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Abstract Novel environmental friendly hydroxypropyl
cellulose (HPC) hydrogels were fabricated upon com-
positing with graphene oxide (GO) in this work. In order to
promote a more homogeneous dispersion of GO sheets in
HPC, GO was firstly modified with HPC chains through
esterification. The morphology and chemical structure of the
functionalized HPC-GO were characterized by transmission
electron microscopy, X-ray photoelectron spectroscopy,
Fourier transform infrared spectrometer, X-ray diffraction,
and thermo-gravimetric analysis. Then scanning electronic
microscope was employed to compare the morphologies of
the HPC and HPC-GO/HPC hydrogels. The obtained HPC-
GO/HPC hydrogels exhibited excellent adsorption perfor-
mance toward methylene blue. Simulation of the practical
use by preparing simple adsorption columns made from
in situ formation of HPC-based hydrogels had given a visible
observation of the significant adsorption effect brought by
the incorporation of HPC-GO sheets. Adsorption kinetics
were then imitated by Lagergren pseudo-first-order and
pseudo-second-order models. Adsorption isotherms were
imitated by Langmuir isotherm and Freundlich isotherm.
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Introduction

Recently, tremendous efforts have been devoted to
improving the decontamination efficiencies of synthetic
dyes, heavy metals, and aromatic pollutants from water
because of their detrimental impacts on the environment
and human health [1-3]. Technologies actively explored
for the removal of these contaminants including biological
treatments, liquid membrane separation, coagulation,
adsorption, and photocatalytic degradation [4, 5]. Among
these methods, adsorption proves to be the most effectively
and widely used one because of its relatively low cost, ease
of operation, and fewer harmful secondary products. Dif-
ferent adsorbents, such as red mud and fly ash [6], modified
silica [7], activated carbon [8], modified alumina [9],
polyacrylamide [10], polysaccharide [11], and polybenz-
imidazole [12], have been utilized for the removal of dyes
and heavy metal ions from wastewater. However, these
conventional adsorbents are either very costly or hard to be
separated or non-degradable. To overcome these problems,
it is important to design novel adsorbents with a high
adsorption capacity for the removal of contaminants and
can be easy retrieved. Most importantly, these adsorbents
should be environmentally friendly.

Hydrogels are defined as a three-dimensional cross-
linked polymer network structures composed of hydro-
philic copolymers. They have been employed as effective
adsorbent materials [13—17]. Natural hydrogels made from
biopolymers, such as cellulose, chitosan, starch, and algi-
nate, have been considered as potential sorbent materials
for dyes and heavy metal removal as they are low cost,
biocompatible, and biodegradable than other synthetic
hydrogels [18-22]. They are very effective and economi-
cal, particularly when used in treating large volume
of solutions [23]. A novel adsorbent is prepared via
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crosslinking graft copolymerization of 2-(dimethylamino)
ethylmethacrylate (DMAEMA) onto carboxymethyl cellu-
lose (CMC) backbone by Ahmed Salama. The CMC-g-
PDMAEMA hydrogels are used to remove methyl orange
from aqueous solutions, and the high maximum adsorption
capacity (1825 mg/g) implies that CMC-g-PDMAEMA
can be used as promising adsorbent for the synthetic dyes
removal from wastewater [24]. Hydroxypropyl cellulose
(HPC) is one of the most important chemical derivatives of
cellulose because of its high solubility in water. HPC-based
materials are useful in removing dyes from aqueous solu-
tions. However, one of the main limitations in the practical
use of HPC hydrogels is their relatively small adsorption
capacity [25]. Incorporation of nanofillers with large
specific surface and multiple functional groups is often
used to improve the adsorption capacity and mechanical
properties of the biopolymer-based hydrogels [26, 27].

