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synthesis, characterization and application for
Cr(VI) removal
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In the current work, a graphene oxide coated water hyacinth biochar composite (WHB-GO) was

synthesized to remove Cr(VI) from aqueous solution. The biomass feedstock was firstly treated with

graphene oxide and then annealed at 300 �C in a quartz tube furnace under N2 atmosphere. After

synthesis, full characterization with various techniques (SEM, FT-IR, XPS and BET) were used to analyze

the properties of the adsorbent and the sorption mechanisms of Cr(VI). The effects of pH, ionic strength,

sorption kinetics, isotherms and thermodynamics, as well as comparison and regeneration experiments

were also investigated. The results indicated that the adsorption capacity was significantly influenced by

pH and ionic strength. The maximum adsorption capacity (150.02 mg g�1) of the WHB-GO was obtained

at pH 2.0 and 50 �C. Besides, the sorption data could be fitted well by pseudo-second-order and

Freundlich models. The thermodynamic studies indicated that the adsorption reaction was

a spontaneous and endothermic process. The enhanced adsorption of Cr(VI) on the WHB-GO was mainly

controlled by electrostatic attraction and reduction of Cr(VI) coupled with Cr(III) complexation. The

regeneration study revealed that WHB-GO could be reused almost six times without loss of activity in

adsorption tests. Overall, WHB-GO can be used as a novel, facile, and low-cost sorbent for the removal

of Cr(VI) from aqueous solution.
1. Introduction

In recent years, heavymetal ions at high concentrations in water
systems have posed a potential threat to human beings and
living organisms due to their bioaccumulation and decompo-
sition difficulty in food chains.1 Chromium is one of the most
widespread heavy metals in the environment. As a major
pollutant, chromiummainly exists in two stable forms in water:
Cr(III) and Cr(VI).2 However, Cr(VI) is especially poisonous, which
was 100 times greater than Cr(III) in toxicity. Thus, hexavalent
chromium can cause many serious health problems for human
beings (e.g., skin irritations, lung cancer, and viscera damage).3

So, developing an effective method to remove Cr(VI) from
effluent is of great importance to the public health and
ecological system. Until now, the methods of removing Cr(VI)
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are miscellaneous, such as electrocoagulation,4 reverse osmosis
(RO),5 ion exchange,6 redox reaction,7 membrane separation,8

and adsorption.9 Among these methods, adsorption is one of
the most popular and effective option, due to its cost-
effectiveness, simple operation and least waste generation.10

Biochar is an easily acquiring adsorbent, which has been
increasingly used to eliminate Cr(VI) in recent years. Deveci
et al.11 reported that coconut shell-based and coal-based acti-
vated carbons were commonly used as adsorbents for Cr(VI)
removal. Mohan, Sarswat, Ok et al.12 also illustrated Cr(VI) could
be removed from water via various adsorbents such as sugar
beet tailing biochar, oak wood char and oak bark char. The
previous studies have illustrated that water hyacinth is a free
oating aquatic and recalcitrant weed which has been spread
throughout the world.13 The uncontrolled growth of water
hyacinth has a number of negative impacts, such as interfer-
ence with shing generation, obstruction of river courses,
reservoirs and water channels and increasing evapo-transpira-
tion.13 Therefore, the biochar derived from water hyacinth
following by application in the treatment of Cr(VI)-contaminated
water might represent an attractive pathway for removing Cr(VI)
ions from water and improve management of this highly
problematic invasive species.14 However, biochar produced
directly from biomass feedstock without any pretreatment has
This journal is © The Royal Society of Chemistry 2016
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relatively low adsorption capacity. Thus, various modication/
activation methods have been applied to improve the adsorp-
tion performance of biochar. Previous studies have been re-
ported that several methods, such as acid and alkali
modication, oxidation, and chemical gra, have been used to
improve their functional group contents and enhance their
adsorption performance.15,16 However, these previous modied
biochar have some disadvantages: such as non-ideal adsorption
capacity, occurrence of secondary pollution during production,
low reutilization rate and high price.17 Thus, it is necessary to
develop an efficient, environmentally friendly and low-cost
adsorbent to remove Cr(VI) from aqueous solution.

Nowadays, graphene oxide (GO) has attracted vast techno-
logical and scientic interest due to its specic properties, such
as multiple oxygen-containing functional groups (hydroxyl,
epoxide, carbonyl and carboxyl groups), large specic surface
areas and hydrophilicity.18,19 At present, researchers have
proved that GO could be a promising material to adsorb
pollutants from water, such as dyes,20,21 heavy metals,22 poly-
cyclic aromatic hydrocarbons (PAHs)23 and endocrine disruptor
chemicals (EDCs). In addition, GO could be easily obtained
from many methods24,25, which provides a potential, cost-
effective and large-scale production. Moreover, GO shows ne
biocompatibility.26 Due to the above-mentioned excellent
properties of graphene oxide, it is believed that it could be used
as coating material to functionalize various adsorbent.
However, GO disperses poorly in water and easily aggregates,
causing its surface areas to decrease and limiting its applica-
bility. Therefore, attention has been focused on integrating GO
with other materials by fabricating composites to enhance its
applicability in the environment.27 Therefore, in this work,
a new composite was synthesized by taking advantage of the
recent methods in graphene oxide and biochar technologies.

