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tor removal of Cr (VI) from aqueous solutions

Zhengyuan Song?, Tao Feng*** Yimin Hu?, Li Wang?, Xiaoging Zhang®

“College of Resources and Environmental Engineering, Wuhan University of Science and Technology, Wuhan 430081 China,

Tel. +86 27 68862880, email: 2430502028 @qq.com (Z. Song), hymwust@163.com (Y. Hu), Tel. +86 27 68862885,

emails: wanglijohn@163.com (L. Wang), 396610331@qq.com (X. Zhang)

"Hubei Key Laboratory for Efficient Utilization and Agglomeration of Metallurgic Mineral Resources. Wuhan University of Science
and Technology, Wuhan 430081 China, Tel. +86 27 68862880, email: fengtaowhu@163.com (T. Feng)

Received 7 October 2017; Accepted 12 February 2018

ABSTRACT

The graphene oxide (GO) and graphene oxide/chitosan micro spheres (GOCS) for removal of hexava-
lent chromium were prepared and characterized by fourier transform infrared spectroscopy (FT-IR),
X-ray diffraction (XRD), scanning electron microscope (SEM) and transmission electron microscope
(TEM). The adsorption behavior of the GOCS and chitosan (CS) micro spheres for Cr (VI) was stud-
ied, and the effects of solution pH, adsorption time, and initial metal ion concentration on adsorption
capacity of the adsorbent were also investigated. The adsorption capacities of GOCS and CS were
found to be 197.6 mg/g and 129.9 mg/g, respectively. The characteristics of the adsorption process
were evaluated by using the Langmuir and Freundlich isotherm models. The adsorption processes
fit better with the Langmuir model. The adsorption of Cr (VI) on GOCS was a typical mono molecu-
lar layer adsorption. The pseudo-first-order and pseudo-second-order kinetic models were employed
to describe the kinetic processes, and the results indicated that the adsorption of Cr (VI) followed a

second-order type reaction kinetics.
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1. Introduction

Chromium is widely used in metallurgical, electroplat-
ing, production of paints, pigments, tanning, and wood
preservation [1-3]. Chromium mainly exists in two states
namely Cr (IIT) and Cr (VI) in environment [4]. Cr (VI) not
only performs great toxicity, which is 500 times to Cr (III),
but also has severe carcinogenicity and mutagenicity [5]. In
addition, Cr (VI) has strong oxidability and mobility. The
effluents with chromium dumped into the natural waters
leading a serious threat to ecological environment, as well
as human health [6,7].

Various methods of removing Cr (VI) from effluents
have been investigated, such as chemical precipitation [8],
reverse osmosis [9,10], adsorption, and ion exchange [11].

*Corresponding author.

Among these methods, adsorption is a popular method
because of its prominent advantages, such as high effi-
ciency, low cost, ease of operation and so on. In this method,
the key is to choose an appropriate absorbent. An excellent
absorbent must have large specific surface area, chemical
stability, and a large number of adsorption sites [12].

Being one of the important graphene derivatives,
graphene oxide (GO) has good affinity and solubility in
water and easy to be chemical modified as its oxygen func-
tional groups existing in the surface. [13,14]. Moreover, the
surface area of GO is large. Due to these advantages, GO
is widely used in water treatment. However, GO is diffi-
cult to be separated from aqueous solutions. And there
are many acidic functional groups on the surface, which is
the reason why GO performs electronegative in water. So,
many researchers grafted the amino groups or other alka-
line groups on the surface of GO, and study the adsorption
properties of removing Cr(VI) and other negative ions in
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water [15,16]. Chitosan (CS), as a natural electro positive
alkyl polysaccharide polymer without toxic effect, is one of
environment-friendly and low-cost biosorbents [17]. Chi-
tosan has great ability to adsorb different ions as a result of
having a quantity of the hydroxyl and amino groups [18],
especially many heavy metal ions and dyes that are diffi-
cult to be removed. Therefore, the research on the adsorp-
tion properties of graphene oxide/chitosan composites has
become a popular direction.