Graphene oxide (GO), a precursor of chemically con-
verted graphene, has plenty of oxygen atoms on the basal
plane and the edge of the sheets in the form of epoxy,
hydroxyl, and carboxyl groups [28, 29]. Owing to its large
specific area and abundant functional groups, GO has been
proven to be a promising material to hybrid with the
biopolymer materials for the adsorption use [30]. For
instance, a much higher adsorption capacity was obtained
when GO was introduced into chitosan hydrogels, and a
three-dimensional GO-CS network was formed [31].
Besides, some novel hydrogels based on graphene or gra-
phene oxide have been prepared by Gaoquan Shi and co-
workers, and the hydrogels are used as promising adsor-
bents for the synthetic dyes removal from wastewater [32—
34].

Graphene and its derivatives tend to aggregate in a
layer-by-layer mode due to strong inter-planar interactions.
As a result, when these GO sheets are not dispersed well, a
considerable part of their surface area will be lost. To fully
exert the effect of graphene oxide, appropriate functional-
ization of GO for improving its compatibility with polymer
matrix is absolutely necessary. Some papers about the
noncovalent modification between GO (or RGO) with HPC
have been reported [35, 36]. Besides, polysaccharides such
as cellulose, chitosan, and cyclodextrin have been cova-
lently grafted onto the surface of graphene nanosheets [37,
38]. HPC has also been covalently grafted to the graphene
oxide through the esterification reaction, and the grafting
content is close to 30 % [39].

In this paper, a novel microporous GO/HPC hydrogels
were fabricated and GO worked as two-dimensional
nanofillers with large specific surface and multiple func-
tional groups. In order to promote a more homogeneous
dispersion of GO sheets in HPC hydrogels, the GO sheets
were firstly grafted with HPC chains. The procedure is
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shown in Fig. 1. The functionalization of GO was con-
firmed via TEM, FT-IR, XPS, and XRD. Morphologies of
the as-prepared HPC-GO hydrogels were observed by
SEM. Finally, taking methylene blue as a model dye, the
adsorption property of the hydrogels was investigated. The
adsorption kinetics and isotherms were further studied by
fitting the experimental data with different models.

Materials and methods
Materials

Divinyl sulfone (DVS, 97 %) was provided by Sigma-
Aldrich.  N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (EDC-HCI, 98.5 %), 4-dimethylaminopy-
ridine (DMAP, 99 %), and 2-(N-morpholino)ethanesulfonic
acid (MES, 99 %) were supplied by Aladdin Industrial
Corporation. Hydroxypropyl cellulose (HPC, average M
100,000) was purchased from Adamas-beta, and graphite
power was purchased from Alfa Aesar. Potassium perman-
ganate, sodium nitrate, concentrated sulfuric acid
(95-98 wt%), hydrochloric acid (37 wt%), hydrogen per-
oxide (30 %), and methylene blue (MB) were obtained from
Sinopharm Chemical Reagent Co. Ltd. All the chemicals
were of analytical grade and used as received.

Preparation of GO

Graphene oxide was prepared by the oxidation of purified
natural graphite power according to the modified Hummers
method [40]. The details were described as follows [33].
Graphite power (3.0 g) and sodium nitrate (1.5 g) were
added to concentrated sulfuric acid (70 mL) under stirring
at 0 °C. Then potassium permanganate (9.0 g) was added
slowly with stirring during 2-3 h to keep the temperature
of the suspension being lower than 20 °C. After increasing
the temperature to 35 °C, the reaction system was keept at
24 h. Then, 140 mL of water was added, and the solution
was stirred for another 15 min. An additional 500 mL of
water was added, followed by a slow addition of 20 mL
H,0, (30 %) until the color of the mixture turned to bril-
liant yellow. The product was filtered and rinsed three
times with 1 M HCI solution to remove the metal ions,
followed by repeated washing with water and centrifuga-
tion to remove the acid. The resulting solid was dispersed
in water by ultrasonication for 2 h to make a aqueous
dispersion of GO. The obtained brown dispersion was then
subjected to 20 min of centrifugation at 4500 rpm to
remove any aggregates. Finally, it was purified by dialysis
for 1 week to remove the remaining salt impurities for the
following experiments.
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Fig. 1 Scheme for functionalization of GO with HPC and preparation of HPC-GO/HPC hydrogels

