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In this study, we have demonstrated a facile one-step solvothermal method for the synthesis of the
graphene nanosheet (GNS)/magnetite (Fe304) composite. During the solvothermal treatment, in situ con-
version of FeCl; to Fe;04 and simultaneous reduction of graphene oxide (GO) into graphene in ethylene
glycol solution were achieved. Electron microscopy study suggests the Fe;O4 spheres with a size of about
200 nm are uniformly distributed and firmly anchored on the wrinkled graphene layers with a high den-
sity. The resulting GNS/Fe304 composite shows extraordinary adsorption capacity and fast adsorption

gz;vlfgi: rates for removal of organic dye, methylene blue (MB), in water. The adsorption Kinetics, isotherms and
Magnetite thermodynamics were investigated in detail to reveal that the kinetics and equilibrium adsorptions are
Composite well-described by pseudo-second-order kinetic and Langmuir isotherm model, respectively. The thermo-
Adsorption dynamic parameters reveal that the adsorption process is spontaneous and endothermic in nature. This

study shows that the as-prepared GNS/Fe;04 composite could be utilized as an efficient, magnetically
separable adsorbent for the environmental cleanup.

Methylene blue

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Graphene, a novel one-atom-thick two-dimensional graphitic
carbon system, is a rising star on the horizon of materials sci-
ence and condensed matter physics [1,2]. Owing to the fascinating
mechanical, electrical, thermal and optical properties, and poten-
tial application in nanoelectronics, sensors, catalysis, batteries,
supercapacitors and transistors, graphene has received inten-
sive attention in recent years [3,4]. In comparison to carbon
nanotubes (CNTs), graphene has the perfect sp? hybrid carbon
nanostructure and the higher specific surface area, which can
be easily obtained from natural graphite via a facile chemical
oxidation-exfoliation-reduction procedure at a low cost [5,6].
Moreover, through the chemical oxidation modification, abun-
dant oxygen-containing functional groups appear in graphene
oxide (GO) and reduced graphene oxide [7-9]. This unique sur-
face property enables them as ideal substrates to anchor inorganic
nanoparticles (NPs) for enhancement of wider applications. For
example, a large number of recent works have shown lithium ion
battery and supercapacitor applications of oxides coupled with
graphene [10-12]. The incorporation of graphene can significantly
improve the electrochemical activity of oxides. Also, the combina-
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tion of common photocatalysts (e.g. TiO2, ZnO, BiVO,4 and Bi, WOg,
etc.) and graphene could lead to the enhancement of adsorptivity
of pollutants, light absorption intensity, electron hole pairs life-
time, and extended light absorption range, which may open up new
opportunities in next generation photocatalyst systems [13-16].
Magnetite (Fe304) NPs have drawn considerable attention
because of the fundamental scientific interest and the promis-
ing applications in magnetic fluids, catalysis, sensors, biomedicine,
spintronics, magnetic recording devices, and environmental reme-
diation [17,18]. Additionally, Fe304 NPs also show advantages such
as low toxicity, low cost, and eco-friendliness. Thus, the com-
bination of graphene with magnetic NPs to produce a magnetic
graphene-based composite would provide a new, functional hybrid
with synergistic or complementary behavior between each con-
stituent, and thus will have great advantages for above-mentioned
applications. In particular, the magnetic NPs in such composite
system could also serve as a stabilizer against the aggregation of
individual graphene sheets due to a strong van der Waals inter-
action between graphene layers. Recently, the anticipated unique
properties and wide applications of the graphene-Fe3;04 com-
posite have been explored [19-25]. For instance, for lithium ion
battery application, the graphene nanosheets could act not only
as lithium storage active materials, but also as an electronically
conductive matrix to improve the electrochemical performance
of Fe304 [19]. Chen and co-workers [20] fabricated and demon-
strated a magnetic-controlled conductive switch using the flexible
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and multifunctional graphene/Fe304 hybrid papers. He and Gao
[21] found that the multifunctional graphene/Fe304 hybrid sheets
showed the integrated properties of strong supraparamagnetism,
electrical conductivity, highly chemical reactivity, good solubility,
and excellent processability, which had a potential application in
magnetic resonance imaging (MRI) technology. Zhou et al. [22]
reported graphene/Fe304 composites were suitable for the immo-
bilization and delivery of drugs, which presented high loading
capacities of doxorubicin hydrochloride (DOX) due to appearance
of -1 interactions between the quinone portion of DOX and the
basal plane of graphene.

