
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

ug
us

t 2
01

9.
 D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 8

:2
0:

54
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Gallic acid-funct
aNational Engineering Laboratory for Clea

Sichuan University, Chengdu 610065, China
bThe Key Laboratory of Leather Chemistry a

Sichuan University, Chengdu 610065, China
cJiangsu Province Special Equipment Safety S

214717, China
dThe State Key Laboratory of Hydraulic an

University, Chengdu 610065, China. E-mail

† Electronic supplementary informatio
transformation of GA under alkali con
process of GA-GH, N2 adsorption–
high-resolution of XPS of Cr peaks of G
DOI: 10.1039/c9ra05664e

Cite this: RSC Adv., 2019, 9, 27060

Received 22nd July 2019
Accepted 14th August 2019

DOI: 10.1039/c9ra05664e

rsc.li/rsc-advances

27060 | RSC Adv., 2019, 9, 27060–270
ionalized graphene hydrogel as
adsorbent for removal of chromium (III) and organic
dye pollutants from tannery wastewater†

Gongyan Liu, ab Ruiquan Yu,ab Tianxiang Lan,b Zheng Liu,c Peng Zhangd

and Ruifeng Liang*d

The pollution caused by tannery wastewater containing high concentrations of trivalent chromium ions

[Cr(III)] and organic dyes has severely restricted the sustainable development of the leather industry. To

address this problem, a three-dimensional (3D) porous graphene-based hydrogel with good mechanical

strength and large surface area was fabricated by self-assembly of graphene oxide (GO) sheets reduced

and modified by gallic acid (GA) through p–p interactions. As an adsorbent, this GA-functionalized

graphene hydrogel (GA-GH) can effectively capture Cr(III) by coordination complexation between Cr(III)

and deprotonated carboxylic groups of GA at pH � 4.0. Moreover, GA-GH could be easily regenerated

by desorption of adsorbed Cr(III) at pH 2.0 and maintained its high adsorption capacity after multiple

adsorption–desorption cycles, which was also helpful for reusing desorbed Cr(III) as tanning agent. In

addition, compared with a graphene hydrogel (GH) without modification by GA, adsorption capacity of

GA-GH for organic dye was significantly improved due to the enhanced p–p interactions between the

GA-GH and aromatic dyes.
1. Introduction

Leather or leather goods, such as footwear, clothing and bags
with different colors are necessities in most people's daily lives.
At present, over 90% of leather products are tanned using Cr(III)
salts, due to their excellent hydrothermal stability, and physical
and mechanical properties.1–3 The chrome tanning mechanism
is mainly based on coordination complexation between Cr(III)
and deprotonated carboxyl groups of skin collagen under acidic
(pH � 4.0) conditions, which results in chemical cross-linking
of collagen bers and conversion of rawhide to stable
leather.4–6 However, in the conventional chrome tanning
process, only approximately 70% of the total chrome agent is
absorbed by the leather, leading to accumulation of Cr(III) in
tannery wastewater to concentrations higher than 3000 ppm.7,8
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In China, according to relevant laws, this chromium-containing
tannery wastewater is prohibited from being directly discharged
to waterways until the concentration of Cr(III) is reduced to
lower than 10 ppm.9 Unfortunately, current technologies for
treating chromium wastewater, which normally utilize alkali
chemicals to precipitate Cr(III) from wastewater to cause further
pollution of sludge with Cr(OH)3, still lack efficiency and are
less than satisfactory. Cr(III) in tannery sludge, on the one hand,
is very difficult to collect and recycle, while on the other hand, it
can be more easily oxidized into highly toxic hexavalent chro-
mium Cr(VI) when the sludge is exposed to air, which will bring
potential risk to human health.10–12 Besides the Cr(III) pollutant
in the chrome tanning process, various cationic and anionic
organic dyes that can combine with skin collagen through
electrostatic interactions are also widely used in the subsequent
dyeing process during leather making.13,14 In addition, most of
these organic dyes are aromatic, resulting in tannery wastewater
contaminated with aromatic pollutants, which are not only
harmful to humans but also toxic to microorganisms.15–17

