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Adsorption Performance of MoS2 Nano-rod by Combined with Graphene
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The rod-like nano-MoS2/graphene oxide (GO) nanocomposite was fabricated by a facile hydrothermal method, which was
characterized by X-ray diffraction (XRD), scanning electron microscope (SEM) and N2 adsorption—desorption isotherms,
respectively. It was used as adsorbent to remove heavy metal contaminate, such as Cr(V1), from aqueous solution. The
investigations on adsorption kinetics and isotherms showed that the pseudo-second-order kinetic and Langmuir isotherm
model could well fit the experimental data. The adsorption rate was controlled by both exterior and interior surface
diffusion steps. Further investigations on the activation energy and thermodynamics of the adsorption process elucidated
that the Cr(VI) adsorption on MoS2/GO was an endothermic and spontaneous chemi-sorption process. The maximum
adsorption capacity was 43.95 mg-g* and the adsorption efficiency of Cr(VI) was enhanced significantly with the
coexistence of organic contamination. After recycling five times, the decline of adsorption capacity of MoS2/GO was no
more than 8.0 %, which indicated that the adsorbents could be reused in Cr(VI) removal practically. The MoS2/GO
nanocomposite has been proved to be a low-cost, efficient and promising adsorbent used for heavy metal ions removal

from wastewater.
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1. INTRODUCTION

The environmental pollutions have been eliciting
numerous concerns, which are closely related to daily
lives as well as directly determined the safety of human
survive. The heavy metal contaminant, such as
chromium, has brought a serious threat to the ecological
environment and to human survival. It has become an
urgent problem to solve heavy metal contaminant [1].
The stable oxidation states of chromium exist in nature
include Cr(I11) and Cr(VI). And Cr(VI) is highly toxic
and carcinogenic to living organisms. According to the
report from World Health Organization(WHO), the
maximum allowable content for Cr(V1) discharges into
inland surface waters was at the level of 0.1 mg-L™* [2].
Therefore it has been most important to remove Cr(VI)
from the contaminated water environment. At present,
some physical and chemical methods, such as
adsorption, ion exchange, dialysis, precipitation and
extraction, have been used to remove Cr(VI) from
wastewater [3]. Among these methods, adsorption is
one of the most economically favorable and effective
technology. And the properties of adsorbent influenced
on the adsorption removal efficiency significantly [4].
Therefore, it is an urgent task to find adsorbents with

excellent properties to improve the adsorption
efficiency for heavy metal contaminant from
wastewater. Molybdenum disulfide (MoS;) is a

representative transition metal dichalcogenide with a
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layered structure composed of three stacked atom layers
(S-Mo-S) similar sandwich, which holds strong
covalent bonding between Mo-S atomic but weak van
der Waals attraction between lattice layers [5]. Up to
date, nano-MoS; has attracted tremendous attention
owing to its unique triangular prismatic structure, large
surface area, high surface activity and electron-
transport property. The investigation on nano-MoS; has
found that Mo edge-site atoms became chemically
active without the protection from the inert basal planes
of MoS; when its size decreased to nanoscale [6]. MoS;
with different morphologies have been reported for
electrochemical and electrode material, catalysis, such
as nanoplates, nanoflakes, nanotubes and nanoflower
[7]. However, its potential application in the important
area of environmental cleanup has not yet been
effectively explored. And there are few reports on its
adsorption properties of MoS;. Nanostructured MoS;
has been used as a regenerative adsorbent for efficient
removal of dyes from wastewater [8]. M0S; nanosheets
with widened interlayer spacing exhibited high
efficiency removal of mercury in aquatic systems
[9].The inherent stacking nature among MoS; layers
seriously limits the amount of exposed active sites. In
order to improve its activity, it is of great importance to
increase the exposed active sites and prevent the
stacking and aggregation of MoS; layers [10]. Reduced
graphene oxide (RGO) could preventrestacking of
MoS, layer, resulting in mesoporous structure,



whichenhanced adsorption effect [11]. After
polyaniline-modified 3D flower-like MoS; can be
applied in efficient adsorption removing Cr(VI1) ions
from an aqueous solution [12].