Preparation of HPC-GO

HPC-GO was prepared by the esterification of GO with
HPC in the presence of EDC-HCI and DMAP. In a typical
procedure, 0.1 g GO and 0.1 g HPC were firstly dispersed
in 40 mL of deionized water and sonicated for 1 h to get a
homogeneous colloidal suspension. 0.12 g EDC-HCI and
0.153 ¢ DMAP were gradually charged into the flask
within 20 min. Then 10 mL of MES buffer (0.1 M, pH
adjusted to 5) was added to adjust pH to 7. The reaction
was conducted at 35 °C under stirring for 48 h. After the
reaction was terminated, the suspension was filtered over a
0.45-um nylon microporous membrane and thoroughly
washed with a large amount of deionized water to remove
unreacted HPC. Thereafter, the collected solid was redis-
persed and dialyzed MWCO = 14 kDa) against deionized
water for 3 days. The final product was lyophilized.

Preparation of composite hydrogel

To prepare HPC-GO/HPC composite hydrogels, HPC-GO
was added to 5 mL of deionized water and sonicated for 1 h
to get a homogeneous suspension, and then HPC powder
was added to the suspension under stirring to get master
batches of 14 wt% HPC-GO/HPC composite solution.
Small portions (2 g each) of these batches were removed to
individual glass molds, and 50 pL of NaOH (5 M) was
added under slowly stirring to ensure uniform mixing while
avoiding bubble formation. After white speckles resulted
from addition of NaOH disappeared, 12 pL. of DVS was
added under slowly stirring and the solution was mixed for
2 min. The molds were transferred to a 50 °C water bath
and kept for 5 min to firstly crosslink, and then the molds
were cooled to 25 °C and continued crosslinking for 24 h

[41], according to the modified temperature-induced phase
separation (TIPS) protocol of Gehrke, and co-workers [42]
yielded the microporous hydrogels. After termination of
crosslinking, the hydrogels were removed into deionized
water to dialyze for 48 h.

Characterization

XPS measurements were performed using a Thermo
ESCALAB 250 spectrometer. FT-IR spectra of the
hydrogels films were recorded on a VERTEX 80+
HYPERION2000 (Bruker, German). XRD patterns were
taken on a XD-3 XRD (Beijing Purkinje General Instru-
ment, China) with Cu Ka radiation (1 = 1.54 A) at an
accelerating voltage of 36 kV and a current of 20 mA.
Thermo-gravimetric analysis (TGA) was conducted in
nitrogen atmosphere with a heating rate of 20 °C/min using
a Netzsch TG STA449F3 (Netzsch, German). TEM (JEM-
2100, Hitachi) was used to observe the morphology of GO
and HPC-GO. The freeze-dried hydrogels were fractured
and coated with gold on the surface of the hydrogels. Their
surface morphology was observed using a S-4800 FE-SEM
instrument (Hitachi, Japan) at a voltage of 3 kV. Water
bath sonication was performed with a KQ3200DE sonica-
tor (Kun Shan Ultrasonic Instruments, China) (50 W-33).

Swelling ratio

To investigate the influence of HPC-GO on swelling
behavior, the hydrogels were performed in deionized water
at 25 °C for 48 h. The hydrogels were taken out and their
weight was measured three times until the weight was
constant, at which point the swelling equilibrium was
reached. The weight ratio, SR = W/W, (1), was used to
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evaluate the swelling ratio, where W was the weight of the
swollen hydrogels and W, was the weight of the dry
hydrogels.

Adsorption experiments

All adsorption experiments were performed on a shaker
(Jin cheng Guo sheng, China) with a shaker speed of
120 rpm until the system reached equilibrium. A 100 mL
solution of MB and hydrogels were added into 100-mL
glass flasks and then shook under 25 °C. At the completion
of preset time intervals, MB concentration was measured
using a spectrophotometer (UV-1800, Shimadzu, Japan).
The maximal absorption peak was 664 nm.