Indeed, tannery wastewater containing Cr(III) and organic dyes
has become a serious environmental pollution, which has
severely affected the sustainable development of the leather
industry.18–20

For the removal of both Cr(III) ions and organic dyes from
tannery wastewater, adsorption has proved to be an attractive
disposal technique based on its low cost, simplicity of operation
and recycling of the adsorbent.21–24 However, most traditional
adsorbents, including polymeric resins,25 activated carbon,26
This journal is © The Royal Society of Chemistry 2019
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silica,27 and metal oxides,28,29 usually suffer from either low
adsorption capacity or low efficiency. Over the past decade, free-
standing graphene hydrogel (GH), fabricated by self-assembly
of reduced GO sheets through p–p interactions, has attracted
much attention as a super adsorbent for wastewater treatment,
due to its unique properties, such as three-dimensional (3D)
porous network structure, large surface area, low density,
chemical stability and aromaticity.30–34 Up to now, the one-step
hydrothermal method has been the most popular method to
reduce GO sheets and subsequently obtain 3D GH.35–37 However,
such hydrothermal process is usually time-consuming (�12 h)
and requires very high temperature (�200 �C), which limit the
large-scale production of GH.38–40 Recently, tremendous efforts
have been devoted to fabricate 3D porous GH with the aid of
chemical reduction under mild conditions, which is a process
called in situ reducing-assembly.41 For instance, in the presence
of a variety of reducing agent, GO sheets was reduced within 10
hours by heating at low-temperature below 100 �C and spon-
taneously self-assembled into a free-standing hydrogel through
p–p interactions.42 To meet the requirements of GH as effective
adsorbent to remove heavy metal ions and organic pollutants
from wastewater, reducing agents have also been carefully
selected to play multi-functional roles as reductant, surface
functionalization agent and provider of active sites for
anchoring heavy metal ions and organic pollutants.43 For
example, Duan's group developed a polydopamine (PDA)
modied GH (PDA-GH) by using dopamine as both a reductant
and surface functionalization agent, which had high adsorption
capacity for heavy metals, synthetic dyes and aromatic pollut-
ants, beneting from the abundant and aromatic catechol
groups of the PDA on the graphene sheets.44

Here, to effectively remove Cr(III) ions and aromatic dyes in
tannery wastewater, natural gallic acid (GA) extracted from
plants, which contains carboxyl groups and aromatic catechol
groups, was selected to reduce and modify GO into self-
assembled 3D porous GA-functionalized graphene hydrogel
(GA-GH) as adsorbent (as shown in Scheme 1). Compared with
pristine GH, the GA-GH is supposed to improve the adsorption
capacity for Cr(III) and aromatic dyes through complexation with
Scheme 1 Schematic illustration of the formation process of gallic acid

This journal is © The Royal Society of Chemistry 2019
the carboxyl group of GA, as well as enhanced p–p interactions
with the phenolic group of GA, respectively. The unique features
of GA-GH including multi-functional groups, 3D porous struc-
ture and large surface area and free-standing make it a suitable
and promising adsorbent candidate for removal of Cr(III) and
aromatic dyes from tannery wastewater.
2. Materials and method
2.1 Materials

GO were prepared from natural graphite powder according to
a modied Hummer's method.45 Gallic acid (GA, 99%) was
purchased from Aladdin Chemical Corporation (Shanghai, China).
Chromium chloride hexahydrate (CrCl3$6H2O, 99%), methylene
blue (MB) and methyl red (MR) dyes were purchased from Shudu
Chemical Co. Ltd. (Chengdu, China). Other chemical materials
were purchased from Jinshan Chemical Reagents Corporation
(Chengdu, China) and all were analytical reagents.
2.2 Preparation of GA-GH

The aqueous dispersions of GO at a concentration of 2 mgmL�1

and a pH value of 9.0 were rst prepared, and then GA was
added at a concentration equal to that of GO. GA-GH was ob-
tained by heating the above mixture at 100 �C for 8 hours
without any disturbance. For comparison purposes,
hydrothermally-reduced GH was also prepared by hydrothermal
treatment of GO aqueous solution (2 mg mL�1) at 180 �C for
12 h. Then, the above as-prepared samples were dialyzed with
deionized water for one week, followed by freeze-drying to
obtain the dry GA-GH and GH.
2.3 Adsorption and desorption properties of GA-GH for
Cr(III)

Batch adsorption experiments were performed at room tempera-
ture to investigate the adsorption behaviors of Cr(III) on GA-GH or
GH samples at pH 3.0 or pH 3.8. Typically, 10 mg GA-GH or GH
adsorbent was added into 100mL aqueous solutions with different
initial concentrations of Cr(III) at pH 3.0 or pH 3.8, shaking in
functionalized graphene hydrogel (GA-GH).