Owing to its outstanding electronic behavior, large
surface area and superior chemical stability, graphene,
the thinnest two-dimensional carbon nanomaterial, has
attracted more and more attention in recent years [13].
After oxidized to graphene oxide (GO), not only the
interlayer spacing became larger but also the functional
groups on the surface of GO increased, which brought
much more active sites. Few-layered graphene oxide
nanosheets were used as superior sorbents for the
removal of Cd(Il) and Co(ll) ions from aqueous
solutions [14]. It has been reported that Pb(ll) ion
adsorption performance of few-layered graphene oxide
was increased greatly by abundant oxygen-containing
groups on its surface [15]. It has revealed that GO
played a significant role in promoting the adsorption
efficiency of heavy metal ions and degradation of
organic dyes for the graphene-based adsorbents
[16, 17]. Therefore, as a novel adsorbent, M0S,/GO
composites consisting of nano-MoS; layer with a 2D
layer might have great significance and potential
applications in removal of heavy metal ions from
wastewater. However, to the best of our knowledge,
there were few reports on the application of M0oS,/GO
nanocomposite as a high efficient adsorbent for heavy
metal removal.

In this work, rod-like nano-MoS,/GO has been
fabricated by a facile hydrothermal synthesis. The product
was characterized by X-ray diffraction (XRD), scanning
electron microscopy (SEM) and N2 adsorption-desorption
isotherm (BET). Batch experiments were carried out to
investigate the adsorption performance of nano-MoS,/GO
nanocomposites. The investigation on the adsorption
kinetics, thermodynamics and isotherm were carried out to
study the possible mechanism of Cr(VI1) adsorption on the
surface of nano-MoS,/GO adsorbent. Furthermore, the
sorption/desorption and reusability of the adsorbent was
explored to its sustainability.

2. EXPERIMENTAL
2.1. Materials

All chemicals and reagents used in the experiments
were analytical grade and used without further
purification. Ultrapure water was used in the whole
experiments. Sodium molybdate dehydrate
(NazMo004-2H,0) and graphite powder were purchased
from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Thioacetamide (CH3sCSNH;) was
commercially available from Tianjin Guangfu Fine
Chemical Research Institute. Citric acid (CsHgO7-H20)
was supplied by Yantai Sanhe Chemical Reagent Co.,
Ltd. The graphene used in this work was synthesized by
modified Hummer method [18].

2.2. Synthesis of absorbents

In this work, Mo0S2/GO nanocomposite was
synthesized via a simple one-step hydrothermal
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method. In a typical synthesis, a certain amount of
graphite powder (ca. 20 mg) were dissolved in 30 mL
ultrapure water to form dark gray suspension, which
was then put under ultrasonic treatment for 1 h. Certain
amounts of Na;Mo00O4-2H>0 (0.50 g) and CHsCSNH
(ca. 0.80 g) were used as Mo and S sources, and added
into above suspension, respectively. The suspension
was stirred magnetically for about 30 min at speed of
1000 rpm until forming a homogeneous brown
solution. A certain amount of citric acid (ca. 0.21 g) was
added to the foregoing mixed solution with continuing
stir to enhance its dispersion. After being magnetically
stirred for 20 min, the obtained suspension was
transferred to a 50 ml Teflon-lined stainless steel
autoclave and maintained at 220 °C for 24 h. After
cooling to the ambient temperature naturally, a black
curd-like precipitate was collected and washed with
ultrapure water three times firstly, and then washed
with absolute alcohol three times, finally dried in an
oven at 333 K overnight to obtain the product. The
experimental process was represented in the schematic
diagram below.

2.3. Characterization

A scanning electron microscope JSM-6300 (JEOL Ltd,
Japan) was used to investigate the surface morphology of
the sample under the specified conditions of 20 keV, 16 mm
working distance, and 5000 magnification. In addition, the
quantitative element identification was carried out by
Energy Dispersive Spectroscopy (EDS). The crystalline
phase of the powders was examined by X-ray diffraction
(XRD), which was carried out on a Bruker D8 advance X-
ray diffractometer equipped with graphite
monochromatized Cu Ko radiation (A= 1.54056 A)
operated at 45 kV and 40 mA. The Ny-based Brunauer-
Emmett-Teller (BET) surface area of products was
determined at 77 K by the surface area analyzer (ASAP
2020 V4.01) with low pressure dose 10.000 cm®/g STP and
equilibration interval 30 s. Infrared (IR) spectroscopy was
recorded on a Fourier transform infrared spectroscopy
(FTIR) spectrometer (Nicolet 1S10) and only major peaks
are reported in inverse centimeters. Malvern Zetasizer Nano
(ZS90) was used to determinate the particle size and
dispersion of the adsorbent. And the concentration of the
residual Cr(VI) in the adsorption process was measured
using an atomic absorption spectrophotometer (TAS-987,
Beijing Purkinje General Instrument Co., Ltd., China).