The adsorption amount and adsorption rate were cal-
culated based on the difference of the MB concentration in
the aqueous solution before and after adsorption, according
to the following equation:

(Co — Ce)V

Q="

(2)

where C, and C, were the initial and equilibrium concen-
tration of MB in milligrams per liter, V was the volume of
MB solution, in liters, and W, was the weight of the
hydrogels used, in grams.

Desorption experiments

The desorption experiments were carried out as follows:
the hydrogels were added into 50 mL of 0.5 mol/L. HCI for
3 h and then added into water for 10 h after the hydrogels
absorbed MB. The hydrogels were reused for adsorption
again, and cycles of adsorption—desorption processes were
successively conducted three times.

Results and discussion

Characterization of GO-HPC

Figure 2 shows the TEM images of GO and HPC-GO. As
shown in Fig. 2a, the graphene oxide was fully exfoliated

Fig. 2 TEM images of GO
(a) and HPC-GO (b)
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via the modified Hummers method. There were little dif-
ferences between the morphologies of GO sheets and the
HPC-modified ones. It indicated that few aggregation
occurred during the functionalization of GO and HPC-GO
still kept as monolayer or few layers, which was quite
important for the following compositing process.

To further validate the very existence of grafted HPC
chains on GO sheets, XPS was used to characterize GO and
HPC-GO (Fig. 3). In the XPS spectrum of GO and HPC-
GO, two obvious peaks were observed at 284 eV (C 1s)
and 531 (O 1s). A significant degree of oxidation as
numerous oxygen-containing groups was observed in C 1s
XPS spectrum of GO (Fig. 3a). From the C 1s XPS
spectrum of GO, the C 1s band could be fitted to several
components, corresponding to carbon atoms in different
positions: C-C/C=C (284.8 eV), C-0(286.8 ¢V), C=0
(287.8 eV), and O-C=0 (289 eV) [43]. After modified
with HPC, the same oxygen functional groups were still
present in C s spectrum of HPC-GO (Fig. 3b), but the
intensity of the signals attributed to C-O groups increased
as a result of the esterification between GO and HPC. It
indicated that HPC chains were successfully grated onto
the GO sheets.

The extent of oxidation and esterification of GO were
the key parameters to improve their compatibility with the
polymer. The oxygen in GO resulted from the oxidation of
graphite presented in the form of C-O-C, C=0, and C-OH
groups. Figure 4 shows the FT-IR spectra of graphite, GO,
HPC, and HPC-GO. FT-IR spectrum of GO (Fig. 4b)
revealed several characteristic peaks of oxygen-containing
functional groups: peaks at 3420 cm™' and 1383 cm™'
corresponded to the hydroxyl (C—OH) group, vibration
peak at 1720 cm™ ' represented the carboxylic group of the
oxidized domain, and the peaks at 1225 and 1048 cm™!
indicated the presence of C—O-C or C—OH group in GO.
Compared to the original GO and HPC, new peak at
1730 cm™" appeared in the FT-IR spectrum of HPC-GO
(Fig. 4c), which was the stretching band of the ester groups
(—-COOR). So the FT-IR results confirmed the successful
functionalization of HPC chains onto GO sheets.

Figure 5 depicts the XRD patterns of pristine graphite,
GO, HPC, and HPC-GO. The diffraction pattern of pure
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GO had a peak at 26 = 10.5°, corresponding to the inter-
planar distance between GO sheets (Fig. 5b) [1]. The
groups caused the GO sheets to stack more loosely, and the
interlayer spacing increased from 0.336 nm (26.52°) to
0.833 nm (10.5°). The diffraction angles of HPC-GO
(Fig. 5d) were similar to that of the pure HPC (Fig. 5c),
and the diffraction peaks corresponding to GO had not
been observed. It indicated that the GO sheets were well
dispersed in the HPC matrix. Besides, the stronger
diffraction intensity of HPC than that of HPC-GO implied
a apparently higher crystallinity of the former than the
latter, and it revealed that the crystalline degree of HPC
decreased after adding to GO [44].