In this study, a novel functional adsorbent, graphene oxide
coated biochar, was prepared by slow pyrolysis in tube furnace
at 300 �C. Aer systematic characterization (SEM, FT-IR, XPS,
BET and zeta-potential) of its structural properties, a new-type
resultant material was applied for removal of Cr(VI) from solu-
tion. Batch experiments were carried out to study the effects of
pH, ionic strength and temperature on Cr(VI) adsorption. The
kinetics, isotherms and thermodynamics were also utilized to
evaluate the adsorption properties for Cr(VI) by graphene oxide
coated water hyacinth biochar composite (WHB-GO). Addi-
tionally, the desorption experiment and adsorption mechanism
were also elucidated.

2. Materials and methods
2.1 Materials

All chemicals used in this work were of analytical grade,
including HCl (hydrochloric acid), NaOH (sodium hydroxide),
H2SO4 (concentrated sulfuric acid), KMnO4 (potassium
permanganate), NaNO3 (sodium nitrate), H2O2 (hydrogen
peroxide), K2S2O8 (potassium persulfate), P2O5 (phosphorus
pentoxide) and K2Cr2O7 (potassium dichromate). Synthetic
graphite powder was purchased from Sigma-Aldrich. Water
hyacinth was collected from Ocean Lake Wetland Park of
This journal is © The Royal Society of Chemistry 2016
Changsha, China. The materials were dried at 105 �C for 12 h
and then milled into powders by a high speed rotary machine
prior to use.

2.2 Preparation of graphene oxide suspension

Stable graphene oxide suspension was prepared from the
synthetic graphite powder by using a method similar to modi-
ed Hummers method.28 Briey, graphite powder (3.0 g) was
rstly preoxidized by concentrated H2SO4 (12 mL) P2O5 (2.5 g)
and K2S2O8 (2.5 g) at 80 �C for 4.5 h. Then, the concentrated
H2SO4 (120 mL), KMnO4 (15 g) and NaNO3 (2.5 g) were used to
oxidize the preoxidized graphite. Aer that, 20 mL H2O2

(30 wt%) solution was added to eliminate the excess MnO4
�,

and the products were rinsed repeatedly with HCl (10%) and
ultrapure water. The obtained solution was sonicated for 2 h
and stored in a refrigerator at 4 �C before use.

2.3 Preparation of adsorbent

The graphene oxide suspension was rstly coated on the water
hyacinth powders using a dip coating procedure which was
similar to the previously reported.29 Briey, 10 g water hyacinth
biomass was dipped into the graphene oxide suspension (mass
ratio¼ 1 : 0.06 g) and was stirred for 1 h using amagnetic stirrer
at 500 rpm. Aer that, the dip-coated GO raw materials were
sonicated for 2 h to promote mix well and then oven dried at
80 �C. Finally, the obtained materials were placed in tubular
furnace to produce the graphene oxide-coated biochar through
slow pyrolysis in a N2 environment at temperature of 300 �C for
2 h. Untreated water hyacinth powders were also used as feed-
stock to produce biochar without graphene oxide coating in the
furnace with the same pyrolysis conditions. The obtained
adsorbent samples were washed with ultrapure water for several
times to remove impurities, then vacuum dried and sealed in
a desiccator for further experiment tests. The GO coated water
hyacinth biochar composite and pristine water hyacinth bio-
char were labeled as WHB-GO and WHB, respectively.

2.4 Materials characterization

The scanning electron microscopy (SEM) (JSM-7001F, Japan)
analysis was carried out to determine the surface morphologies
and microscopic features of prepared materials. The Fourier
transform-infrared technique (FT-IR) (Nicolet 5700 Spectrom-
eter, USA) was used to determine the functional groups on the
surface of adsorbents before and aer contacting with Cr(VI)
ions. The elements of the samples were performed by an
ESCALAB 250Xi X-ray Photoelectron Spectrometer (XPS)
(Thermo Fisher, USA). The total surface areas and aperture of
materials were determined by the method of Brunauer,
Emmett, and Teller (BET) (Tri-star 3020, USA). WHB and WHB-
GO samples were analyzed by BET using nitrogen as adsorptive
gas to characterize the surface area and total pore volume.