2.4. Adsorption experiments

The adsorptive performance of MoS,/GO for
Cr(VI) removal from aqueous solution was evaluated.
The adsorption experimental procedure is shown in
Fig. 1. The product was filled and fixed in a glass
column. The Cr(VI) solution was introduced into the
column through the peristaltic pump from the bottom
the column. Cr(VI) was adsorbed on the adsorbent after
the solution flew through column. At predetermined
time intervals, 1.5 mL of aqueous suspension was taken
from the flask, centrifuged and filtered through a
0.45 pm millipore filter to determine the concentration
of Cr(VI). And the concentration of the residual Cr(VI)



in the adsorption process was measured using a UV-vis
spectrophotometer with the wavelength at 540 nm by
diphenylcarbazine method.
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Fig. 1. Experimental procedure

The removal efficiency (R) and the amount of
Cr(V1) adsorbed on the MoS,/GO at equilibrium are
calculated from the Eq. 1 and Eq. 2:
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The amount of adsorbed Cr(VI) at any time t was
calculated according to the Eq. 3:
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where Co represents the concentration of Cr(VI) (mg-L™?) at
initial time, C; is the concentration at any time (t) and Ce
denotes the concentration at equilibrium, respectively;
ge (Mmg-g*) and g: (mg-g™*) mean the equilibrium absorption
capacity and the adsorption capacity of adsorbent at time t,
individually; V(L) and m (g) are the volume of the solutions
and the mass of adsorbent.

3. RESULTS AND DISCUSSION

3.1. XRD analysis

The measured XRD patterns of MoS,and MoS,/GO
are displayed in Fig. 2. There was one characteristic
diffraction peak (14.38°) in XRD of MoS;, which
corresponded to the (002) plane of hexagonal MoS;
(JCPDS#73-1508). And the weak peaks of 32.80° and
58.56° could be indexed to the (100) and (110) planes
of MoS;. The typical diffraction peaks of MoS,/GO at
20 =14.38°, 32.80°, 33.6°, 39.65° and 58.56°
correspond to (002), (100), (101), (103) and (110)
planes of the standard card of MoS,, respectively.
Compared to that of MoS,, there appeared a peak near
the significant characteristic peak lied at 14.38°, which
indicated the layer spacing of MoS; was enlarged by the
combining of GO. The significant characteristic peak
lied at 14.38° changed hardly, which meant GO
combination had not affected the crystallinity of
MoS,/GO. There appeared a characteristic peak, located at
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13.3°, which indexed to GO (001). The measure of the
diffraction peak might be error caused by instrument
condition. The deviation of the diffraction peak might be
caused by the working conditions of instrument.
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Fig. 2. XRD patterns for the MoSz and MoS2/GO composites
3.2. SEM analysis

The scanning electron microscope (SEM) was
adopted to investigate the surface morphology and
particles distribution of the product. As shown in
Fig.3a, M0S,/GO showed stacked structure contained
by some local networks, which linked nanorods
together. The local networks were thin layers, which
might be considered as GO sheets. In order to confirm
the chemical composition of the as-prepared structures,
energy dispersive spectrometer (EDS) was taken at a
number of selected positions of the sample. The
elemental signatures of Mo, S, C and O were observed
from Fig. 3 b, which elucidated that GO was hybridized
into the composite. The atomic ratio of Mo, S, C and O
on a typical selected surface was 0.84:2.69:67.82:28.65.

Fig. 3. a—SEM; b—EDS of Mo0S2/GO composites
3.3. IR analysis

The FTIR spectrum of MoS,/GO is shown in Fig. 4.
Obviously, all the characteristic peaks appeared in the
spectra reflect the possible existence of functional groups.
The broad strong absorption peak at 3436 cm
corresponded to O-H vibration. The peak appeared at
1630 cm® was indexed to the bending vibration absorption
peak of C-OH. The peak at 1400 cm™* was derived from the
C-C stretching vibration of the graphene skeleton. The
adsorption peak at 1114 cm™* was the vibration of C-O-C.
It indicated there were at least three functional groups, such
as —OH, —COOH and C-O-C, existed in graphene oxide
sample. The weak peak of 1217, 1140 and 1064 cm* might



belong to C-O vibration. The fingerprints from 590
657 cm™* might character the vibration of Mo-O bond.
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Fig. 4. The FTIR spectrum of M0S2/GO
3.4. N, adsorption—desorption analysis