In this study, graphene oxide (GO) and graphene
oxide/chitosan micro spheres (GOCS) for removal of
hexavalent chromium were prepared. The adsorbents were
characterized by Fourier transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD), scanning electron micro-
scope (SEM) and transmission electron microscope (TEM).
The adsorption capacity of GOCS on the removal of Cr(VI)
was studied using batch studies. The effects of pH, initial
concentration, contact time, and dosage on the adsorption
were investigated in detail. The adsorption kinetics and iso-
therms for Cr(VI) onto GOCS were also analyzed.

2. Materials and methods
2.1. Materials

Natural Flake graphite powder, with 325 mesh, was
purchased from Jinrilai graphite co. Ltd in Qingdao. Chi-
tosan (CS) with a degree of deacetylation more than 90%
was obtained from Zhejiang Ocean Biochemical Company.
NaNO,, KMnO,, H,0,, K,Cr,O,, ethanol, NaOH, HCI, Span-
80, liquid paraffin, glacial acetic acid, formaldehyde and
epichlorohydrin (ECH) were also of analytical grade. The
water used in the experiments was ultra pure water.

2.2. Preparation of GO

GO was prepared from natural flake graphite by the
modified Hummers method [19]. 75 ml 98% H,SO, was
added to the 500 mL three flasks with 3.0 g of natural flake
graphite powder and 0.75 g of NaNO,. Stirring slowly with
electric mixer for 30 min, and keep the temperature at about
4°C by putting the three flasks in ice bath. Then 9.0 g KMnO,
was added into the tree flasks in batches, and stirred vig-
orously for 3 h. Until the solution turned to purple green,
move the device to water bath which was maintained about
35°C, and stirred for 1 h. 140 mL of ultra pure water was
added to tree flasks with vigorous stirring, while retain-
ing the reaction temperature at 98°C. After hydrolyzed for
40 min, added appropriate amount of H,O, into the mixer
whose color changed to a bright yellow, and kept stirring
until there were no bubbles. Filter the production from the
mixture when it was still hot. The production was washed
to neutral with 5% HCI, ultra pure water and ethanol and
dried under 60°C in vacuum oven for 24 h. The GO was
obtained after grinded and sifted.

2.3. Preparation of GOCS and CS micro spheres

Certain amount of prepared GO was dispersed into
100 ml 2% (v/v) acetic acid solution. Various concentra-
tion of GO suspension was obtained after ultrasonicated

for 30 min. 4.0 g chitosan was added into GO suspension
and stirred for 3 h. 120 ml liquid paraffin and a small
amount of span-80 were added to the graphene oxide/
chitosan mixture, while stirred vigorously for 1 h. Then
added 37.5 ml 40% formaldehyde for pre-cross linking,
and kept stirring for about 2 h. Followed on pouring the
mixture into a large amount of solution, in which the vol-
ume ratio of absolute ethanol and 10% NaOH was 1:1,
and stirred slowly for another 3 h. The pre-cross linked
GOCS micro spheres had been obtained after filtrated
and washed. Next, put the micro spheres into 350 ml 0.06
mol/L NaOH solution, added appropriate amount of
ECH, stirred slowly under 70°C for 3 h. The micro spheres
were immersed in 5% HCI for a whole night after fil-
trated. Then after washed and filtrated again, immersed
the micro spheres in 5% NaOH for several hours. Finally,
the production was dried in vacuum at 60°C after washed
several times by distilled water until the pH was close to
7. The CS micro spheres were prepared under the same
conditions without the addition of GO suspension and
used as controls.