2.5 Adsorption experiment

A stock solution of Cr(VI) (1000 mg L�1) was prepared by dis-
solving 2.8290 g potassium dichromate (K2Cr2O7) into 1000 mL
RSC Adv., 2016, 6, 85202–85212 | 85203
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ultrapure water. In batch experiments, the different Cr(VI)
concentrations were obtained by diluting the stock solution. All
adsorption experiments were performed in sealed 100 mL glass
conical bottles that contained 0.1 g of WHB-GO and 50 mL of
a Cr(VI) solution in an appropriate concentration. The bottles
were placed in a shaking water bath with a shaking speed of
150 rpm for 24 h. The pH of Cr(VI) solutions was adjusted to
obtain the desired values by adding negligible volumes of NaOH
and HCl (0.1–0.8 mol L�1).

The effect of pH on the adsorption of Cr(VI) was studied with
an initial Cr(VI) concentration of 100 mg L�1 in a pH range of 2.0
to 9.0 (2.0, 2.5, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0 and 9.0) at 30 �C. The
zeta potentials of WHB-GO were measured in aqueous solutions
at pH 2.0 to 10.0 by Zetaplus 90 (Brook-haven Instruments, New
York, USA). The effect of the ionic strength on the adsorption of
Cr(VI) was studied by adding NaCl to 100 mg L�1 Cr(VI) solutions
with concentrations ranging from 0 to 1 mol L�1 (0, 0.001,
0.005, 0.01, 0.005, 0.1, 0.5 and 1mol L�1) at 30 �C and pH 2.0. An
adsorption kinetic study was carried out with an initial Cr(VI)
concentration of 100 mg L�1 at 30 �C and pH 2.0 to determine
the minimum time required for equilibrium adsorption. The
concentrations of Cr(VI) were measured at different time inter-
vals from 15 to 2880 min (15, 30, 60, 120, 180, 360, 480, 600, 720,
1080, 1440, 2160 and 2880 min). To evaluate the maximum
adsorption capacity and thermodynamic properties, adsorption
isotherms of Cr(VI) on WHB-GO were obtained at pH 2.0 at 30
�C, 40 �C and 50 �C, respectively. The initial Cr(VI) concentra-
tions ranged from 100 to 800 mg L�1 (100, 200, 300, 400, 500,
600, 700 and 800 mg L�1). Furthermore, in order to better
highlight the superiority of WHB-GO adsorption performance,
WHB and water hyacinth biomass as adsorbent were also
studied. In particularly, the different concentrations of initial
Cr(VI) solution were shaken at pH 2.0 and 30 �C. The remaining
concentration of Cr(VI) was determined by using a UV spectro-
photometer (Pgeneral T6, China) at a wavelength of 540 nm.
The adsorption capacity (qe (mg g�1)) and removal efficiency
(ER) of tested adsorbents at the equilibrium state was calculated
by the following equations:

qe ¼ ðC0 � CeÞv
w

(1)

ER ¼ C0 � Ce

C0

� 100% (2)

where v (L) is the volume of solution, w (g) is the amount of
adsorbent, C0 and Ce (mg L�1) are the initial and equilibrium
concentrations of Cr(VI), respectively.
Fig. 1 SEM images of WHB (a), WHB-GO (b), and after adsorption of
Cr(VI) on WHB-GO (c) (WHB-GO + Cr).
3. Result and discussion
3.1 Characterization of adsorbents

3.1.1 SEM. The surface morphologies of WHB, WHB-GO
before and aer adsorption of Cr(VI) were displayed in the
SEM images. As seen from Fig. 1(a), WHB showed uneven and
irregular surface, meanwhile a lot of carbon particles were also
observed from the surface of the pristine biochar, which indi-
cated that the water hyacinth were pyrolyzed and carbonized.
85204 | RSC Adv., 2016, 6, 85202–85212
However, aer coating with GO, there was a visible change, the
WHB-GO (Fig. 1(b)) showed sheet-like structure with thick
sheets and wrinkled edges, which could present a higher
This journal is © The Royal Society of Chemistry 2016
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surface area and provide effective adsorption sites. Aer reac-
tion with Cr(VI), the composite became much more smooth and
well-knit (Fig. 1(c)). This phenomenon was possibly due to the
adsorption of Cr(VI) onto the surface of adsorbent that blocked
the pore channel.

3.1.2 FT-IR. The FT-IR technique was used to determine the
functional groups on the surface of WHB and WHB-GO (before
and aer adsorption) and the results were presented in Fig. 2.
The spectra of both WHB and WHB-GO emerged a number of
adsorption peaks indicating the relative complex of the mate-
rials. For the two carbon materials, the characteristic peak at
3423.0 cm�1 was attributed to the C]O in the hydroxyl groups.
The bands at around 1610.3 cm�1 and 1319.0 cm�1 were
assigned to C–C and C–OH stretching vibration.20 No obvious
peak between 1200 cm�1 and 450 cm�1 could be found in the
spectrum of WHB. Compared with the spectrum of WHB, more
peaks occurred in the spectra of WHB-GO. The appearance of
new peaks at 520.7 and 470.5 cm�1 in the spectrum were
attributed to C–H and C–O stretching vibration. The new strong
peaks at 1033.7 and 781.0 cm�1 in the spectrum of WHB-GO
were attributed to the stretching of C–O–C and aromatic
compounds, respectively.30 In short, the adsorption peak of
C–H, C–O, C–O–C and aromatic compounds groups changed
aer modication, which conrmed that the surface carbon
functional groups of the GO were successfully introduced into
the composites during the pyrolysis process in the tube furnace.
Therefore, the information given by the FTIR spectra proves that
WHB-GO was prepared successfully. Additionally, the detailed
description of WHB-GO loaded with Cr (WHB-GO + Cr) will be
discussed in the following section concerning the adsorption
mechanism.