TGA was a complementary technique that could reveal
the composition and changes in thermal stability of

Fig. 5 XRD pattern of graphite 20000 =
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samples. The TGA curves of graphite, GO, HPC, and HPC-
GO are shown in Fig. 6. TGA traces of pristine graphite
showed a negligible weight loss, which was about 0.6 % of
its total weight in the entire temperature range (Fig. 6a).
Compared with the pristine graphite, GO was thermally
unstable and started to lose mass upon heating below
100 °C due to the volatilization of stored water in its m-
stacked structure (Fig. 6b) [45]. The major mass loss
occurred close to 180 °C, which could be assigned to the
pyrolysis of labile oxygen-containing groups. The original
HPC started decomposing at 280 °C, and the major mass
loss was about at 340 °C (Fig. 6d). After being modified by
HPC chains, the weight loss of HPC-GO went to 60 %,
whereas that of the unmodified GO was 53 %. The extra
weight loss could be attributed to the decomposition of
grafted HPC chains on the modified GO sheets.

Characterization of HPC-GO/HPC hydrogels

SEM micrographs of the internal structure of the hydrogels
are shown in Fig. 7. A loose 3D network structure with
pore sizes of several tens micrometers to hundreds of
micrometers was observed from SEM images of HPC
hydrogels (Fig. 7a). When composited with HPC-GO, as
shown in Fig. 7b, the pore sizes of the HPC-GO/HPC

100
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=
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Fig. 6 The TGA of graphite (a), GO (b), HPC-GO (c), and HPC (d)

Fig. 7 SEM images of HPC
hydrogels (a) and HPC-GO/
HPC hydrogels (b)

@ Springer

hydrogels were obviously smaller. This was because the
addition of GO sheets could reduce the expansion of the gel
matrixes, resulting in a decrease in the pore sizes [46].

As shown in Fig. 8, the swelling ratios of HPC-GO/HPC
hydrogels firstly decreased and then increased. Incorpora-
tion of HPC-GO could both increase the crosslink density
of HPC hydrogels and introduce many hydrophilic groups.
When the added HPC-GO was below 2 wt%, the increased
crosslink density played a major role which caused a
decrease of swelling ratios of HPC hydrogels. When the
added HPC-GO was more than 2 wt%, the introduced
hydrophilic groups played a main role which greatly
increased the swelling ratios of HPC hydrogels.

Adsorption kinetics

Kinetic study provided important information about the
mechanism of MB adsorption, which was necessary to
depict the adsorption rate of adsorbent and control the
residual time of the whole adsorption process. The pseudo-
first-order and pseudo-second-order models were used to fit
the experimentally obtained adsorption data. The pseudo-
first-order and the pseudo-second-order rate equations were
expressed as follows [47].

20

15 4

10 4

swelling ratio/g/g

0 T T T T T T T T
0 1 2 3 4 5 6 7 8 9

GO-HPC/wt.%

Fig. 8 Swelling ratios of the HPC-GO/HPC hydrogels with different
amounts of HPC-GO (wt%) at 25 °C
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The pseudo-first-order equation of Lagergren was
expressed as

In(Qc — O)) =In Q. — ki, 3)

where Q. and Q; were the adsorption amount in mg/g at
equilibrium, time ‘¢’ in min, and k; was the rate constant of
adsorption (min_l).

The pseudo-second-order equation was expressed as
t . 1 n t
Qt kZQez, Qe ’

where k, was the rate constant for the pseudo-second-order
adsorption process.

