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ABSTRACT: In this study, composite hydrogels were prepared using a simple synthetic technique to adsorb methylene blue (MB)
from water. The hydrogel comprised potassium persulfate (KPS) as the initiator, N,N′-methylene bisacrylamide as the crosslinking
agent, and sodium hydroxide (NaOH) as the activator. It was employed to adsorb MB at different concentrations from water. The
morphology and properties of PUL/PAM/GO composites were characterized through thermogravimetric analysis, Fourier transform
infrared spectroscopy, and scanning electron microscopy. Moreover, the adsorption properties, adsorption isotherms, adsorption
kinetics, adsorption thermodynamics, and swelling properties of the hydrogel for MB were investigated. The optimal ratio of PUL to
AC was obtained as 6:1 by fixing the amount of PUL and loading AC of different masses. The maximum adsorption capacity was
obtained as 591.4 mg/g. It also exhibited certain mechanical strength. The adsorption of MB conforms to pseudo-first-order kinetics
and Langmuir isotherms. In this study, an environment-friendly, cheap, simple, and efficient way was presented for the composite
hydrogel in the direction of water treatment.

■ INTRODUCTION
With the increase of organic dyes in the environment, organic
dye pollution has become a major component of environ-
mental pollution over the past few decades. Dyes are not
biodegradable for their complex aromatic structure such that
wastewater containing excess dyes should be treated before it
can be discharged into natural water. Even small amounts of
dye in water can cause serious water pollution problems.
Methylene blue (MB) is a cationic dye that has been

extensively employed in people’s daily lives. If MB is
excessively used and not effectively removed, human tissue
necrosis, high blood pressure, quadriplegia, and other human
diseases will be caused after MB reaches the human body
through the food chain.1,2 The removal of MB using a cheap
adsorbent has been confirmed as an internationally recognized
efficient and environment-friendly dye adsorption method,
which is capable of minimizing the pollution of MB to the
environment.3−7 Accordingly, exploring cheap and efficient
adsorbents becomes the focus of research.

Hydrogels, as a hot field, have been popular in disciplines
(e.g., pharmacy, biomedicine, and chemical industry).8−10

Compared with other adsorbents, hydrogels exhibit higher
water content, can be adjusted by biochemistry, and have
certain mechanical properties and biocompatibility.11−14

Researchers have investigated hydrogels loaded with poly-
saccharides (e.g., guar gum, chitosan, and cellulose) to obtain
superior properties of hydrogels for drug delivery, soft tissue
engineering, and other fields.15−17

Pullulan polysaccharide (PUL), a common and cheap
polysaccharide in people’s daily life, has been extensively
explored and aroused wide attention for its excellent
biocompatibility and pollution-free material.18 PUL has been
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employed in food thickeners, capsule bonding molding agents,
water-soluble packaging materials, adsorption materials, and
other fields, with broad application prospects.19−21

Activated carbon (AC) for agriculture and forestry waste
and carbon materials (e.g., coal resources through high-
temperature carbonization and activation) exhibit good
chemical inertness, rich functional groups, and the advantages
of wide raw material sources. Besides, the AC powder disperses
well in water. It is necessary to find low-cost carriers and
biodegradable materials to fix AC to prevent further pollution
by aqueous solution.22−24

Most of the hydrogels exhibit poor mechanical strength and
low adsorption capacity, and they are not recycled.
Polyacrylamide (PAM), a type of tenacious hydrogel matrix,
is capable of endowing hydrogels with certain mechanical
strength and adsorption characteristics, providing the active
site for powdery AC to adsorb pollutants, facilitating the
adsorption process.25−27

In this study, PUL/PAM/AC hydrogels with different AC
concentrations were innovatively prepared, thus effectively
solving the problems of AC dispersing in water. Moreover, the
prepared hydrogels exhibited certain swelling and mechanical
properties, and the ability of composite material to treat
wastewater was significantly improved. The physical and
chemical properties and surface morphology of the hydrogel
were characterized. The adsorption properties of the hydrogel
for MB were systematically investigated. The method
presented in this study provides a more environment-friendly
and low-cost way for the hydrogel adsorption of MB.