Recently, adsorption technology has been developed to solve
environmental problems, which is a reliable alternative due to
its simplicity, high efficiency, ease of operation as well as the
availability of a wide range of adsorbents [26-40]. It has been
shown previously that the composites of magnetic oxides and
carbon materials, including activated carbon [41,42] and CNTs
[43,44], had an excellent ability to remove toxic pollutants from
water, and usually showed rapid adsorption rates, high adsorp-
tion capacities, and convenient magnetic separation. In this regard,
the graphene/magnetic oxide composite was thereby spread to
the field of water treatment. Till now, the adsorptive removal
of arsenic and heavy metal in water on this kind of composite
has been demonstrated [45,46]. Despite these advances, we try
to understand the adsorption mechanism of the typical organic
dye pollutants on the graphene/Fe304 composite. In this work, we
report a facile, one-step solvothermal approach toward the syn-
thesis of the graphene/Fe;04 composite by in situ conversion of
FeCl3 to Fe304 and simultaneous reduction of GO into graphene
in ethylene glycol solution. The kinetic and thermodynamic of the
dye adsorption on the graphene/Fe304 composite have been inves-
tigated. The resulting graphene/Fe304 composite could be utilized
as a magnetically separable and efficient adsorbent for dye removal
from water.

2. Experimental
2.1. Materials

FeCl3-6H,0, sodium acetate (NaAc), graphite powder, acti-
vated carbon (AC) powder, ethylene glycol (EG), methylene blue
(MB) were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China) and used without further purification. All chemi-
cals used in this study were of commercially available analytical
grade. Multi-walled carbon nanotubes (MWCNTSs, length: 5 pm;
diameter: 50-90 nm; purity: >90%) purchased from Shenzhen Nan-
otech Port Ltd. Co. (Shenzhen, China). MWCNTs were purified via
being dispersed in concentrated nitric acid at 60 °C with constant
stirring for 12 h, followed by filtering and washing with distilled
water several times until the pH value reached neutral, and then
filtered and dried in vacuum at 60 °C for further use.

2.2. Preparation of graphene oxide (GO)

GO was synthesized from natural graphite powder by a mod-
ified Hummers method [47]. In a typical procedure, 120 mL of
concentrated H,SO4 was added into a 500 mL flask containing 5g
of graphite and 2.5 g of NaNOs3 and followed by stirring for 30 min
inside an ice bath. Then 15 g of KMnO4 was added slowly to the
mixture. The rate of addition was carefully controlled to keep the
reaction temperature below 20 °C. The mixture was stirred at room
temperature overnight. Then, 150 mL of H,O was slowly added
under vigorous stirring. The reaction temperature rapidly increased
to 98 °C with effervescence, and the mixture color changed into yel-
low. The diluted suspension was stirred at 98 °C for one day. Then,

50 mL of 30% H,0, was added to the mixture. For purification, the
mixture was washed by rinsing and centrifugation with 5% HCl fol-
lowed by deionized (DI) water for several times. After filtration and
drying under vacuum, GO was obtained as a solid.

2.3. Preparation of graphene nanosheet (GNS)/magnetite (Fe304)
composite

In a typical synthesis, the as-prepared GO (0.5 g) was exfoliated
by ultrasonication in 80 mL of EG for more than 3 h. 1.6 g FeCl3.6H,0
and 3.2 g NaAc were then dissolved in GO EG solution at ambient
temperature. After stirring for about 30 min, the solution was trans-
ferred into a 100 mL Teflon-lined stainless-steel autoclave and kept
at 200°C for 6 h followed by cooling to ambient temperature nat-
urally. The black precipitate was centrifuged, washed with ethanol
several times, and finally dried at 60 °C in a vacuum oven. For com-
parison, the AC/Fe304 composite and MWCNTs/Fe304 composite
were also synthesized under the same condition by replacing AC or
MW(CNTs with GO.

2.4. Characterization

The powder X-ray diffraction (XRD) measurements were
recorded on a Rigaku Dmax/Ultima IV diffractometer with
monochromatized Cu Ko radiation (A = 0.15418 nm). The morphol-
ogy was observed with a JSM-6510 scanning electron microscope
(SEM). X-ray photoelectron spectroscopy (XPS) measurements
were recorded on a Perkin-Elmer PHI 5000C spectrometer using
monochromatized Al Ka excitation. All binding energies were cal-
ibrated by using the contaminant carbon (C1S=284.6eV) as a
reference. Magnetization measurements were carried out using
a vibrating sample magnetometer (VSM, Lakeshore 7404) under
applied magnetic field at room temperature. The leached Fe con-
centration in the supernatant was determined by a WFX-120
atomic absorption spectroscopy (AAS, Rayleigh Analytical Instru-
ment Corp., China).