3.1.3 XPS. In order to gain further information on its
chemical composition, XPS (X-ray photoelectron spectroscopy)
analysis was performed on WHB-GO before and aer its reac-
tion with Cr(VI) and the results were exhibited in Fig. 3. In the
Fig. 2 FT-IR spectra of WHB, WHB-GO and adsorption of Cr(VI) on
WHB-GO (WHB-GO + Cr).

This journal is © The Royal Society of Chemistry 2016
XPS survey, the principal elements at WHB surface were carbon
(69.91%), oxygen (23.86%), nitrogen (4.56%) and phosphorus
(1.67%) and at WHB-GO surface were carbon (66.79%), oxygen
(29.55%), nitrogen (3.18%) and phosphorus (0.48%). It
demonstrated that the existence of carbon and oxygen
composed the main body of the two materials. Obviously, the
ratio of carbon content to oxygen content (C/O) for WHB and
WHB-GO were 2.93 and 2.26, respectively, which implied that
more oxygen-containing functional groups, such as C]O, C–O
are introduced.

Detailed XPS surveys of the regions for Cr2p were shown in
Fig. 4. The high-resolution spectra of Cr-laden biomaterials
indicated that there were signicant contributions of the Cr
bound on their surfaces. The Cr2p XPS spectrum of WHB-GO,
signicant peaks centered at 575–577 and 585–588 eV were
observed, which corresponded to Cr 2p3/2 orbitals and Cr 2p1/2
orbitals, respectively. The Cr 2p3/2 orbitals were assigned at
577.2 eV (CrCl3) and 575.2–576.5 eV (Cr2O3) for Cr(III)
compounds, while Cr(VI) forms were characterized by higher
binding energies such as 578.1 eV (CrO3) or 579.2 eV
Fig. 3 XPS survey spectra of WHB and WHB-GO before and after
adsorption (WHB-GO + Cr).

Fig. 4 The Cr 2p XPS spectra of WHB-GO.

RSC Adv., 2016, 6, 85202–85212 | 85205



Fig. 5 The C 1s XPS spectra of WHB-GO before (a) and after adsorption (b); the N 1s XPS spectra of WHB-GO before (c) and after adsorption (d).
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(K2Cr2O7).31 As seen from the Fig. 4, the binding energies at
575.5 and 578.3 eV could be assigned to Cr(III) and Cr(VI),
respectively.32 This suggested that part of adsorbed Cr(VI) anions
were reduced to Cr(III) aer exposure to WHB-GO. Meanwhile, C
1s bands and N 1s bands of WHB-GO before and aer adsorp-
tion were also investigated. As seen from Fig. 5(a), three
different bands centered at 284.2 eV, 285.6 eV and 287.7 eV were
observed corresponding to C–C/C]C, C–O and C]O groups of
WHB-GO.33 The C 1s XPS spectrum of WHB-GO loaded with Cr
clearly indicated that four components corresponding to C–Cr
(282.2 eV), C–C/C]C (284.3 eV), C–O (286.1 eV) and [Cr(CO)6]
(288.4 eV)34,35 (Fig. 5(b)). Based on the XPS results, the difference
between WHB-GO and WHB-GO loaded with Cr might attribute
to the introduced carbon functional groups, which enhanced
the adsorption ability. As shown in Fig. 5(c), the N 1s XPS
spectrum of WHB-GO composite could be curve-tted into two
band components at approximately 398.5 and 399.5 eV, attrib-
utable to the –N]C and N–H.36 Aer reaction with Cr(VI), a new
Table 1 Selected physical properties of pristine biochar and WHB-GO

Adsorbent
BET surface,
area (cm2 g�1)

Pore volume
(cm3 g�1)

Pore size
(nm)

WHB 8.85 0.025 1.716
WHB-GO 25.89 0.019 1.613

85206 | RSC Adv., 2016, 6, 85202–85212
peak occurred at 401.2 eV, corresponding to nitrogen atoms in
doped imine (–N+])35 (Fig. 5(d)). It was probably due to the
amino groups were involved in the xation of Cr(VI) and chela-
tion of Cr(III) onto the WHB-GO. According to FT-IR and XPS
spectra, the GO was successfully graed on the biochar surface,
which could provide more binding sites for Cr(VI) adsorption.

