-PAA Chemical initiator – 1,873 [10]

CS-g-PAA/MMT Chemical initiator – 1,859 [12]

CS-g-PAA/VMT Chemical initiator – 1,685.6 [13]

GLA-PMAA-CS Chemical modification 523.6 1,000.0 [16]

Composite hydrogel of CS Chemical initiator 492 – [31]

PVA/CS physical method 380.65 – [41]

CCB beads Cross-linked 435.0 – [46]

Chitosan-composite hydrogel beads Precipitation method 270.3 – [47]
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the spontaneous nature of the adsorption process. All 
results indicated that GDEP may provide a new method 
for the preparation of CS/P(AMPS-co-AM) hydrogels. 
The hydrogel is believed to be a very promising candidate 
for highly efficient removal of cationic dyes from aqueous 
solutions.
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