The specific surface area and pore size of the
prepared MoS,/GO were measured by the Brunauer-
Emmet-Teller (BET) method. The N2 adsorption-
desorption isotherm curves of MoS; and MoS,/GO are
presented in Fig. 5, which showed that the hysteresis loop
appeared in the adsorption/desorption process. With regard
to the MoS,, the typical hysteresis loop and sharp increase
in N adsorption at the larger P/PO (>0.5) arise from
condensation of N in the larger pores. The pore size
distributions were determined wusing the BJH
conventional method. The calculated specific surface
area of MoS,/GO based on BET data was 4.58 m?/g
with an average pore size of 11.28 nm. While for MoS;,
the data were 1.54 m?/g and 11.12 nm respectively. The
specific surface area of Mo0S,/GO was three times
higher than that of pure MoS;, which was attributed to
the hybridization of GO. It might exhibit excellent
adsorptive performance for the adsorption removal of
heavy metal ions.
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Fig. 5. N2 adsorption-desorption isotherm curve of MoS; and
MoS2/GO nanocomposites

3.5. Adsorption capacities

Adsorption experiments were carried out by adding
0.20g of Mo0S,/GO adsorbent to 100 mL Cr(VI)
solution at ambient temperature (25 °C). The effect of
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contact time on the adsorption capacity of GO, MoS;
and MoS,/GO for Cr(VI) at various initial
concentrations (25, 50, 75, 100, 125 mg/L) in aqueous
solution were presented in Fig. 6. As depicted in the
Fig. 6, the adsorption capacities increased quickly at the
initial period of the adsorptive process, then increased
slowly to reach the plateau. It indicated that the
adsorption performance of MoS,/GO was much more
than those of both GO and MoS;.

g, mgg*

150
t,min

Fig. 6. The adsorption capacities of GO, MoS2 and MoS./GO for
Cr(V1) with various initial concentrations

Due to the properties of pore structure and specific
surface area, there were abundant available active sites
on the surface of M0S,/GO, which led to the fact that
Cr(V1) was rapidly absorbed on MoS,/GO at the initial
stage of adsorption.After a period of reaction, since the
adsorption sites gradually reached saturation, the
adsorption rate decreases before reaching the
adsorption equilibrium [19]. The adsorptive rate varied
with different initial concentrations. The smaller initial
concentration was, the shorter time to reach the
equilibrium, which was attributed to the effect of
concentration. It reached equilibrium in no more than
100 min when the initial concentration was 25 mg-L™,
while it exhausted about 200 min to reach equilibrium
when the concentration increased to 125 mg-L™?. The
experimental result showed that the adsorption capacity
at equilibrium (ge) increased from 13.37 to 40.96 mg-g
! when the initial concentration enhanced from
25mg-L*to 125 mg-L*.

3.6. Adsorption kinetics

The pseudo-first-order and pseudo-second-order
kinetic models and the intra-particle diffusion kinetic
model were investigated to understand the adsorptive
behaviour of Cr(VI) adsorption on the surface of
MoS,/GO [20]. The pseudo-first-order kinetic model is
expressed in linear form as the following equation:

k
log(q, —q,)=logq, -——t - (4)
9(0. ~a) =logq. - ——-=
The pseudo-second-order Kkinetic model is
presented in Eq. 5:
t_ 1.t (5)
G k0. Q.



where ge (Mmg-g?) and q: (mg-g*) are the adsorption
capacities at equilibrium and at any time t, ki (min?)
and k2 (g-mg*-min?) is the rate constant for pseudo-
first-order and pseudo-second-order respectively. The
values of ki and k, can be determined from the slope of
the linear plot of log(ge-q:) versus t (Fig. 7 a) and t/q:
versus t (Fig. 7 b), respectively.
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Fig. 7. a—pseudo-first-order  kinetics; b-pseudo-second-order
kinetics for adsorption of Cr(VI) on MoS2/GO

The Kkinetics constants of Cr(VI) adsorption on
MoS,/GO are summarized in Table 1. It indicated that
the kinetic rate constants (ki, ko) decreased with initial
concentration increased.  The  larger initial
concentration of Cr(VI) was, the more time to reach
adsorption equilibrium spent.