Figure 9a shows the time profile of MB removal by
HPC hydrogels and HPC-GO/HPC hydrogels. As seen, the
MB was adsorbed quickly in the first 180 min, and then
adsorption became slowly with time, until the adsorption
equilibrium was achieved. The adsorption capacity of
hydrogels increased with the addition amount of HPC-GO
sheets. Photos before and after adsorption by hydrogels
with different amounts of HPC-GO were visually com-
pared as shown in Fig. 9b. To simulate the practical use,
simple adsorption columns were prepared by in situ for-
mation of HPC and HPC-GO/HPC hydrogels in the cen-
trifuge tubes (Fig. 9c). After the hydrogels were formed,
the bottoms of the centrifuge tubes were cut off to allow
solution flow down. Then MB solution with a same con-
centration was poured into the centrifuge tubes. As shown,
the solution became clarified after treated by the simple
adsorption columns made by HPC-GO/HPC hydrogels,
while the solution was still blue after treated by the simple
adsorption columns made by HPC hydrogels.

AsseeninFig. 10and Table 1, the values of experimental
Q. did not agree with the calculated ones, and the values of
correlation coefficient (R?) were relatively low. Compared
with pseudo-first-order model (Fig. 10), the higher R* value

(4)
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Fig. 9 a Time profile of MB removal on hydrogels. The hydrogels
were 0.19 g, and the initial concentration of MB was 50 ppm. b The
photos of the hydrogels with different weight ratios of HPC-GO
before and after the adsorption. HPC-GO (wt%, from left to right):

of pseudo-second-order model (Fig. 11; Table 1) indicated
that the pseudo-second-order model was a more applicable
model to the kinetics of MB adsorption [48].

The adsorption isotherm

Equilibrium adsorption isotherms reflected the partitioning
of dye between the adsorbent and liquid phases at equi-
librium as a function of concentration, so they were of
prime importance in the design of adsorption systems. The
adsorption equilibrium was studied using Langmuir iso-
therm model and Freundlich isotherm model, respectively
[47]. The Langmuir adsorption isotherm was based on the
assumption that adsorption took place on homogeneous
surface. The equation could be expressed as follows:

CG_ 1 .G
Qe kLQm Qm.

The linear form of the Freundlich model could be
expressed as follows:

(5)

2
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Fig. 10 Pseudo-first-order kinetic plots for the adsorption of MB

blank, 0, 1, 2, 5, 8. ¢ MB removal by simple adsorption columns made
by HPC hydrogels and HPC-GO/HPC hydrogels, the time of
adsorption was 24 h
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Table 1 Adsorption kinetic
parameters of MB on hydrogels

HPC-GO (wt%) Pseudo-first-order

Pseudo-second-order

ki (min) R? k, x 10~* (z/mg min) R:
0 0.04075 0.8157 17.38 0.9292
1 0.007790 0.7843 24.57 0.9921
2 0.01132 0.7521 17.81 0.9959
5 0.01635 0.5328 5.740 0.9941
8 0.009440 0.8980 12.06 0.9950
180 25
160 : :i';%lg:?gmpc hydrogel ; = HPC hydrogel
A 2% GO-HPC/HPC hydrogel 20-{ e 8% GO-HPC/HPC hydrogel
140 1 v 5% GO-HPC/HPC hydrogel [
< 8% GO-HPCIHPC hydrogel
120
° 15
100
g g
S 80 %) 104
60
40 51
20 A —
0 T T T T T 0 T T T T T T
0 100 200 300 400 500 30 40 50 60 70 80
t/min celmg-L'1

Fig. 11 Pseudo-second-order kinetics plots for adsorption of MB

(6)

where C. was the equilibrium concentration of MB in
aqueous solution (mg/L), Q. was the adsorption amount
(mg/g) at equilibrium, and Q,, was the adsorption capaci-
ties of saturation; ki represented enthalpy of sorption and
should vary with temperature, while kz and n were the
Freundlich constants related to the sorption capacity and
sorption intensity, respectively.