■ MATERIAL AND METHODS
Reagents and Materials. All chemicals are used directly

upon purchase without handling. MB (AR) was purchased
from Tianjin Guangcheng Chemical Reagent Co., Ltd., China.
Sodium hydroxide (NaOH) (AR) was purchased from
Sinopharm Chemical Reagent Co., Ltd., China. BIS

(C7H10N2O2, 97%), AM (C3H5NO, 98%), KPS (K2S2O8,
99%), and PUL (C37H62O30)n were purchased from Henan
Wanbang Chemical Technology Co., Ltd., China. AC (95%)
was purchased from Qingdao Hairui Co., Ltd., China.
Synthesis of the Hydrogel. PUL/PAM/AC composite

hydrogels were prepared by solution polymerization, as shown
in Figure 1.28 AC with different mass ratios was added into 20
mL of NaOH with 20% mass fraction and treated with
ultrasonic waves for 30 min. 0.5 g of PUL was added to the
solution at a slow interval, and the mixed solution was stirred
using a magnetic stirrer at a constant speed for 24 h. AM, BIS,
and KPS were added to deionized water according to the
previous steps and mixed with PUL/PAM for 2 min. Then, the
mixture was subjected to vacuum drying at 353 K for 24 h to
obtain PUL/PAM/AC composite hydrogel material. 2.364 g of
PUL/PAM/AC hydrogel was heated in a box electric oven at
383 K in vacuum until the water was completely lost. The
sample was 0.1546 g, with 94.5% water loss.
Characterization. The surface morphologies of PUL/

PAM, AC, and PUL/PAM/AC (with different AC contents)
composites were characterized by scanning electron micros-
copy (SEM) (Supra 55, Zeiss, Germany). The thermal stability
was measured by thermogravimetric analysis (TGA) (SDT
650, Waters, Germany) ranging from 30 to 700 °C. The
surface functional groups of different materials were tested
using a spectrometer at 400−3500 cm−1 wavenumber. The
specific surface area was calculated using an automated surface
analyzer at 77 K.
MB Adsorption Studies. The adsorption capacities of MB

on samples with different concentrations of AC were
compared. In order to evaluate the adsorption performance
of hydrogels at the optimum AC concentration, batch dye
adsorption experiments were performed, including dose,
temperature, contact time, and pH. The concentration of
MB used in this experiment is 0.3 g/L. The whole adsorption
experiment was carried out in a temperature-controlled gas

Figure 1. Schematic diagram of preparation of PUL/PAM/AC.
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bath vibrator at a rate of 180 rpm. The formulas are as
follows:29,30

(1)

(2)

where c0 (g/L), ce (g/L), ct (g/L), and qe (mg·g−1) are the
initial MB concentration, the final MB concentration, the MB
concentration at time t (min), and the adsorption capacity,
respectively. Solution volume and adsorbent mass are ex-
pressed as V (mL) and m (mg), respectively.
Swelling Measurements. To study the swelling proper-

ties of hydrogels with different pH values, the swelling rates of
hydrogels were measured by gravimetric method,31 according
to the equal amounts of 1 g sample in different pH values of
deionized water. 1 g of the same volume of samples was taken
and put into deionized water with different pH values. After
waiting for inflation in the medium hydrogel, the sample was
taken out for the measurement. Blotting with filter paper was
performed at an equal distance on the surface of the hydrogel.
Subsequently, the data were measured every 2 h according to
the weight. The formula is as follows32

(3)

where m1, m2, and Qeq are the weight of the swollen sample,
the weight of the dry sample, and the equilibrium water
adsorption, respectively.

■ RESULTS AND DISCUSSION
Adsorption Performance of Samples Loaded with

Different AC Concentrations. PUL/PAM/AC ternary
hydrogel materials loaded with different AC were prepared
by controlling the proportion of PUL and AC. The effect of
AC content on adsorption MB is presented in Figure 2. At the
temperature of 298 K, the initial concentration of 0.3 g/L, and
a constant natural pH, the effect of PUL/AC ratio on
adsorption performance was studied. By studying the removal
rate of 0.3 g/L Congo red dye and methyl orange dye, it was
found that the highest adsorption capacity of Congo red dye
was 77.6 mg/g, the highest adsorption capacity of methyl
orange dye was 138.5 mg/g, and the highest adsorption
capacity of MB was 591.4 mg/g. In this study, MB was
continued to be selected as the adsorption material. PUL/
PAM hydrogel adsorption capacity of MB was low. However,
after AC was added in the hydrogel, the material adsorption