Here, geca @and Qeexp indicated the theoretical value
of adsorption capacity at the equilibrium and the
corresponding experimental value individually. It
implied that pseudo-first-order model could not
describe the whole adsorption process accurately from
Fig. 7. The correlation coefficients (R?) of pseudo-
second-order kinetic model of various concentrations
were all higher than those of the pseudo-first-order
kinetic model, as presented in Tablel. And
significantly, the calculated values (Qecal) Were very
closer to experimental values (Qeexp), confirming the
applicability of pseudo-second-order model to describe
the whole adsorption process on Cr(VI) on the

MoS,/GO. Since the Cr(VI) adsorption on MoS,/GO fit
with the pseudo-second-order Kkinetic model, the
adsorption process appeared to be controlled by
chemisorption involving valence force through sharing
or exchanging of electrons between adsorbate and
adsorbent.

To further understand the adsorption process and
the possible mechanism of Cr(VI) adsorption onto
MoS,/GO, the intra-particle diffusion model was
applied to analyse and simulate the experimental data.
The intra-particle diffusion kinetic model was an
empirically functional formula based on the theory or
equation confirmed by Weber and Morris, which was
applied to most adsorption processes. The rate
parameter for intra-particle diffusion was determined
by the following equation:

(6)

where Kkgi is the intra-particle diffusion rate constant
(g-mgt-min*?), the thickness of the boundary layer can
be explained based on the values of C;, the larger the
intercept is, the greater the boundary layer effect is. The
adsorbate uptaking varies almost proportionally with
t2 rather than with the contact time t. kg and Ci can be
calculated from the intercept and slope of the straight-
line plot of g versus t*2 (Fig. 8), respectively.

g =Kt +C,,

45

20

Fig. 8. The intra-particle diffusion kinetics of M0S2/GO

If the regression of q; ver t¥2 is linear and
passthrough the origin zero point, then intra-particle
diffusion is regarded as only the rate-controlling step.

If the plot shows multi-linearity, this suggests that
adsorption involves intra-particle diffusion, but also be
governed by film diffusion [21]. As shown in the Fig. 8,
the curves generally exhibited three-linearity, implying
there were three steps in the adsorption process.

Table 1. Pseudo-first-order and pseudo-second-order kinetic constants of Cr(V1) adsorption on MoS2/GO

Co, mg-L? Qoop, MGG Pseudo-firsF-order Pseudo-seco_nd-order
’ s Qe.cal, Mg-g* ki, min—? R2 Qe.cal, Mg-g* k2, min~1) R?
25 13.37 4.30 0.0283 0.9432 14.03 0.0126 0.9997
50 24.82 16.58 0.0256 0.9862 26.78 0.00251 0.9989
75 32.72 21.79 0.0116 0.9954 35.65 0.00086 0.9984
100 39.29 24.06 0.0114 0.9902 42.19 0.00084 0.9989
125 40.96 26.84 0.0109 0.9828 43.92 0.00065 0.9989
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Table 2. Intra-particle diffusion kinetics constants of Cr(V1) adsorption on MoS2/GO nanomaterials

Sample ki, g-mg*-min-t k2, g:mg*-min-t ks, g-mg*-min-t R1? R2? Rs?
50 1.633 0.6624 0.00345 0.9932 0.8697 0.9759
75 2.688 1.185 0.6525 0.9979 0.9617 0.9654
100 2.454 1.145 0.7088 0.9778 0.9939 0.9368
125 2.6157 1.352 0.4579 0.9629 0.9553 0.9556

The slopes of three stages were listed in Table 2 and c ¢ 1

the values of kg determined the adsorption speed. kqa, q—e= . e - )
e max L Mimax

ka2, Kaz were the rate parameters of the exterior surface
diffusion, interior pore diffusion and the final
equilibrium stage, respectively. Since these straight
lines did not pass through the original zero point, the
intra-particle diffusion of Cr(VI) adsorption on
MoS,/GO was not the only rate-controlling step. The
first section of the linear with the fastest adsorption
speed might be in the result of the film diffusion, in
which Cr(VI) transported from the bulk solution to the
external surface of MoS2/GO. Those active sites
distributed on the external surface were sufficient to
combine and integrate Cr(V1) on MoS,/GO. The second
linear region represented the pore diffusion, the active
sites on the surface of Mo0S,/GO were successively
occupied and Cr(VI1) diffused from surface into pore of
MoS,/GO, which was gradually slow and assumed to
be the rate-determining step in intra-particle diffusion.
The last linear portion described the adsorption
equilibrium stage, in which the adsorption sites in both
surface and pores of Mo0S,/GO have been almost
completely occupied. In this stage, the adsorption speed
hardly changed and became a constant value. That was
to say, the adsorption reached saturation gradually. The
kai values followed the order of Kgir > Kgiz > Kgiz, which
indicated that the amount of Cr(V1) in solution reduced
with the adsorption speed slowed down gradually until
adsorption equilibrium reached. This might be caused
by strong concentration effect of Cr(VI) in its
adsorption on MoS,/GO, which conformed the effect of
concentration elucidated in the above section.