RSC Adv., 2019, 9, 27060–27068 | 27061

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra05664e


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

ug
us

t 2
01

9.
 D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 8

:2
0:

54
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
a rotary shaker for a period of time or 10 h to reach adsorption
equilibrium. Aer adsorption, the GA-GH or GHwas removed, and
the solution was further centrifuged at 13 000 rpm for 20 min.
Inductively coupled plasma optical emission spectroscopy (ICP-
OES) was used to determine the residual Cr(III) concentration in
the solution. The adsorption capacities of the adsorbents were
calculated according to the equation: qe ¼ (C0 � Ce) V/m, where C0

and Ce represent the initial and equilibrium concentrations (mg
g�1), respectively; V is the volume of the solutions (mL); m is the
amount of adsorbent (mg). For desorption experiment, HCl was
used as desorption agent to adjust the pH of the solution to pH 2.0
for regenerating the adsorbents of GA-GH or GH aer adsorption.

2.4 Adsorption property of GA-GH for organic dye

Two typical dyes used in traditional leather processing, namely
MB and MR were chosen for the adsorption test. For dye
adsorption, a 10 mg amount of GA-GH or GH was added into
a 20 mL MB solution with pH of 7.0 at a concentration of
10 ppm or a 20 mL MR solution with pH of 7.0 at a concentra-
tion of 20 ppm. The mixture was stirred continuously, and the
sediment was collected and removed by centrifugation at
13 000 rpm for 20 min. The concentration of residual dye
solution was analyzed by ultraviolet-visible (UV-vis) spectros-
copy at the maximum absorption wavelength to measure the
absorbance. The concentration of each dye before and aer
adsorption was determined from the standard calibration
curve.

2.5 Characterization

The morphology of the GA-GH and GH was examined by eld-
emission scanning electron microscopy (FESEM) on a JSM-
7500F scanning electron microscope (JEOL Ltd., Tokyo,
Japan). The chemical states of the element on the graphene
aerogel surface were investigated by X-ray photoelectron spec-
troscopy, (XPS) using an XSAM 800 photoelectron spectroscope
(Kratos Analytical, Ltd, Manchester, U.K.). X-ray diffraction
(XRD) spectra were recorded on a D/max-2200/PC X-ray
diffractometer (Rigaku Corporation, Tokyo, Japan) with Cu Ka
radiation. Thermogravimetric analysis (TGA) was performed
using a TG209F1 Libra Thermogravimetric Analyzer (Netzsch
NETZSCH Group, GmbH, Selb, Germany), from room temper-
ature to 750 �C at a heating rate of 20 �C min�1 in air. The
concentration of Cr(III) was determined by ICP-OES, using an
Optima 2100DV spectrometer (PerkinElmer, Waltham, MA,
USA). UV-vis diffuse reectance spectra (UV-vis DRS) were
recorded using a UV-3600 UV-vis-NIR spectrophotometer (Shi-
madzu, Kyoto, Japan) equipped with an integrating sphere and
using BaSO4 as reference. The specic surface areas of GA-GH
and GH were calculated by the Brunauer–Emmett–Teller (BET)
method.