capacity of MB increased significantly. With the increase of the
AC concentration, the adsorption performance of the dye was
gradually improved. When the ratio reached 6:1, AC was
added continuously, and the adsorption capacity of PUL/
PAM/AC on MB decreased. The possible reason for this result
is that with the increase of AC, the internal structure of the
terpolymer hydrogel material became more complicated, and
the fluidity between the pores was blocked, thus affecting the
adsorption performance of the material. Accordingly, the
optimal adsorption ratio of 6:1 composite hydrogel was
selected for subsequent experiments.
Characterization of PUL/PAM/AC. Figure 3a,b shows

PUL/PAM and AC SEM images, respectively. PUL/PAM had

a smooth and flat surface without significant folds, while AC
exhibited a messy and rough surface structure with folds.
Figure 3c,d depicts PUL/PAM/AC (PUL/AC is 10:1 and
PUL/AC 6:1); PUL/PAM/AC at a low concentration of AC
exhibited an obvious and wide fold structure, probably because
the surface of the material became uneven after PUL/PAM
wraps the AC.33 With the increase of AC concentration, more
significant fold structure appeared, as shown in Figure 3d. The
area of dye molecules can be attached to increase, which can
also account for the enhanced adsorption capacity of materials.

Figure 2. Adsorption of MB, Congo red, and methyl orange by different AC contents of PUL/PAM/AC.

Figure 3. SEM images of PUL/PAM (a), AC (b), and PUL/PAM/
AC with different AC contents (c,d).
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Fourier transform infrared (FTIR) analysis in Figure 4 was
conducted to gain insights into the distribution of functional

groups on the surface of composites. The vibration of PUL at
1020 cm−1 and PUL/PAM/AC at 1050 cm−1 was considered
stretching of C−O−C, and the existence of PUL was
observed.34 The vibration of PAM and PUL/PAM/AC at
2940 cm−1 was an aliphatic tensile peak, accounting for the
presence of PAM in the material.35 The peaks of AC at 833
cm−1 and PUL/PAM/AC at 880 cm−1 belonged to C−H
transverse bending vibration of CH�N group, and the peaks
of PUL/PAM/AC at 1410 and 1560 cm−1 belonged to C−OH
tensile vibration and C�C stretching vibration, respectively.36

In the infrared spectra of PUL, PAM, and AC, the peaks all
existed in PUL/PAM/AC, thus indicating the successful
synthesis of the material.
Figure 5 presents the thermal decomposition curves of

PUL/PAM/AC (a) and PUL/PAM/AC with different AC
contents (b). In Figure 5a, 15% weight loss at temperatures
from 0 to 180 °C was attributed to the evaporation of residual
water from the material. A drop in the curve (14%) was

identified in the temperature range of 180−400 °C, probably
due to the decomposition of protein and the polymer PAM.
Another sharp drop in mass (17%) at 400−700 °C was
attributed to the decomposition of oxygen-containing func-
tional groups on the surface of carbohydrates (e.g., PUL
polysaccharides and ACs).37−39 The TGA curve indicated that
the total mass loss of PUL/PAM/AC was nearly 46%, and no
significant mass loss occurred after 500 °C, thus suggesting
that the material exhibits good stability. As depicted in Figure
5b, with the increase of AC content, the mass loss of the
material was reduced. Under the inert gas, the material was
stable in the form of carbon.
The specific surface areas of PUL/PAM and PUL/PAM/AC

were determined by N2 adsorption isotherms. In Figure 6a,
BET calculates that the specific surface area of PUL/PAM/AC
(PUL/AC 6:1) was 1.85 m2·g−1, which was less than the
specific surface area of PUL/PAM of 2.73 m2·g−1. The specific
surface area tends to decrease with the increase of AC
concentration, which was due to the local phase transformation
of materials caused by the addition of AC in the chaotic
ternary system network, resulting in partial loss of surface
structure and the decrease of specific surface area.40Figure 6b
shows that the pore sizes of PUL/PAM/AC (PUL/AC 6:1)
were mainly 23.41, 27.34, and 40.03 Å, confirming that the
material was a mesoporous material.
Effects of pH, Dose, Temperature, and Contact Time.