3.7. Adsorption isotherms

Since it gives information about the interactions
between adsorbate and adsorbent, fitting experimental
data to appropriate isotherm model is necessary in this
investigation. The experimental data with initial
concentrations varied from 25 to 125 mg-L* were fitted
with three basic adsorption isotherm models (Langmuir,
Freundlich and Temkin) tocalculate the maximum
adsorption capacity.

3.7.1. Langmuir isotherm

Langmuir isotherm model assumes that a
monomolecular layer sorption on homogeneous surface
of the adsorbent. And the binding strength of adsorption
on a solid surface is same as the binding site, no
interaction between the sorbent molecules is found.
What’s more, each adsorption sites can only
accommodate an adsorbate molecule,and an adsorption
sitedoesn’t produce adsorption again when adsorbate
molecule occupies the site [22]. The Langmuir isotherm
can be represented as follows:

25

where C. is the concentration of Cr(VI) (mg-L?) at
equilibrium, ge and gmax (Mg-g*) are the absorption
capacity at equilibrium and the maximum adsorption
capacity for monolayer formation on adsorbent,
respectively; k. (L-mg?) is the Langmuir constant
related to the maximum adsorption capacity and the
energy of adsorption. The values of gmax and k. can be
estimated via the slope and intercept of the linear plot
of Ce/qe versus Ce, as shown in Fig. 9 a.
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Fig. 9. a—Langmuir; b-Freundlich; c¢-Temkin

isotherm for Cr(VI) on MoS2/GO
3.7.2. Freundlich isotherm

adsorption

Freundlich isotherm model is an empirical model
which assumes that sorption takes place on a
heterogeneous surface and active sites with varied
energies, not restricted to monolayer sorption alone but



also be applied multilayer adsorption. The linear form
of the Freundlich isotherm model is described as Eq. 8:
Ing,=In KF+%InCev (8)
where Ke (mg-g*(L-mg™)¥") and n are Freundlich
constants affecting the adsorption capacity and
adsorption intensity respectively. By the plot of Inge
against InCe, the values of Ke and 1/n could be obtained
from the intercept and slope of the liner, as shown in
Fig. 9 b, respectively. The value of 1/n ranges between
0 and 1 and was an empirical parameter related to the
adsorption intensity or surface heterogeneity [23],n > 1

represent easier adsorption and favourable adsorption
condition.

3.7.3. Temkin isotherm

Temkin isotherm model is the model taking into
account the effects of indirect adsorption interaction and
adsorption substances on adsorption isotherms depended on
the assumptions as following: first of all, the adsorptive heat
ofall the molecules in the layer decreases linearly with
increasing surface coverage as result of adsorbent/adsorbate
interactions rather than logarithmic as implied in Freundlich
isotherm [24], secondly, bounding energies are distributed
uniformly up to some maximum bonding energy. The
Temkin model is expressed in linear form using the
following equation:

0. =BInK, +BInC,, 9)
where, K; (L-g?) is the equilibrium binding constant
corresponding to the maximum binding energy and B is
related to the heat of adsorption. The isotherm constants
could be determined from a straight line of the qe versus
InC,, and the value of K; and B might be evaluated from
the slope and intercept or the straight line, as shown in
Fig. 9 c.

All the various isotherm parameters for Cr(VI)
adsorption onto Mo0S,/GO are summarized in Table 3.
As presented in Table 3, the correlation coefficient R?
of Langmuir isotherm was higher than both that of
Freundlich isotherm and that of Temkin isotherm,
which confirmed that Langmuir isotherm was the most
appropriate model to fit the experimental data for
Cr(VI1) adsorption on Mo0S,/GO. It illustrates that
Cr(VI) adsorption on MoS,/GO, which took place at
specific homogeneous sites, was monolayer bonding
process. The maximum adsorption capacity of Cr(VI)
adsorption on Mo0S,/GO was calculated to be
43.95 mg-g* according to the Langmuir model. And
according to Freundlich isotherm model, the values of
n were greater than 1 which implied a strong interaction
between Cr (VI) and MoS,/GO, and the sorption was a
favourable process.