2.4. Characterization

Grinded the micro spheres into powder, then mixed the
samples and KBr at the ratio of 1:100 (w/w). FTIR spec-
tra were recorded with KBr pellets on Nicolet-360 FT-IR
spectrometer. The images of materials were recorded with
a Nava 400 Nano scanning electron microscope (SEM)
(Philips, FEI Co., America) and a transmission electron
microscope (TEM)(Hitachi, H-9500, Japan). X-ray diffrac-
tion (XRD) measurement was conducted on a Rigaku D/
max-IIIA X-ray diffractometer using Cu Ko radiation (A =
0.1544 nm).

2.5. Batch experiments

The batch experiments adopted the method of static
adsorption. Measured 50 ml Cr (VI) solution of certain con-
centration into conical flask. 50 mg prepared CS and GOCS
micro spheres were added into the solution respectively
after adjusted the pH by using NaOH and HCI. Put the
conical flask on double multi-purpose speed oscillator with
200 rpm for desired time under room temperature. The con-
centration of Cr (VI) was detected by flam atomic absorp-
tion spectrophotometry (FAAS).

The removal rate (R) was calculated from Eq. (1).

R :%xmo% 1)

e

The adsorption capacity (Q) of micro spheres was calcu-
lated from Eq. (2).
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where C,, C, represent the concentration (mg/L) of Cr (VI)
before and after adsorption, respectively. V (L) is the vol-
ume (50 mL) of the solution, m (g) is the mass of the dry

adsorbent.
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3. Results and discussion
3.1. Characterization of the materials

3.1.1. Morphology of materials

Fig. 1 shows the transmission electron microscope
images of GO with different ultrasonic time. As can be
seen in Fig. 1a, the edges of GO have folds, which may
be appeared in the preparation for graphene oxide pro-
duction process, showing the state of superposition. This
may be due to the short of ultrasonic time and incomplete
exfoliation. According to Fig. 1b, there are still some of

193

the GO multilayer overlay when the ultrasonic time is 15
min. But compared with Fig. 1a, the stacked layer is evi-
dently decreased. From Figs. 1c and d, the GO appears
to be lamellar structure, the stack layers are less than the
formers. As well as the surface become smoother and thin-
ner. The multi-layer structure of GO indicated that the Van
der Waals’ force between the layer is large. And with the
increase of the ultrasonic time, the better peel effect is.

Fig. 2 is the SEM images of CS micro spheres and GOCS
micro spheres. As seen in the images, the CS micro spheres (a)
are spherical in shape and the particles are micron-size, which
is about 500 pm. The surface of the particles appears to be
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Fig. 2. SEM images of CS micro spheres(a) and GOCS micro spheres(b).
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smooth. The morphology of GOCS micro spheres (b) is similar
to that of CS micro spheres. GOCS micro spheres are spheri-
cal in shape with small spherule on the surface and the size is
about 500 pm. The SEM results showed that the morphology
of GOCS is more uniform and have good mono dispersity.

3.1.2. XRD analysis

The XRD patterns of graphite (a) and GO (b) are shown
in Fig. 3. As shown, the XRD patterns of graphite and GO are
different apparently. Graphite has a regular layered struc-
ture, a strong diffraction peak appears at 20 = 26.5°. Accord-
ing to the Bragg equation 2d sin6 = }, the layer spacing can be
calculated to be 0.34 nm. Compared with graphite, the peak
of GO at 26 = 26.5° has been disappeared totally. Instead, a
new diffraction peak appears at 20 = 10.7°. The layer spac-
ing can be calculated to be 0.82 nm, which is in accordance
with the previous report [20]. The change indicated that the
graphite had been completely converted to GO after a series
of oxidation reaction and ultrasonic treatment. According
to Wilson’s study [21], the reason why layer spacing of GO
is bigger than that of graphite is the graphite sheet formed
polar oxygen group in the process of strong oxidation, and
the hydrophilicity of the graphite oxide layer was enhanced
so that the water molecules were inserted into the graphite
oxide layer. The bigger layer spacing is benefit to the inter-
calation of small molecules and polymers.