Figure 7 shows the effect of dose on the adsorption effect. With
the increase of adsorbent dose, the removal rate of MB
increased, which is mainly because the increase of adsorbent
surface active sites can affect the removal rate. When the
amount of adsorbent increased, although the adsorption
capacity continued to increase, the removal rate of MB by
PUL/PAM/AC increased no longer significantly since the
utilization rate of adsorption sites decreased, and excessive
adsorption sites did not contribute to saturated adsorption.41

Figure 8a presents the effect of pH control in the range of
2−10 on adsorption properties. The curve indicated that under
acidic conditions, the removal rate of MB decreased
significantly. Moreover, with the gradual increase of acidic
pH to natural pH, the removal rate tended to increase, and the
adsorption effect was stable under alkaline pH. Under acidic
conditions, the reduced adsorption efficiency can be attributed

Figure 4. FTIR spectra of PUL/PAM/AC (different AC contents),
PUL, PAM, and AC.

Figure 5. TGA curves of PUL/PAM/AC (6:1) (a); PUL/PAM/AC with different AC contents (b).
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to the presence of considerable H+ in the solution in a low-pH
environment, which will compete for the same adsorption site
with MB to reduce the adsorption capacity. Furthermore,
PUL/PAM/AC sample carboxyl and hydroxyl were proto-
nated, and electrostatic repulsion was generated between MB
cations.42Figure 8b shows the zeta potential of the hydrogels at

different pH values. The results show that the zeta potential is
more negative with the increase of pH. This indicates that the
surface of the adsorbent is negatively charged, and the
negatively charged surface can enhance the adsorption
performance of the adsorbent for the positively charged MB
cation through electrostatic attraction.
Temperature has always been an important feature

determining the adsorption process. Figure 9 shows the
influence of MB concentration between 0.2 and 0.4 g/L at
298−318 K. With the increase of temperature and MB
concentration, the maximum adsorption capacity decreases
and increases, respectively. The temperature rises from 298 to
318 K, and the maximum adsorption capacity drops from
0.568 to 0.463 g/L, which may be related to the electrostatic
interaction between the material and MB molecules, and the
reaction is exothermic.
Figure 10 shows the relationship between contact time and

adsorption capacity. At the initial stage of adsorption (before
180 min), the adsorption capacity increased rapidly, and the
adsorption sites were occupied rapidly in a short time. With
the extension of time (940 min later), the adsorption sites were
gradually occupied, resulting in no more adsorption sites, and
the change of adsorption capacity increment became
quantitative and tended to approach the equilibrium

Figure 6. N2 adsorption−desorption isotherms of PUL/PAM/AC with different AC contents (a); pore size distributions of PUL/PAM/AC (PUL/
AC 6:1) (b).

Figure 7. Effect of dose on MB onto PUL/PAM/AC.

Figure 8. Effect of pH on MB onto PUL/PAM/AC (a); zeta potential (b).
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adsorption capacity.43 The optimal adsorption time should be
180 min.
Adsorption Isotherm Models. An adsorption isotherm

refers to adsorption equilibrium under a certain temperature,

which is used to describe the relationship between the material
and adsorbent adsorption interactions. The study of the
adsorption isotherm is to find the mathematic expression of the
adsorption capacity and adsorption conditions as well as to
investigate the adsorption mechanism. More insights can be
gained into the adsorption process through the theoretical
model and experimental data.44 Langmuir and Freundlich
models were two commonly used models to analyze
equilibrium adsorption data.
Langmuir model can be used to describe experimental

results with a wide range of concentrations, assuming that
adsorption only occurs on the surface and there was no
interaction between adsorbents, which was a very widely used
adsorption model. Langmuir adsorption isotherm model is
expressed as45,46

(4)

where b and qm (mg·g−1) are the constants of adsorption
intensity and maximum adsorption capacity, respectively.
The Freundlich model simulates multilayer adsorption,

assuming that adsorption occurs at non-uniformly distributed

Figure 9. Effect of temperature on MB onto PUL/PAM/AC: (a) ce and qe and (b) temperature and qe.