3. Results and discussion
3.1 Preparation and characterization of GA-GH hydrogel

GA, extracted from plant, is a kind of phenolic acid, showing
reducibility under alkaline condition due to the transformation
27062 | RSC Adv., 2019, 9, 27060–27068
of its phenol group to a benzoquinone group (Fig. S1†).46,47 As
shown in Scheme 1, GA-GH was prepared by the one-step
reduction-induced assembly of GO with the aid of GA, con-
ducted at 100 �C for 8 hours at pH 9.0. However, as shown in
Fig. 1A, the formation of the GH without GA using a similar
hydrothermal reduction method required higher temperature
(180 �C) and longer time (12 hours). This is due to the partial
reduction of GO sheets by GA during the formation of GH,
which weakened the hydrothermally synthesis process. At the
same time, GA molecules were modied onto graphene sheets
due to the catechol groups and strong affinity between aromatic
rings.48,49 Aer freeze-drying, the GA-GH exhibited a well-
dened aerogel structure compared to that of the GH, with
obvious mechanical strength that can be capable of supporting
a weight of 200 g (Fig. 1A and D). This might be due to the
chemical reduction and modication of GO sheets by GA, and
the increased p–p interactions between graphene sheets, which
lead to the formation of a more compact 3D porous architecture
of the GA-GH. Therefore, the porous structure and morphology
of GA-GH and GH we investigated by SEM. The SEM images of
GA-GH shown in Fig. 1E and F clearly reveal a honeycomb-like
structure with pores connecting the surface to the interior,
which exhibited a more compact and ordered 3D porous
network than that of the GH shown in Fig. 1B and C. These
results indicated that the modication by GA enhanced the p–p
interactions between graphene sheets during the self-assembly
process, leading to a well-dened and interconnected 3D
porous structure (as shown in Scheme S1†).

To further investigate the modication of GA on graphene
sheets, the chemical composition of GO, GH and GA-GH was
determined by XPS analysis and compared. As can be seen, the
XPS survey spectra of GO, GH and GA-GH samples shown in
Fig. 2A, B and C, respectively, all displayed two sharp and strong
peaks located at 285.2 and 532.1 eV, which were assigned to the
C 1s and O 1s, respectively. The element ratio of C and O for the
GH sample that caculated from Fig. 2B is 4.48, which is much
higher than C/O ratio of 1.67 for GO sample caculated from
Fig. 2A, suggesting the efficient reduction of the GO sheets
during the hydrogel formation process. However, the C/O ratio
is 3.53 caculated from Fig. 2C for GA-GH sample, which is lower
than that for GH sample, indicating the modication of GA on
graphene sheets with carboxyl groups. To accurately conrm
the compositional change of GO before and aer reduction by
the hydrothermal methods or GA, deconvolution of the C 1s
signal of three samples was performed. The C 1s signal of the
GO in Fig. 2D indicated the presence of heavily oxygenated
carbon species, such as C–O (hydroxyl and epoxy, �286.5 eV),
C]O (carbonyl, 287.5 eV) and O–C]O (carboxyl, �288.6 eV). In
contrast, aer hydrothermal reduction, the intensity of the C–O
and C]O peaks for the GH (Fig. 2E) dramatically decreased
with the disappearance of the O–C]O peak, leading the peak
associated with C]C (�284.7 eV) to become dominant. Instead,
for the GA-GH sample that self-assembled by graphene oxide
sheets reduced by GA, the O–C]O peak that reappeared at
289.4 eV (Fig. 2F) corresponded to the carboxyl groups of GA,
conrming the functionalization of GA on the GH.
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Hydrothermally reduction of GO solutions with or without GA to form free-standing GH (A) and GA-GH (D). SEM images of GH (B and C)
and GA-GH (E and F) with low and high magnifications.
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The successful reduction of GO by GA was also veried by
XRD analysis, using GO and GH samples as control. As shown in
Fig. 3A, the XRD spectrum of GO displayed an intense peak at 2q
¼ 9.80�, implying an interlayer distance (d-spacing) of 0.903 nm
that can be attributed to the reection of stacked GO sheets.
Aer hydrothermal reduction of the GH sample, a new broad
diffraction peak appeared at 26.30� with a d-spacing of
0.338 nm, which is almost the same as that of natural graphite
(0.336 nm), indicating the sufficient removal of the oxygen-
containing groups of GO and successful reduction of GO to
graphene. For the GA-GH sample, a similar broad diffraction
peak was found at 25.80� and the interlayer spacing of the GA-
GH was calculated to be 0.345 nm, which is slightly higher
than that of GH. The above results demonstrated the presence
of p–p stacking interactions between reduced graphene oxide
sheets in both hydrogel samples, which drive the overlapping
and coalescing of exible graphene sheets to form the 3D
porous network structure that is observed by SEM (Fig. 1).37,44 In
addition, GH and GA-GH also had similar specic surface areas,
which were determined to be 282.1 and 298.6 m2 g�1, respec-
tively, by the nitrogen adsorption–desorption test (Fig. S2†).
However, in contrast to GH, the slightly larger d-spacing of GA-
Fig. 2 XPS survey spectra of GO (A), GH (B) and GA-GH (C) samples. High