3.1.2. FTIR analysis

Fig. 4 shows the FTIR spectra of GO, GOCS and CS.
As shown in Fig.4a, the predominant peaks at 1740 and
3444 cm™ correspond to C=O stretching vibrations of the
—-COOH groups and O-H stretching vibration, respectively.
(The peaks at 1645 cm™ correspond to C—C stretching mode
of the sp? carbon skeletal network) [22]. The FTIR spectra of
CS is shown in Fig. 4c, which is similar with what the liter-
ature recorded [23]. The broad adsorption peak at 3439 cm™
is the multiple absorption peaks overlapped by stretching
vibration of -NH,, N-H and O-H in chitosan. The peak
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Fig. 3. XRD patterns of graphite (a) and GO (b).

around 1072 cm™ is the adsorption peak of C,-OH at C, of
chitosan. The peak of amide band appeared at 1643 cm™.
Fig. 4b is the FTIR spectra of GOCS components. As can be
seen from the graph, there are similarities among GOCS,
CS and GO, but slightly different. The peak at 3438 cm™!
is the adsorption peak overlapped by -NH,, N-H, O-H in
CS and O-H in GO. The peak at 1645 cm™ is the stretching
vibration of C=C in GO. The intensity of these peaks were
significantly blue shift than that of GO, due to the existence
of hydrogen bonds between CS and GO.

3.2. Factors that affect the Cr (V1) adsorption
3.2.1 Effect of GO concentration on adsorption capacity

4.0 g chitosan was added into a series of 100 mL graphene
oxide suspension, which concentration is 0, 0.25 g/L, 0.5
g/L, 1.0 g/L, 2.0 g/L, 3.0 g/L, respectively, to prepare the
GOCS micro spheres. So that the mass ratio of GO and CS
was 0, 0.025:4, 0.05:4, 0.1:4, 0.1:2, 0.3:4, respectively. Adsorp-
tion experiments were conducted by adding 0.05 g of GOCS
micro spheres into 50 mL Cr (VI) solutions whose pH was
adjusted to about 5 in conical flasks and shake for 180 min
at 200 rpm.

As shown in Fig. 5, the adsorption capacity of CS micro
spheres was 71.41 mg/g. With the addition of GO, the
adsorption capacity of GOCS micro spheres was signifi-
cantly higher than that of CS micro spheres. When the GO
concentration reached 1.0 g/L (the mass ratio of GO and
CS was 0.1:4), the adsorption capacity was 90.68 mg/g.
With further increasing the GO concentration, the adsorp-
tion capacity of GOCS was decreased gradually. Chitosan
intercalated into graphene oxide along with the addition
of GO, the combination of two substances presented new
properties, such as the increase of the surface area, which
result in the adsorption capacity increasing. While the GO
concentration increased beyond 1.0 g/L, the content of CS
on GOCS micro spheres is decreased relatively. The reduc-
tion of amino led to the decrease of adsorption capacity,
since the amino groups on CS play an important role in
adsorbing.
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Fig. 4. FTIR spectra of GO (a), GOCS micro spheres (b) and CS
micro spheres (c).
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Fig. 5. Effect of GO concentration on adsorption capacity.

3.2.2. Effect of pH on adsorption capacity

The pH is the most important factor affecting the
adsorption process. Since the radius of hydrolyzed cation
and the charge of the adsorbent surface will be changed
along with the change of pH. To investigate the effect of
pH on the adsorption performance, the initial pH val-
ues was adjusted from 2.0 to 5.0 by 0.1 mol L HCI or
0.1 mol L' NaOH solutions. As Fig. 6 shows, when the
pH was between 2.0 and 3.0, the adsorption capacities
of two materials were increased with pH increasing. But
when the pH was between 3.0 and 5.0, the tendencies of
two materials were different. The adsorption capacity of
GOCS was tending towards stability with pH increasing.
It reached the maximum value (88.53 mg/g) at pH 5.0.
While the adsorption capacity of CS was decreased with
pH increasing. The surface charge of the adsorbent was
strongly affected by the pH of the aqueous solutions [24]
The -NH, of chitosan can be combined with H*, and exist
the following balance:

H*+RNH, = RNH,"

This behavior will enhance the electrostatic attraction
of anions, and increasing the adsorption capacity of Cr(VI),
which exists in anionic forms including Cr,0,*, HCrO,,
CrO 42’, and HCr,O, in aqueous medium, and the fraction is
depend on chromium concentration and pH [25]. With the
increase of pH, H* in the solution was decreased. According
to the equilibrium, the formation of RNH, * from amino in
chitosan by protonation was inhibited. This may weaken
the electrostatic attraction of chitosan micro spheres, and
more and more hydroxyl ions competed with the target
ions, which caused the decrease in the adsorption capac-
ity. It is obvious that GOCS performed a better adsorption
property in a wide range of pH.

3.2.3. Effect of contact time on adsorption capacity

Contact time studies are helpful in understanding the
amount of target ions adsorbed at various time by a fixed
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Fig. 6. The effect of pH on adsorption capacity.
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Fig. 7. The effect of contact time on adsorption capacity.

amount of the adsorbent. To investigate the effect of contact
time on adsorption of Cr (VI), 0.05 g adsorbent and 50 mL
Cr (VI) solution (initial concentration 400 mg L™) were used
and the results are shown in Fig. 7.

As shown, it distinctly indicates that the adsorption
of GOCS was a rapid process in the first 15 min, then fol-
lowed by a slow process until attained equilibrium. But for
CS micro spheres, the rapid adsorption process was at first
60 min, then followed by a slow adsorption process. At the
initial stage of adsorption, a large number of vacant sur-
face sites are available, the target ions are easy to combine
with adsorption sites. As contact time goes on, the concen-
tration of Cr (VI) is decreased, and the remaining vacant
surface sites are difficult to be occupied due to repulsive
forces between Cr (VI) adsorbed on the surface of adsor-
bents and solution phase. As a consequence, the adsorption
rate slowed down, and achieved the dynamic equilibrium
finally. Under our experimental conditions, the maximal
adsorption capacity of CS and GOCS microspheres were
127.3 mg g and 192.8 mg g', respectively.
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3.2.4. Effect of initial concentration on adsorption capacity

The effect of the initial Cr(VI) concentration on adsorp-
tion capacity was carried out by vibrating 100 mL various
concentrations of Cr(VI) solution (100 mg/L, 200 mg/L,
300 mg/L, 400 mg/L and 500 mg/L) with 0.1 g adsorbent
at room temperature for 180 min. As shown in Fig. 8, when
the initial concentration of Cr(VI) increased from 100 to 500
mg L7, the adsorption capacity of CS and GOCS increased
from 67.92 to 129.94 mg g™ and 88.53 to 197.62 mg g7,
respectively. It can be seen that an increase in the initial
Cr (VI) concentration leads to an increase in mass gradient
between the solution and adsorbent, and thus acts as a driv-
ing force for overcoming the transfer resistance between the
adsorption medium and adsorbent [26]. With increasing of
the initial concentration, more active sites of CS and GOCS
involve in the adsorption process. Higher ions concentra-
tion not only enhanced the mass transfer driving force, but
also increased the number of collisions between metal ions
and the adsorbent. Therefore, the ions uptake capacity in
equilibrium is certainly increased [27,28].

3.3. Adsorption isotherm

Adsorption isotherm is a critical factor to assess whether
the adsorbents are effective and feasible. The relationship
between the Cr(VI) ions adsorbed by the adsorbent surface
and the remaining Cr(VI) ions concentration in the aque-
ous phase at equilibrium can be observed by adsorption
isotherm models. Two isotherm models, Langmuir and
Freundlich model, were applied to simulate the experimen-
tal data. Langmuir isothermal adsorption model assumes
that the adsorption is monolayer adsorption. When a site
is occupied by an adsorbate molecule, there is no more
adsorption take place at this site [29].