Figure 10. Effect of contact time on MB onto PUL/PAM/AC.

Figure 11. Isotherm plots of MB adsorption onto PUL/PAM/AC: (a) Langmuir isotherm and (b) Freundlich isotherm.
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adsorption points on the surface of the medium. The formula
is as follows47

(5)

where Kf (mg1−1/n·L1/n·g−1) and n are the experimental
constants and surface inhomogeneity, respectively.
The adsorption isotherm model was fitted to better analyze

the experiment. The results of adsorption models are shown in
Figure 11, and the parameters are listed in Table 1. According
to R2 in the table, the adsorption of PUL/PAM/AC was more
consistent with Langmuir model. In the table, the maximum
adsorption capacity is 591.4 mg·g−1 at 298 K.
The specific parameters for comparing PUL/PAM/AC with

other AC composites are shown in Table 2. PUL/PAM/AC
gay friends have good adsorption prospects.

Adsorption Kinetic Models. Adsorption kinetics is mainly
used to study the adsorption velocity, reaction process, and
reaction mechanism, which is of great significance to the study
of adsorption process. The pseudo-first-order model is usually
used to explain the liquid adsorption process, and the pseudo-
second-order model can be used to think that the reaction is
controlled by chemical action rather than physical migration.24

The formulas are as follows

(6)

where k (min−1) is the first-order adsorption rate constant

(7)

where v0 (mg·g−1·min−1) is the adsorption rate without the
adsorbent

(8)

where Ki and Ci are, respectively, the diffusion rate constant
(mg·g−1·min−1/2) and particle thickness constant (mg·g−1).
Pseudo-first-order model, pseudo-second-order model, and

intra-particle diffusion were used to fit the adsorption curve
and analyze the adsorption process. The curve is shown in
Figure 12, and the parameters and data are shown in Table 3.

The determination coefficient R2 of the surface kinetic model
indicates that the adsorption conforms to the pseudo-second-
order kinetic model. According to the diffusion model, the

Table 1. Adsorption Isotherm Model Parameters for MB Absorbed by PUL/PAM/AC

models parameters 298 K 308 K 318 K

Langmuir isotherm qm(mg·g−1) 591.4 536.5 485.1
b (L·mg−1) 0.1464 0.09645 0.05541
R2 0.9971 0.9172 0.8912

Freundlich isotherm Kf(mg1−1/n·L1/n·g−1) 265.6 226.8 177.8
N 6.216 6.291 5.699
R2 0.9492 0.9032 0.8392

Table 2. Comparison of the Maximum Adsorption Capacity
of Different Adsorbents

adsorbents time (min) qm(mg·g−1) T (K) ref

alumina/AC 90 14.36 348 48
CoFe2O4/AC 40 120.4 298 49
chitosan/AC 120 143.5 323 50
Jengkol AC 300 170.9 303 51
PUL/PAM/AC 180 438.7 298 this work

Figure 12. Pseudo-first-order model (a), pseudo-second-order model (b), and intra-particle diffusion model (c) for MB adsorption by PUL/PAM/
AC.

Table 3. Fitting Results of MB Adsorption Kinetic Model
Parameters on PUL/PAM/AC

model parameters values

pseudo-first-order model qe(mg·g−1) 488.8
k (min−1) 0.06541
R2 0.9322

pseudo-second-order model qe(mg·g−1) 517.7
v0(mg·g−1·min−1) 1.824
R2 0.9872

intra-particle diffusion model C1 8.351
k1(mg·g−1·min−1/2) 72.42
R2 0.9712
C2 418.1
k2(mg·g−1·min−1/2) 3.164
R2 0.8962
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adsorption process can comprise two stages. The large fitting
slope of the first stage indicates the fast diffusion rate of the
adsorbent boundary layer. The lower efficiency in the second
stage corresponds to the lower diffusion rate in grains. The
two-phase fitting lines were all at the origin, thus suggesting
that the adsorption process is a complex one.
Adsorption Thermodynamic Models. The formula for

further analysis of the adsorption process using the change of
Gibbs free energy is as follows52