3.1.4 BET the BET (Brunauer–Emmett–Teller) surface area,
pore volume and average pore size of WHB and WHB-GO were
displayed in Table 1. As shown in Table 1, the BET surface area
of WHB-GO (25.89 m2 g�1) was larger than that of WHB (8.85 m2

g�1), which could explain that the GO was successfully graed
on WHB and increased the surface area of WHB-GO. However,
WHB-GO possessed smaller pore volume and pore size than
WHB. The phenomenon might be attributed to the process of
preparing WHB-GO, in which water hyacinth biomass was
immersed into graphene oxide solution and changed the pore
structure of WHB. Besides, the ratio change of some functional
groups might constrain N2 in some pore networks and thus the
pore volume distribution changed.
3.2 Effect of pH on Cr(VI) adsorption

Solution pH is a signicant controlling factor in sorption
process. In order to determine the effect of pH on Cr(VI) removal
by theWHB-GO, batch adsorption experiments were conducted.
Results (Fig. 6) showed that pH ranged from 2.0 to 9.0, the Cr(VI)
and total Cr sorption capacities reduced sharply and the
This journal is © The Royal Society of Chemistry 2016



Fig. 7 Zeta potentials of WHB-GO at different solution pH (Cr(VI)
solution volume: 50 mL; adsorbent dose: 0.1 g; contact time: 24 h;
initial Cr(VI) concentration: 100 mg L�1).

Paper RSC Advances
maximum adsorption capacity of Cr(VI) was obtained at pH 2.0.
Therefore, it was concluded that acidic condition might be
more favorable for the Cr(VI) removal by the WHB-GO.

The hexavalent chromium existed in different forms in
aqueous solutions at different pH values and Cr(VI) concentra-
tions, such as H2CrO4 (at pH less than about 1.0), HCrO4

� (at
pH between 1.0 and 6.0) and CrO4

2� (at pH above 6.0).37

H2CrO4 ¼ H+ + HCrO4
� (3)

HCrO4
� ¼ H+ + CrO4

2� (4)

2HCrO4
� ¼ Cr2O7

2� + H2O (5)

In other words, the Cr(VI) ions existed mainly in the form of
an anion. Fig. 6 illustrated that the adsorption capacity of
hexavalent chromium in the solution was lower than total
chromium. It was suggested that a part of toxic Cr(VI) might be
reduced to the Cr(III) according to the following electron transfer
reactions:

HCrO4
� + 7H+ + 3e� ¼ Cr3+ + 4H2 (6)

CrO4
2� + 8H+ + 3e� ¼ Cr3+ + 4H2O (7)

The zeta potentials of WHB-GO at different pH values were
shown in Fig. 7. As shown in Fig. 7, the zeta potential of WHB-
GO decreased with the increasing of pH and the zero point of
zeta potential (pHpzc) was obtained at pH 2.1. At pH < 2.1, the
zeta potentials of WHB-GO are positive. At pH > 2.1, the surfaces
of WHB-GO are negatively charged. At low pH, the high
adsorption capacity could be attributed to the strong electro-
static attraction between the positively charged adsorbent
surfaces and the negatively charged chromate ions.38 With
increasing of pH value, the buildup of negative charge on the
WHB-GO surfaces resulted in electrostatic repulsion between
Cr(VI) ions and the sorbents, which consequently reduced the
Fig. 6 Effect of initial solution pH values on Cr(VI) and total Cr removal
by WHB-GO (Cr(VI) solution volume: 50 mL; adsorbent dose: 0.1 g;
contact time: 24 h; initial Cr(VI) concentration: 100 mg L�1).

This journal is © The Royal Society of Chemistry 2016
Cr(VI) sorption.39 Besides, in high pH solution, the excessive
OH� could compete with Cr(VI) ions for the available adsorption
sites on the surface of WHB-GO. Therefore, the initial solution
pH 2.0 was used as the optimum pH for the further
experiments.

3.3 Effect of ionic strength on Cr(VI) adsorption

Ionic strength is a very important variable affecting the
adsorption of heavy metal ions at aqueous solutions.40 To
investigate the effect of ionic strength on Cr(VI) adsorption,
batch experiments at different concentrations of NaCl was
conducted. As seen from Fig. 8, the adsorption capacity of Cr(VI)
on WHB-GO decreased with the increasing of NaCl concentra-
tion from 0.001 to 1 mol L�1, which might attribute to the
Fig. 8 Effect of different concentrations of NaCl on Cr(VI) removal by
WHB-GO (volume: 50 mL; adsorbent dose: 0.1 g; initial Cr(VI)
concentration: 100 mg L�1; pH: 2.0; contact time: 24 h).