The equation of the Langmuir adsorption model is
shown in Eq. (3).

bC
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Fig. 8. The effect of initial concentration on adsorption capacity..

The linear equation of Eq. (3) was as follows:

G G, 1 4)

Q Q Qb

Langmuir adsorption constant R, (L mg™) is an import-
ant parameter to measure whether the adsorption system
is effective or not, which is related to the affinity of binding
sites. The value of the parameter R, indicates the type of iso-
therm is unfavorable (R, > 1), linear (R, = 1), favorable (0 <
R, <1), orirreversible (R, = 0) [30]. The formula is as Eq. (5).

R = L
1+bC,

©)

where the Q, (mg/§g) represents the equilibrium adsorption
capacity and Q,(mg/g) is the maximum adsorption capac-
ity of Cr (VI). C, (mg/L) is the equilibrium concentration of
Cr (VI) in aqueous solution. b (g/mg) is the Langmuir con-
stant related to the affinity of the binding sites. C, (mg/L)
is the initial concentration of Cr (VI) in aqueous solution.

Freundlich isothermal adsorption model assumes that
the adsorption is multi molecular layer adsorption, which
is purely empirical. Because the existing form of adsorption
sites and the adsorbed metal ions in the solution are vari-
ous.

The equation of the Freundlich adsorption model is
shown in Eq. (6).

1
Q. =kC! +C ©)

In order to calculating and fitting, Eq. (6) has a deforma-
tion equation as Eq. (7).

InQ, =Ink+ (%)lncg @)

where k is the Freundlich constant that is related to the
adsorption capacity, 1/n is the Freundlich constant that is
related to the adsorption intensity, C is the constant.

The calculated results are shown in Table 1, and the fit-
ted curve is shown in Fig. 9.
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Fig. 9. Adsorption isotherms of GOCS micro spheres.
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As shown in Table 1, the correlation coefficient R? of
Langmuir adsorption model and Freundlich adsorption
model of GOCS micro spheres is 0.9937 and 0.975, respec-
tively. The correlation coefficient R? of Langmuir model,
which is more than 0.99, is higher than that of Freundlich
model. It was obvious that the Langmuir model fitted
better than Freundlich model on adsorption of Cr (VI) on
GOCS. The theoretical maximum adsorption capacity of
GOCS micro spheres calculated by Langmuir equation
is 208.3 mg/g, and the experimental data (197.6 mg/g) is
almost reach the theoretical maximum adsorption capacity.
It may be attributed to the incomplete contact of Cr (VI)
and the adsorbent [30]. Thus, it can be proposed that the
sorption behavior of Cr (VI) onto GOCS is considered to be
representative of sorption onto a monolayer. Moreover, the
adsorption sites on the GOCS may be finite and homoge-
neously distributed over the adsorbent surface. The R, can
be calculated by Eq. (5), and the result is shown to be in the
ranges 0.045~0.192. According to the reference [4], when the
R, value is between 0 and 1, the adsorption process is con-
sidered to be favorable.

3.4. Kinetic studies

In order to investigate the adsorption kinetics of Cr(VI)
in aqueous solution by GOCS, the pseudo-first-order and
pseudo-second-order rate models were used for testing the
dynamic experimental data.

The pseudo-first-order rate expression of Lagergren [31]
is as Eq. (8).

49y
1

dt (Qe _Qt) (8)

The rearranged form of Eq. (8) is

In(Q,-Q,)=1InQ, -kt /2.303 )

The pseudo-second-order rate model is as Eq. (10).

LA S (10)
Ql kZQe Qe
Table 1
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where Q is on behalf of equilibrium adsorption capacity
(mg g') of adsorbent, Q, is representative of adsorption
capacity (mg g™) of adsorbent when time is t. k, and k, are
the constant (g (mg-min)™) of first-order rate model and sec-
ond-order rate model, respectively.