This journal is © The Royal Society of Chemistry 2019
GH suggested the presence of GA with oxygenated functional
groups (carboxyl) on graphene sheets, which is consistent with
the results of the XPS analysis.

Thermal stability is an important indicator of the adsorption
capacity of GH as an adsorbent. Therefore, the thermal stability
of GA-GH was evaluated by TGA (Fig. 3B). The GO sample
exhibited a drastic mass loss of 87% at 200 �C, which was due to
the decomposition of labile oxygen containing groups on GO
sheets and evaporation of absorbed water. Clearly, the mass-
loss curves of the GH and GA-GH samples both showed less
than 4 wt% weight loss at 200 �C, indicating the improved
thermal stability of the prepared GH. However, the weight loss
of the GA-GH sample was higher than that of the GH sample
when the temperature was above 250 �C, which might be
attributed to the decomposition of the functionalized GA on
graphene sheets.

3.2 The adsorption and desorption properties of GA-GH for
Cr(III)

It is well-known that, in the conventional chrome tanning
process, Cr(III) usually form Cr(OH)3 precipitates in aqueous
solution at pH above 4.0, but can form strong coordination
-resolution XPS of C 1s peaks for GO (D), GH (E) and GA-GH (F) samples.

RSC Adv., 2019, 9, 27060–27068 | 27063
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Fig. 3 XRD patterns (A) and TGA curves (B) of GO, GH and GA-GH
samples.

Fig. 4 Adsorption behaviors of Cr(III) on GH (A) and GA-GH (B) at pH
3.0 and 3.8, respectively. Adsorption isotherm plots and curves were
fitted by Langmuir (dot line) and Freundlich (solid line) models, with the
equations given as qe ¼ qmaxKLCe/(1 + KLCe) and qe ¼ KFCe

1/n,
respectively, where qe is the amount (mg g�1) of Cr3+ ions adsorbed at
equilibrium, Ce is the equilibrium concentration (mg L�1) of Cr3+ ions,
KL and qmax (maximum adsorption capacity) are the Langmuir
constants of adsorption, and KF and n are the Freundlich constants of
adsorption.
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complex bonds with deprotonated carboxyl groups (–COO�) at
around pH 4.0.4 However, below pH � 3.0, most of the carboxyl
groups are protonated and have very weak interaction with
Cr(III) ions. Thus, the pH value of the solution becomes a critical
factor that may affect the adsorption capacity of the GA-GH. In
this study, due to themodication of GA with carboxyl groups, it
was anticipated that the GA-GH will have a more enhanced
adsorption capacity than that of the GH, and the adsorption
performance of GA-GH will be better at the pH value around 4.0
than that at pH 3.0. Therefore, pH values of 3.8 and 3.0 were
selected to evaluate the effect of the pH on the adsorption of
Cr(III) onto GA-GH and GH, respectively. As shown in Fig. 4, the
adsorption capacity of GH and GA-GH at pH 3.8 and pH 3.0,
respectively, evaluated by equilibrium adsorption isotherm,
both gradually increased with increasing concentration of
Cr(III), eventually reaching saturation states, with adsorption
data all tted into the Langmuir and Freundlich isotherm
models, respectively. Moreover, the adsorption data were found
to be better tted with the Langmuir isotherm model than that
by the Freundlich model, indicating that the adsorption of
Cr(III) took place at the functional groups or binding sites on the
surface of the adsorbent in a monolayer manner. From the
tting results, the maximum adsorption capacity of Cr(III) onto
GH was 111.9 and 92.5 mg g�1 at pH 3.8 and 3.0, respectively
(Fig. 4A). For the GA-GH sample with equal adsorbent weight to
that of GH, the maximum adsorption capacity of Cr(III) was
305.4 and 152.2 mg g�1 at pH 3.8 and 3.0, respectively (Fig. 4B).
Evidently, the adsorption capacity of GA-GH for Cr(III) ions was
much higher than that of GH, especially at pH 3.8. These results
demonstrated the effective coordination complexation between
27064 | RSC Adv., 2019, 9, 27060–27068
Cr(III) and deprotonated carboxylic groups of GA modied on
graphene sheets at pH value close to 4.0 during the adsorption
process (illustrated in Scheme 2). In contrast, the adsorption
capacity of the GA-GH for Cr(III) signicantly decreased at pH
3.0, which showed the weaker binding affinity of protonated
carboxylic groups to Cr(III).