RSC Adv., 2016, 6, 85202–85212 | 85207
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following three possible reasons: (1) Cl� and Na+ were mono-
valent ions, they could only slightly compete for the adsorption
site of WHB-GO at low concentrations; (2) with the increase
concentration of NaCl, the screening effect increased between
the negatively charged Cr(VI) in solution and the positively
charged adsorbent surface;41 (3) high concentration of NaCl
improved the ionic strength of the solution which led to
decrease in the number of collisions between Cr(VI) ions and
WHB-GO.42
3.4 Adsorption kinetics

In order to study the effect of the contact time on adsorption of
Cr(VI) by WHB-GO, the adsorption kinetics experiments were
carried out. As shown in Fig. 9(a), the removal capacity of Cr(VI)
by WHB-GO increased rapidly in the rst 6 h, which might due
to the abundant availability of active binding sites on the
adsorbent surface. And then, the adsorption rate of Cr(VI)
became slower and continued a long period of time until
sorption equilibrium was attained at 24 h. The slow adsorption
process might be explained that the majority of active surface
sites were occupied by Cr(VI) ions and there were insufficient
binding sites for Cr(VI) to use.

In this research, two mathematical models (pseudo-rst-
order and pseudo-second-order models) were used to investi-
gate the mechanism of the adsorption process. The equations
are generally expressed as follows:1

ln(qe � qt) ¼ ln qe � k1t (8)

t

qt
¼ 1

k2qt2
þ t

qe
(9)

where qe and qt (mg g�1) are the adsorption amounts at equi-
librium and at any time t, respectively, k1 (min�1) is the pseudo-
rst-order reacted rate constant, k2 (g mg�1 min�1) is the
pseudo-second-order reacted rate constant.
Fig. 9 Kinetics of Cr(VI) adsorption onto the WHB-GO at 30 �C (initial
Cr(VI) concentration 100 mg L�1; pH: 2.0). (a) Cr(VI) sorption kinetics
data; (b) pseudo-second-order model for Cr(VI) adsorption.

85208 | RSC Adv., 2016, 6, 85202–85212
The kinetic parameters for Cr(VI) adsorption were calculated
by the two models. As can be seen from the Table 2, the corre-
lation coefficients (R2) of the pseudo-rst-order and pseudo-
second-order equations were 0.92 and 0.99, respectively.
What's more, the calculated qe values (48.84 mg g�1) of the
pseudo-second-order model were more agreeable to the exper-
imental data than the values of pseudo-rst-order model. These
results indicated that the pseudo-second-order kinetic model
could better t the adsorption process. Therefore, the mecha-
nism of Cr(VI) sorption by WHB-GO could be the chemical
interaction, such as complexation and redox reaction.
3.5 Adsorption isotherms

It is important to study the equilibrium adsorption isotherms,
since it can provide detailed information to further discuss the
adsorption mechanism. In this paper, Langmuir and Freund-
lich adsorption models were used to simulate the adsorption
isotherms data. The Langmuir model assumes monolayer
adsorption onto a homogeneous surface with no interactions
between the adsorbed molecules. However, the Freundlich
models are empirical equations, which are oen used to
describe the adsorption on a heterogeneous surface without
saturation of adsorbent binding sites. The two adsorption
models were expressed by the following equations:

Ce

qe
¼ 1

qmaxKL

þ Ce

qmax

(10)

ln qe ¼ ln KF + 1/n ln Ce (11)

where Ce and qe (mg g�1) represent the equilibrium concen-
tration and the adsorption capacity at equilibrium, respectively,
qmax (mg g�1) is the maximum adsorption capacity, KL (L mg�1)
is the Langmuir constant related to the affinity of the binding
sites, KF (mg g�1) is the Freundlich adsorption coefficient and n
is an index of isotherm nonlinearity which is related to the
adsorption capacity and intensity.

Fig. 10 showed the plots of Langmuir and Freundlich
adsorption isotherms of the Cr(VI) onWHB-GO at three different
temperatures and the adsorption coefficients were listed in
Table 3. As can be seen from the Fig. 10, the adsorption capacity
increased with the increase of temperature. The maximum
adsorption amount was approximate 150.02 mg g�1, which was
obtained at the temperature of 50 �C. Table 3 showed that the
correlation coefficient (R2) values of Freundlich model (0.98,
0.98 and 0.98) at three temperatures were much better than
Table 2 Pseudo-first-order model and pseudo-second-order model
parameters for Cr(VI) adsorption on WHB-GO

Pseudo-rst-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

0.013 45.41 0.92 3.8 � 10�4 48.84 0.99

This journal is © The Royal Society of Chemistry 2016



Fig. 10 Langmuir and Freundlich isotherms of Cr(VI) adsorption on
WHB-GO (Cr(VI) solution volume: 50 mL; adsorbent dose: 0.1 g;
contact time: 24 h; pH: 2.0).

Table 3 Langmuir and Freundlich isotherm parameters for adsorption
of Cr(VI) on WHB-GO

Adsorbents, T
(�C)

Langmuir Model Freundlich Model

qm
(mg g�1)

KL

(L mg�1) R2
KF

(L mg�1) n R2

30 124.17 0.045 0.95 32.38 4.52 0.98
40 131.49 0.070 0.94 40.67 5.05 0.98
50 150.51 0.060 0.90 52.89 5.75 0.98

Fig. 11 Plot of ln k0 versus 1/T for estimation of thermodynamic
parameters for the adsorption of Cr(VI) on WHB-GO (volume: 50 mL;
initial Cr(VI) concentration: 100, 200, 300, 400, 500, 600, 700 and 800
mg L�1; pH: 2.0; contact time: 24 h).