According to the data in Fig. 7 and the equation men-
tioned above, the fitting results are shown in Table 2. As
seen in Table 2, the correlation coefficient of second-or-
der rate model of two materials is 0.9921 and 0.9965. The
correlation coefficient of first-order rate model of two
materials is 0.9767 and 0.9933, respectively. But the theo-
retical equilibrium adsorption capacity of CS and GOCS
are 151.5 mg/g and 204.1 mg/g, calculated by pseudo-sec-
ond-order model, which are close to the experimental data.
Although two types of kinetic model are all fit well with
the adsorption process, the pseudo-second-order model is
a better descriptor of the adsorption process, indicating a
chemisorption process. The rate constant of second-order
adsorption model of CS is 0.22 x 10 g (mg-min)™, which
is lower than that of GOCS (0.47 x 107 g (mg-min)™). It can
be concluded that the initial rate of adsorption on GOCS is
faster than that of CS.

3.5. The regenerative adsorption property of GOCS

For practical application, recycling and regeneration of
the adsorbent is indispensable. It can not only recover the
metal resource removed from the wastewater, but also lead
to reusability of the adsorbent. The regeneration ability of
an adsorbent makes the adsorption process more economic
and applicable [32]. 0.5 mol/L NaOH and 0.1 mol/L HCl
were used to treat GOCS which has adsorbed Cr (V1) for the
removal of the adsorbed ions. Fig. 10 shows the adsorption
capacity of GOCS and the removal efficiency of Cr (VI) after
using the same GOCS for five times. It is shown that the
adsorption capacity of Cr (VI) on the adsorbents decreased
slowly with increasing cycle number. The initial adsorp-
tion capacity of GOCS was 88.53 mg/g. After regeneration
and reused for five times, the adsorption capacity of GOCS
was 85.74 mg/g, 80.21 mg/g, 7542 mg/g and 68.25 mg/g,
respectively. It is found that the adsorption capacity remains
77.1% of initial value at fifth cycle. The slight adsorption

Adsorption isotherm parameters of GOCS microspheres and CS microspheres

Adsorption Freundlich adsorption model Langmuir adsorption model

Materials n K R? q B R? R,

cs 3.652 26.48 0.9936 144.9 0.021 0.9953 0.087~0.322

GOCSs 4.101 50.66 0975 208.3 0.042 0.9937 0.045~0.192
Table 2

The fitting conditions of adsorption of Cr(VI) on GOCS and CS

Adsorbents Adsorption capacity  First-order kinetics Second-order kinetics

qu(axp) (mg/g) Kl qe(m/) (mg/g) RZ KZ qe(cn/) (mg/g) RZ
Cs 144.9 0.0412 115.5 0.9767 0.22x10° 151.5 0.9921
GOCs 208.3 0.0502 103.1 0.9933 0.47x10°2 204.1 0.9965
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Fig. 10. The histogram of reusing of GOCS micro spheres.

capacity decrease may be due to the Cr (VI) adsorbed on
GOCS cannot be completely desorbed and the active sites of
GOCS were decreased. In summary, GOCS prepared in this
work can be used repeatedly as an advanced adsorbent for
practical treatment of Cr(VI) in wastewater.

4. Conclusions

The GO and GOCS micro spheres for removal of
hexavalent chromium were successfully prepared and
characterized by FI-IR, XRD, SEM and TEM. The GOCS
micro spheres had a laudable performance for Cr (VI)
adsorption. The maximum adsorption capacity of Cr (VI)
was 208.3 mg g™ based on Langmuir isotherm model. The
results demonstrate that the adsorption process is depen-
dent on pH, initial solution concentration, contract time
and adsorbent dosage. .Langmuir isotherm was the most
suitable adsorption isotherm for Cr(VI) sorption, and
pseudo-second-order kinetic model was the most suitable
kinetic model for the adsorption of Cr(VI) on GOCS micro
spheres.
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