Table 3. The constants of adsorption isotherms

3.8. Adsorption thermodynamics

The activation energy (Ez) is the minimum energy
required to overcome for the adsorptive reaction to
occur [25]. The higher value of E, indicated that the
driving force need to be overcome between the
adsorbent and adsorbate will be greater in the
adsorption process. In addition, E, is also a judgment to
determine the adsorption type, whether physic-sorption
or chemic-sorption. Weak van der Waals forces are
responsible in case of physical adsorption and its
activation energy is below 4.18 kJ-mol! [26]. However,
when the value of E, is more than 4.18 kJ-mol?, which
might be an index of chemical adsorption or reduction
reactions. The Arrhenius equation gives the quantitative
basis of the relationship between the activation energy
and the rate at which a reaction proceeds, which is
expressed by Eq. 10:

Ea

|I’1 k2:|n A— ’ (10)
RT

where, E, (kJ-mol?) is the activation energy, k» is the
pseudo-second Kinetic rate constants at different
temperatures, A is  Arrhenius  factor, R
(8.314 J-mol?*-K1) is the gas constant and T(K) is the
absolute temperature. E, could be obtained from the
slope of the linear plots of Ink, versus 1/T, as shown in
Fig. 10.

000325 0.00330  0.00335

UT, K*

0.00315  0.00320

Fig. 10. Plot of Inkz versus 1/T for Cr(V1) adsorption on M0S2/GO

The calculated value of E, for the adsorption of
Cr(VIl) on MoS,/GO was to be approximately
38.5 kJ-mol?, which was more than 4.18 kJ-mol*,
indicating that the process might be an activated
chemical adsorption.

It is meaningful to comprehend the adsorption
mechanism and determine whether the process of
Cr(VI) adsorption on MoS,/GO is spontaneous or not
via thermodynamic analysis.

Langmuir Freundlich Temkin
Qmax, Mg-g? Ki, L-mg?) R? Kr, mg-g}(L-mgH¥n n R? Kr, L-g* B R?
43.95 4.96 0.9996 29.78 8.46 0.5117 12600 3.38 | 0.6184
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To further investigate the adsorption
thermodynamics of Cr(VI) uptake on MoS,/GO
surface, the adsorption experiments were carried out at
various temperatures (298, 308 and 318 K). The
thermodynamic parameters such as Gibbs free energy,
enthalpy and entropy of the adsorption process can be
obtained from the follow equations:

InK = ﬂ +£ ; (11)
RT R
AG =AH -TAS, (12)

where 4G (kJ-mol?), 4H (kJ-mol?!) and 4S
(J-molt-K1) represent Gibbs free energy, enthalpy and
entropy, respectively. K (ge/Ce) is an equilibrium
constant at various temperatures and R is the gas
constant  (8.314 J-mol*-K?%), T denotes the
temperature.The values of4H and A4S could be
calculated from the slope and intercept of the linear plot
of InK versus 1/T, which was shown in Fig. 11.
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0.00310 0.00315 0.00320 0.00325 0.00330 0.00335 0.003
T, K*
Fig. 11. Plot of InK versus 1/T for Cr(VI) on MoS2/GO

The thermodynamic parameters for Cr(VI)
adsorption on MoS,/GO are listed in Table 4. The
positive value of 4H confirmed that adsorption was an
endothermic process. The positive value of A4S indicated
the increased randomness at the solid/liquid interface
during the Cr(V1) sorption, which reflected the fact that
Cr(VI) had a good affinity for MoS,/GO [27]. The
values of 4G at various temperatures were found to be
negative, which suggested the feasibility and
spontaneity of the sorption process. The calculated
values of 4G for Cr(VI) adsorption on MoS2/GO were
—10.86 kJ-mol?, —13.56 kJ-mol* and —16.26 kJ-mol!
at 298 K, 308 K and 318 K, respectively. The decrease
in 4G values with the rising temperature indicated that

Table 4. Thermodynamic parameters for Cr(V1) adsorption

temperature increasing was favourable for the
adsorption process.