Table 4 Thermodynamic parameters for Cr(VI) adsorption on WHB-
GO

Temperature
(�C) ln K�

DG�

(kJ mol�1)
DH�

(kJ mol�1)
DS�

(J K�1 mol�1) R2

30 �0.119 �2.239 31.265 102.009 0.988
40 0.226 �3.264
50 0.650 �5.148
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those of Langmuir model (0.95, 0.94 and 0.90). Therefore,
compared to the Langmuir model, the experimental data were
much more suitable for the Freundlich model within the
studied temperature range, which suggested that the adsorp-
tion of Cr(VI) onto the adsorbent was mainly controlled by the
Freundlich surface adsorption mechanisms. The Freundlich
model constant n values were range from 4.52 to 5.75, which
indicated that the adsorption between metal ions and adsor-
bent was favorable. The larger value of n could be explained by
stronger interaction between adsorbent and heavy metal.43

3.6 Adsorption thermodynamic studies

To further study the effect of temperature on the adsorption of
Cr(VI) ions onto WHB-GO, thermodynamic parameters
including Gibbs free energy change (DG�), enthalpy change
(DH�), and entropy change (DS�) were calculated by following
equations:

DG� ¼ �RT ln K� (12)

ln K� ¼ DS�

R
� DH�

RT
(13)

where R (8.314 J mol�1 K�1) is the universal gas constant, T (K) is
the absolute temperature in Kelvin, K� can be calculated by
plotting ln Kd (Kd ¼ qe/Ce) versus Ce and extrapolating Ce to zero,
This journal is © The Royal Society of Chemistry 2016
the values of DS� and DH� can be obtained from the intercept
and slope of the ln K� against 1/T (Fig. 11) respectively.

The results on the effect of temperature indicated that the
maximum adsorption of Cr(VI) was obtained at 50 �C, and the
maximum adsorption capacity ranged from 127.06 mg g�1 to
150.02 mg g�1 as the temperature increased from 30 �C to 50 �C.
The calculated results of thermodynamic parameters for the
adsorption of Cr(VI) on WHB-GO were shown in Table 4. As can
be seen, the negative values of DG� decrease from �2.239 to
�5.148 kJ mol�1 with the increase of temperature in the range
of 30–50 �C. This phenomenon suggested that the Cr(VI)
adsorption process was spontaneous and became more favor-
able at higher temperatures. The standard changes enthalpy
(DH�) of the adsorption process was 31.265 kJ mol�1, which
veried that the adsorption of Cr(VI) ions using the WHB-GO
was endothermic in nature. The positive value of DS� sug-
gested that an increased randomness occurred at the solid
solution interface during the adsorption process.44 In short, the
sorption process of Cr(VI) onto WHB-GO was endothermic and
spontaneous.
3.7 Comparison experiments

In order to highlight the superiority of WHB-GO, the compar-
ison experiments of removal efficiency by WHB and water
hyacinth biomass were also conducted. As seen from the Fig. 12,
RSC Adv., 2016, 6, 85202–85212 | 85209



Fig. 12 The comparison of Cr(VI) removal efficiency among the WHB-
GO, WHB and WH biomass (Cr(VI) solution volume: 50 mL; adsorbent
dose: 0.1 g; contact time: 24 h; pH: 2.0).
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the Cr(VI) removal efficiency of the WHB-GO ranged from 95.6%
to 34.9%, while the WHB and water hyacinth biomass changed
from 72.3% to 24.9% and 48.8% to 14.2%, respectively. Obvi-
ously, the removal efficiency of Cr(VI) by the WHB-GO was much
higher than WHB and water hyacinth biomass. The high
adsorption capacity and removal efficiency of the WHB-GO
could be attributed to the introduction of GO molecules,
which increased surface areas and multiple functional groups
of the adsorbent. A comparison has also beenmade between the
resultant WHB-GO and previously reported adsorbents for
maximum Cr(VI) adsorption (Table 5). The results of the anal-
yses demonstrated that this novel functional adsorbent gained
advantage over many other adsorbents. It indicated that WHB-
GO was a fairly promising candidate for the treatment of
chromium-containing wastewater.
3.8 Mechanisms of Cr(VI) removal by WHB-GO

As discussed in the effect of pH on Cr(VI) adsorption, the elec-
trostatic attraction is regarded as a adsorption force. However,
various types of interactions may also involve in the adsorption
process. To verify the adsorption mechanism, the FT-IR spec-
trums (Fig. 2) and XPS (Fig. 5) of Cr loaded WHB-GO were
investigated. The FT-IR spectra corresponding to the WHB-GO
Table 5 Adsorption capacities of different adsorbents for Cr(VI)