The adsorption kinetics of Cr(III) by GH or GA-GH was also
measured by using a metal ion concentration of 100 mg L�1 at
pH 3.0 and pH 3.8, respectively. At different time intervals up to
10 h, the samples were collected to calculate the adsorption
capacity of Cr(III). As shown in Fig. 5, the adsorption amount of
Cr(III) for GH or GA-GH at pH 3.0 or 3.8 both increased
dramatically within the initial 100 min, and gradually reached
equilibrium in 240 min. At the same pH value, the adsorption
rate of Cr(III) for GA-GH was much faster than that for GH. As
anticipated, the adsorption rate of Cr(III) for GA-GH at pH 3.8
was faster and reached equilibrium within 60 min. These
results further indicated that the adsorption mechanism of
Cr(III) onto GA-GH was mainly based on the complexation
between Cr(III) and functionalized GA at around pH 4.0. In
addition, it is clear that the pseudo-second-order kinetic model
shown in Fig. 5B, which usually means that chemisorption is
the rate-determining step,4 provided a better correlation in
This journal is © The Royal Society of Chemistry 2019
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Scheme 2 pH-controlled adsorption and desorption behavior of Cr(III)
ions on GA-GH.

Fig. 5 Adsorption kinetic plots and curving fitting by pseudo-first-
order (solid line) and pseudo-second-order (dot line) kinetic models of
Cr(III) on GH (A) and GA-GH (B). The pseudo first order and pseudo
second order kinetic models were according to the equations of ln(qe
� qt) ¼ ln(qe) � k1t and t/qt ¼ 1/k2qe

2 + t/qe, respectively, where qe and
qt are the capacities (mg g�1) of metal ions adsorbed at equilibrium and
time t (min), k1 is the rate constant of pseudo first order model (min�1),
and k2 is the rate constant of the pseudo second order model of
adsorption (g mg�1 min�1).

Fig. 6 (A) The desorption rate of Cr(III) from GA-GH and GH at pH 2.0;
(B) adsorption capacities of GA-GH and GH as a function of repeated
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contrast to the pseudo-rst-order model for the adsorption of
Cr(III) onto GA-GH. This result also conrmed the existence of
chemical complexation between GA-GH and Cr(III) during the
adsorption process.
This journal is © The Royal Society of Chemistry 2019
Since coordination complexation between Cr(III) and
carboxyl groups is very weak at pH values below 3.0, the
desorption of Cr(III) from GA-GH can be achieved under strong
acidic condition. In our study, an HCl solution (0.1 M) was
selected as the desorption agent to recover Cr(III) from GA-GH
and GH at pH 2.0. As expected, the results shown in Fig. 6A
reveal that the desorption rate of Cr(III) from GA-GH was higher
than that from GH, due to the protonation of GA (Scheme 2).
Aer 20 min, nearly 97% of the adsorbed Cr(III) was desorbed
from the GA-GH. In comparison, at least 30 min was needed to
desorb 89% of adsorbed Cr(III) from GH. These ndings indi-
cated the excellent desorption efficiency for the GA-GH.
Furthermore, the regenerated GA-GH steadily maintained its
adsorption capacity even aer 10 repeated adsorption and
desorption cycles, which was also much higher than that of GH
adsorbents (Fig. 6B). The chemical state of adsorbed chromium
was also investigated by XPS. As shown in Fig. S3,† the high
resolution Cr 2p spectrum can be tted into two peaks, which
located at 578.8 eV and 588.3 eV, respectively, which conrmed
the trivalent chemical state of the adsorbed chromium and
demonstrated Cr(III) was not oxidized into Cr(VI) during the
adsorption process. The result suggested that the desorbed
Cr(III) from GA-GH is potentially to be reused for tanning
leather, which will be benecial to the leather industry. There-
fore, based on these results, the GA-GH can be applied as an
adsorption–desorption cycles for the removal of Cr(III).