The adsorption was regarded as physical process if
AH < 40 kJ-mol?, in which there was van der Waals
interaction between the adsorbent and adsorbate. And if
AH > 40 kJ-mol?, the adsorption was regarded as
chemical adsorption, in which there was chemical
bonding between the adsorbent and adsorbate [28]. The
calculated value of enthalpy (4H) for the adsorption of
Cr(VI) on M0S,/GO was 69.57 kJ-mol?, which further
confirmed the adsorption process might be mainly
belong to chemical adsorption, corresponding to the
conclusion from E; result. In summary, the adsorption
thermodynamics investigation proved that the Cr(VI)
adsorption on the surface of Mo0S,/GO was a
spontaneous endothermic chemical process.

3.9. Influence of organic contamination coexisting

Organic pollutants exist inevitably in the
environmental water practically, and humus is the
widespread form of organic contamination. Therefore,
humic acid (HA) was chosen as the typical organic
pollutant to explore the influence of organics
coexistence on the adsorption removal of Cr(VI). HA
has a large specific surface area and complex structure
with a variety of active functional groups, such as
hydroxyl, carboxyl, carbonyl, methoxy and so on.
Hence it displayed high reactivity and strong
complexation with metal ions. Since the content of HA
in water was small, and the influence of HA with
various concentrations from 10 mg-L* to 50 mg-L™* on
the removal of Cr (VI) was investigated in this
experiment. The adsorption efficiency of MoS,/GO for
Cr(VI) removal with HA coexisting was presented in
Fig. 12. Obviously, it took ca.300 min to reach
adsorption equilibrium without HA coexisting, at which
about 99.7 % of Cr(VI) was removed. While it took
only no more than 40 min to reach adsorption
equilibrium, at which the removal efficiency of Cr(VI)
98.8 %, 99.4 % and 99.7 % were removed when the
concentration of HA were 10 mg-L™, 30 mg-L* and
50 mg- L respectively. There was almost no difference
in the influence of various concentration of HA on the
removal efficiency of Cr(VI). It indicated that the
adsorption efficiency of Mo0S,/GO was improved
significantly after the addition of HA and the time to
reach equilibrium was shortened greatly. The
experimental results elucidated that coexistence of
organic contaminant would enhance the adsorption
removal of Cr(VI) practically.

T, K Qe,cal, Mg-gt k2, 102 min! Ea, kJ-mol? R? AG, kJ-mol?t | 4H, kJ-mol?t | A4S, J-mol!l.K!
298 19.45 0.191 38.5 0.9927 —10.86 69.57 269.9

308 21.71 0.286 — 0.9807 —13.56 - —

318 22.63 0.508 — 0.9904 —16.26 — —
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Fig. 12. Effect of HA of adsorption of Cr(VI) on MoS2/GO
3.10. Desorption and reusability

The essential requirement of an adsorbent was its
potential to be recovered and reused. After the completion
of adsorptive experiments, the adsorbent was collected. The
adsorbent was desorbed at 25°C with 100 mL of different
concentrations of NaOH solution (0.1 mol-L?, the
desorption time was 2 h), and the MoS2/GO was reused after
regeneration. Several adsorption-desorption cycles were
made and the adsorption capacities of adsorbents for Cr(VI)
were examined, which was illustrated in Fig. 13. It showed
the adsorption capacity decreased from 43.95, 43.47, 41.84,
40.88, 40.42mg-g! with the utilization frequency
increased. The decline of adsorption capacities was about
8.0 % for Mo0S,/GO after reused for five times, which
elucidated that the adsorbent could be recycled in the
removal of Cr(VI).
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Fig. 13. Recycling of MoS2/GO for the adsorption of Cr(V1)

4. CONCLUSIONS

The rod-like nano-MoS,/GO was fabricated via a
simple hydrothermal, which was proved to be a promising
absorbent to remove Cr(VI) from aqueous solution. The
investigation on adsorption kinetics and isotherms showed
that pseudo-second-order kinetics and Langmuir isotherm
model fit well the experimental data. The adsorption rate
was mainly controlled by both exterior and interior surface
diffusion steps. The adsorption thermodynamics proved that
the Cr(VI) adsorption on MoS,/GO was an endothermic and
spontaneous chemi-sorption process. The maximum
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adsorption capacity was 43.95 mg-g* and the adsorption
efficiency of Cr(VI) was enhanced significantly with
organic contamination coexisting. After recycling five
times, the decline of adsorption capacity of MoS,/GO was
about 8.0%, which indicated that the adsorbents could be
recycled in the removal of Cr(VI). The Mo0S2/GO
nanocomposite has been proved to be a low-cost, efficient
and promising adsorbent used for heavy metal ions removal
from wastewater.
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