Adsorbents
qmax

(mg g�1)
Optimum
pH References

Saw dust activated carbon 65.8 2.0 46
Rice husk carbon 48.31 2.0 47
CCGO 67.66 2.0 48
PEI modied activated carbon 20.05 2.0 49
P4VP modied activated carbon 53.7 2.0 50
Zinc-biochar nanocomposites 102.66 2.0 51
WHB-GO 150.51 2.0 This study
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loaded with Cr(VI) exhibited an apparent shi in the bending
mode at 1610.3 cm�1 (C]C) and 781.0 cm�1 (aromatic
compounds) and the peak of 1319.0 cm�1 (C–OH) disappeared.
The results indicated that the mechanism of Cr(VI) adsorption
onto WHB-GO might rely on the functional groups (C]C,
aromatic compounds and C]O) on the material surface. Based
on XPS, both Cr(VI) and Cr(III) peaks (Fig. 4) were observed,
which implied that the adsorption process involved the reduc-
tion of Cr(VI) into Cr(III) with its subsequent partial sorption.

According to the above results, we hypothesized that the
adsorption mechanism of Cr(VI) ions by WHB-GO via electro-
static attraction of Cr(VI) coupled with Cr(VI) reduction to Cr(III)
and Cr(III) complexation.45 The various mechanisms proposed
for the interaction of adsorbent with Cr(VI) were summarized in
Fig. 13. Especially, under strongly acidic environment, the
removal rate of Cr(VI) in the aqueous phase was faster since the
negatively charged Cr(VI) species were migrated to the positively
surface of WHB-GO (protonated hydroxyl groups and carbonyl
groups) with the help of electrostatic driving forces. While, both
direct and/or indirect reduction mechanism(s) involved during
the adsorption process. In direct reduction process, Cr(VI) was
directly reduced to Cr(III) in the aqueous phase by contact with
electron-donor groups of WHB-GO and the reduced-Cr(III)
remained in the aqueous solution or formed complexes with Cr-
binding groups of it. Indirect reduction mechanism consisted
of three steps: (1) the binding of anionic Cr(VI) to positively
charged groups present on the surface of WHB-GO; (2) the
reduction of Cr(VI) into Cr(III) by adjacent electron-donor
groups31 and (3) the partial release of the reduced-Cr(III) into
Fig. 13 The schematic illustration of Cr(VI) sorption mechanisms on
WHB-GO.

This journal is © The Royal Society of Chemistry 2016



Fig. 14 Sixth consecutive adsorption–desorption cycles of WHB-GO
for Cr(VI) removal (volume: 50 mL; adsorbent dose: 0.1 g; initial Cr(VI)
concentration: 200 mg L�1; pH: 2.0; contact time: 24 h).
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the aqueous phase due to electronic repulsion between the
positively-charged groups and the Cr(III), or complexation of the
reduced-Cr(III) with rest functional groups on the WHB-GO. On
the basis of the above analyses, amine, hydroxyl and carbonyl
groups could be the main functional groups for Cr(VI) sorption.

3.9 Regeneration of WHB-GO

In order to assess the practical utility of the WHB-GO adsorbent,
adsorption–desorption experiments were conducted by using 0.5
mol L�1 sodium hydroxide and the results were shown in Fig. 14.
The results demonstrated that the adsorption activity of WHB-
GO only slightly decreased with increasing the number of reuse
cycles. The adsorption capacity could still reach 69.10 mg g�1 on
the sixth reuse cycle, which only reduced by 7.43% compared to
that of the rst cycle. The excellent regeneration performance
indicated that the WHB-GO could be a cost-effective, efficient
and potential adsorbent for Cr(VI) removal. In short, theWHB-GO
not only had a high adsorption capability, but also possessed
a stable performance during the cycles.

4. Conclusions

In this work, a new low cost adsorbent was successfully
synthesized and applied to remove Cr(VI) from aqueous solu-
tion. Results showed that the modication signicantly
improved the adsorption performance for Cr(VI) removal by
combining its adsorption and reduction dual functions. The
adsorption capacity was signicantly affected by the solution
pH and the maximum Cr(VI) adsorption capacity (150.02 mg
g�1) was obtained at pH 2.0. Background ionic strength exerted
obvious inuence on the Cr(VI) uptake at the high concentra-
tions of NaCl solution. The experimental data were better tted
by the pseudo-second-order and Freundlich models. Thermo-
dynamic evaluation revealed that the adsorption process was
spontaneous and endothermic. Besides, the adsorbent had
a good stability during the adsorption–desorption cycles
This journal is © The Royal Society of Chemistry 2016
without signicant reduction of the adsorption capacity. The
results indicated that the new engineered composite can be an
innovative and alternative adsorbent, which can effectively and
economically remove Cr(VI) ions from aqueous solution.
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