RSC Adv., 2019, 9, 27060–27068 | 27065
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effective adsorbent for the removal of Cr(III) from tannery
effluent.
3.3 The adsorption properties of GA-GH for organic dye

In this study, MB and MR were selected as models of cationic
organic and anionic dyes, respectively, as they are commonly
used in the dying process of leather making and are also the
main source of organic pollutants in tannery effluent. As shown
in Fig. 7A and B, the decolorization of the MB solution (20 mL,
10 ppm) and MR solution (20 mL, 20 ppm) in the presence of
10 mg GA-GH aer 2 h was conspicuous, indicating the effective
organic dye adsorption capacity of GA-GH. Fig. 7A and B also
revealed that the characteristic UV-vis absorption peaks of MB
Fig. 7 (A and B) The chemical structure and color fading of MB and MR
absorption spectra of original MB (10 ppm) and MR (20 ppm) in the prese
pseudo-first-order (solid line) and pseudo-second-order (dot line) kinet

27066 | RSC Adv., 2019, 9, 27060–27068
at 664 nm and of MR at 520 nm decreased with the adsorption
time. Aer 2 hours, almost 98% of MB and 100% ofMR could be
captured by the GA-GH adsorbent at room temperature. The
excellent adsorption capacity of GA-GH for MB and MR can
possibly be attributed to p–p interactions between the GA-GH
and the aromatic organic dyes, as they drive the adsorbed
organic dyes into the 3D porous hydrogel. To conrm this
hypothesis, the adsorption kinetics of the aromatic MB or MR
dye on GA-GH was further studied in comparison with that on
GH. Based on the results presented in Fig. 7E and F, the
equilibrated adsorption capacity of MB and MR on GA-GH were
calculated to be 395 and 376 mg g�1 at 2 h, respectively, while
for GH, the equilibrated adsorption capacity of MB and MR was
305 and 287 mg g�1, respectively. The results clearly
solution after adsorption by GA-GH; (C and D) the change of UV-vis
nce of GA-GH; (E and F) adsorption kinetic plots and curving fitting by
ic models of MB and MR on GH and GA-GH, respectively.

This journal is © The Royal Society of Chemistry 2019
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demonstrated that the adsorption capacity of GA-GH for MB or
MR was higher than that of GH, which conrm that the func-
tionalized GA with a benzene ring enhanced the p–p conjuga-
tion between the GA-GH and the aromatic MB or MR dye.
Therefore, the GA-GH can also be applied as a suitable absor-
bent for the removal of aromatic pollutants from tannery
effluent.

4. Conclusions

In order to effectively remove Cr(III) and organic dye from
tannery wastewater, a GA-GH adsorbent with 3D porous archi-
tectures was successfully fabricated using a facile in situ
reducing-assembly approach. Due to the carboxyl groups of GA,
the GA-GH was able to effectively capture Cr(III) ions through
coordination complexation at pH value close to 4.0, leading to
a much higher adsorption capacity of Cr(III) than that of the GH.
Importantly, GA-GH was easily regenerated at pH 2.0 with HCl
and retained its high adsorption capacity aer multiple
adsorption–desorption cycles. Moreover, the modied GA on
graphene sheets with benzene group was also able to improve
the adsorption capacity of organic dyes, which was attributed to
the enhanced p–p interactions between GA-GH and aromatic
dyes. Taken together, the GA-GH is a promising adsorbent for
treating tannery effluent.
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