(9)

(10)

where ΔS, ΔH, ΔG, and R stand for the entropy change,
enthalpy change, Gibbs-free-energy change, and universal gas
constant (8.314 J·mol−1·K−1), respectively.
The data in Table 4 are thermodynamics-related parameters;

ΔG is less than 0 at different temperatures, indicating that the

reaction process was exothermic and spontaneous, and a higher
temperature is not conducive to the adsorption process. The
negative value of entropy ΔS indicates that the adsorption at
the solid−liquid interface increases disordered.
Swelling Capacity of the Prepared Hydrogels at

Different pH Levels. Figure 13 studies the swelling ratios of
PUL/PAM and PUL/PAM/AC at different pH values. The
swelling of PUL/PAM/AC is not significantly different from
that of PUL/PAM, which can be attributed to the hydrogen
bond formed between PUL and AC active groups to
compensate for the hydrophilic property of the hydrogel.
When the pH was 11, the curve has a rising trend because the
−COOH group present in AC leads to the change of the
overall −COOH contents, and the protonation and deproto-
nation of −COOH side groups on the hydrogel chain in acidic

and alkaline environments are the main reasons for the change
of swelling properties.53

Mechanical Strength of PUL/PAM/AC. Figure 14 shows
the mechanical tensile properties of PUL/PAM/AC composite
hydrogels with different AC content ratios. As indicated by the
above result, with the increase of dosage of AC, tensile strength
and the maximum strain increase gradually, mainly attributed
to the active group on the AC and PUL on the carboxyl strong
hydrogen bond interaction, which can facilitate the load
transfer between polymer molecular chains. Besides, AC had
high strength and a high modulus, thus effectively improving
the mechanical properties of the hydrogel. With the increase of
AC to the ratio of 8:1, the tensile strength and maximum strain
began to decrease slowly. The possible reason for this result is
that AC strengthened the ternary polymerization network
structure, resulting in AC agglomeration, which reduced the
interface bonding force between hydrogels and thus reduced
the mechanical properties.54

Adsorption Mechanism. The adsorption process of PUL/
PAM/AC is shown in Figure 15. The high adsorption capacity
of PUL/PAM/AC terpolymer hydrogel for MB depends on
the internal fold structure and abundant functional groups on
the surface. The adsorption process is mainly completed in
three forms: through electrostatic attraction with MB, carboxyl
group with MB molecule bonding hydrogen bond, and π−π
stacking between benzene rings.

■ CONCLUSIONS
In this study, the synthesis, characterization, and adsorption of
PUL/PAM/AC hydrogel composites were described. In the
experiment, PAM was used as a tough hydrogel matrix, and the
excellent biocompatibility and stability of PUL were adopted
to enhance the mechanical strength of the hydrogel and the
adsorption capacity of AC, providing more active sites and
promoting the adsorption process. The experimental data fully
indicated that the maximum adsorption capacity is 591.4 mg·
g−1 at a temperature of 298 K, pH 10, and a PUL:AC ratio of
6:1. The swelling properties and mechanical strength of the
composite hydrogels showed that the composite hydrogels
with AC exhibited better hydrophilic and swelling properties
and improved the tensile strength and maximum expansion in
a certain range. The characterization result verified that the
hydrogel exhibits a rich layered fold structure, good thermal

Table 4. Thermodynamic Parameters for MB Adsorbed by
PUL/PAM/AC

T (K) ΔG(kJ·mol−1) ΔS(kJ·mol−1·K−1) ΔH(J·mol−1·K−1)

298 −9.242 −54.30 −153.2
308 −7.184
318 −5.654

Figure 13. Comparison of swelling ratio of (a) PUL/PAM and (b) PUL/PAM/AC at different pH.
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stability, and high adsorption capacity. The adsorption of MB
conforms to pseudo-first-order kinetics and Langmuir iso-
therms. In this study, an environment-friendly, cheap, simple,
and efficient way was presented for the composite hydrogel in
the direction of water treatment. This study provides an
environment-friendly, cheap, simple, and efficient composite
hydrogel for the treatment of dye contamination.
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