Both Langmuir and Freundlich equations had been
used to analyze the available data, as shown in Figs. 12
and 13. The corresponding parameters for the sample
obtained from the lines are listed in Table 2. For HPC
hydrogels, R? was 0.988 and R% was 0.970. It was
shown that the equilibrium adsorption of HPC hydrogels
was well described by the Langmuir isotherm model,
indicating that the adsorption process was mainly
monolayer and took place on homogeneous surface.
However, for 8 % HPC-GO/HPC hydrogels, Rf was
0.988 and R% was 0.999. In addition, the value of
experimental adsorption capacity for the adsorption of
MB Q,, was 27.849 mg/g, far less than the value cal-
culated from Langmuir model Q, 118.483 mg/g. It was
shown that the equilibrium adsorption of 8 % HPC-GO/
HPC hydrogels were well described by the Freundlich
isotherm model, indicating that the adsorption process

1
In Q. = Inkg —i—;ln C.,

@ Springer

Fig. 12 The Langmuir isotherm model for the adsorption of MB on
HPC hydrogels and 8 % HPC-GO/HPC hydrogels (The hydrogels
were 0.19 g, and the contact time was 24 h.)

5
= HPC hydrogel
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34
]
(¢]
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3.4 3.6 3.8 4.0 4.2 4.4
InCq

Fig. 13 Freundlich isotherm model of MB adsorption for HPC
hydrogels and HPC-GO/HPC hydrogels contained 8 wt% HPC-GO
(The hydrogels were 0.19 g, and the contact time was 24 h.)

was not monolayer or took place on heterogeneous sur-
face because of the addition of HPC-GO.

Desorption experiments

To evaluate the possibility of regeneration and reusability
of hydrogels as adsorbents, desorption experiments were



J Mater Sci (2015) 50:6113-6123

6121

Table 2 Adsorption isotherm

. HPC-GO (wt%) Langmuir Freundlich
parameters of Langmuir and
Freundlich models O (Mg/g) ke R kg n RZ
6.596 1.033 0.9886 0.5547 2.115 0.9710
8 118.4 54.28 0.9888 0.7192 1.194 0.9990

16 : HPC hydrogel
14 8% GO-HPC/HPC hydrogel

12 4

10 4

Q_/mglg

1 2 3 4
Number of adsorption

Fig. 14 Adsorption capacity of MB on HPC hydrogel and 8 % HPC-
GO/HPC hydrogel in three cycles of desorption—adsorption (The
hydrogels were 0.19 g, and the contact time was 10 h.)

performed. Desorption of MB from hydrogels was
demonstrated using 0.5 mol/L HCI as an eluent. Cycles of
adsorption—desorption experiments were also carried out,
as shown in Fig. 14.

The adsorption capacity of HPC-GO/HPC hydrogels
was above 70 % of the initial one after desorption for three
cycles, while the adsorption capacity of HPC hydrogels
was 30 % of the initial one. These results showed that the
reusability of GO-HPC/HPC hydrogels was better than that
of HPC hydrogels due to the addition of GO-HPC. This
could be ascribed to the fact that, in acidic solution, the
negatively charged carboxylate anions of GO were proto-
nated and the electrostatic interaction between GO and dye
molecules became much weaker [49].

Conclusion

In summary, microporous HPC-GO/HPC hydrogels were
prepared and characterized. The hydrogels acted as
adsorbents to adsorb MB from aqueous solution, and the
results showed that the composite hydrogels had higher
adsorption capacity for MB due to the introduction of
HPC-GO compared with pure HPC hydrogels. The pseudo-
second-order kinetic model well described the adsorption
behavior of the MB on hydrogels. The Freundlich isotherm
modeled a more applicable model to the equilibrium

adsorption of 8 % HPC-GO/HPC hydrogels, while the
Langmuir isotherm model was better for the equilibrium
adsorption of HPC hydrogels. Thus, the novel HPC-GO/
HPC hydrogels have a great potential to be used as envi-
ronmentally friendly and economical bio-adsorbent for the
removal of dyes from aqueous solution.
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