2.5. Adsorption of methylene blue (MB)

The adsorption of MB in aqueous solution on the as-prepared
GNS/Fe304 composite was performed in a batch experiment. 0.01 g
of the composite adsorbent was added into 25 mL of MB solutions
of desired initial concentrations (10-25mgL~!) under stirring. At
predetermined time intervals, the samples were removed from the
solution by magnetic separation. The effect of pH on adsorption of
MB on the composite adsorbent was studied over a pH range of
2.0-11.0 with a contact time of 20 min. The pH was adjusted by
adding aqueous solutions of 0.1 molL~! HCl or 0.1 molL~! NaOH.
The effect of temperature on the adsorption of MB on the com-
posite adsorbent was investigated by determining the adsorption
isotherms at 298, 308 and 318 K. The concentrations of dye were
determined by using a Shimadzu UV-2550 UV-vis spectropho-
tometer. The amount of MB adsorbed per unit mass of the adsorbent
was evaluated by using the mass balance equation:

(Co—Ce)V
q= = (1
where q (mgg~!) is the amount adsorbed per gram of adsorbent,
Co and C, are the initial and equilibrium concentrations of MB in
the solution (mgL-1), respectively, m is the mass of the adsorbent
used (g), and V (L) is the initial volume of the MB solution.

2.6. Desorption experiments

For the desorption study, 0.01g of the composite adsorbent
was added to 25 mL of dye solution (15mgL~!) and the mixture
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Fig. 1. Schematic illustration of the synthesis and application of the GNS/Fe304 composite.

was stirred at ambient temperature for 20 min. After the magnetic
separation, the supernatant dye solution was discarded and the
adsorbent alone was separated. Then, the MB-adsorbed adsorbent
was added into 25 mL of ethanol and stirred for 20 min. The adsor-
bent was collected by a magnet and reused for adsorption again. The
supernatant solutions were analyzed by UV-vis spectra. The cycles
of adsorption-desorption processes were successively conducted
five times.

3. Results and discussion

Fig. 1 shows a schematic illustration of the steps to synthesize
GNS/Fe304 composite as a magnetically separable adsorbent for
water treatment. The GO was obtained from graphite by using a
modified Hummers method, which was easily suspended in EG
to form a stable colloidal solution by ultrasonication, owing to its
abundant surface oxygen-containing groups such as carboxyl and
hydroxyl [48]. Importantly, these functional groups on GO could
serve as reactive and anchoring sites for nucleation and growth
of magnetic particles. During the solvothermal treatment, the
added Fe3* ions were in situ converted to Fe30,4 and further grew
to form spherical structure; the GO was simultaneously reduced
into graphene, thus resulting in the formation of the GNS/Fe304
composite. For this multifunctional structure, the graphene with
two-dimensional network provided a certain amount of oxygen
functionalities to create active sites for the efficient removal of
dye pollutes in water [7,20,49-51]. In turn, the Fe304 attached on
graphene can introduce the magnetic function to gain a facile mag-
netic separation from water with the help of an external magnetic
field.

Fig. 2 shows the XRD patterns of the graphite, GO and
solvothermal-synthesized graphene. The sharp (002) peak of the
graphite at 260=26.1° indicates an interlayer spacing of 0.34 nm.
After oxidation, the characteristic graphite peak disappeared
and was replaced by a well-defined peak at 20=10.8° with
0.81 nm d-spacing. The increased d-spacing of GO sheets is due
to the presence of abundant oxygen-containing functional groups
on both sides of the graphene sheet causing an atomic-scale
roughness on the graphene sheet. In contrast, the XRD pattern
of solvothermal-synthesized graphene shows a broad peak at
20 =24.4° corresponding to an interlayer spacing of 0.36 nm, which
is much lower than that of GO (0.81 nm), confirming the recovery
of ordered graphitic crystal structure after solvothermal treatment.
Fig. 3 shows the typical XRD patterns of the as-prepared Fe304 and
GNS/Fe304 composite. In Fig. 3(a), the peaks at 26 values of 18.2°
(111), 30.0° (220), 35.3° (311), 42.9° (400), 53.4° (422), 56.9°
(511),and 62.5° (440) are consistent with the standard XRD data
for the cubic phase Fe304 (JCPDS no. 89-4319) with a face-centered

cubic (fcc) structure. Besides these peaks, the additive peaks at
24.4°(002) corresponding to the graphene can be clearly seen from
Fig. 3(b), indicating the coexistence of Fe304 and graphene in the
composite.

The chemical state of element in GO and GNS/Fe304 compos-
ite were further investigated by X-ray photoelectron spectroscopy
(XPS). The obtained data were calibrated by using the adventitious

(c)
]
&
2
g | (b
8
£
(a)
s 10 15 20 25 30 35

2Theta (degree)

Fig. 2. XRD patterns of the graphite (a), GO (b) and graphene (c).
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Fig. 3. XRD patterns of the Fe304 (a) and GNS/Fe304 composite (b).
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Fig. 4. C1s XPS spectra of the GO (a) and GNS/Fe304 composite (b).

carbon at a binding energy of 284.6 eV. The deconvoluted C 1s XPS
spectrum of GO (Fig. 4(a)) shows three peaks at 284.6, 286.2 and
287.9 eV.The binding energy at 284.6 eV could be either assigned to
the adventitious carbon contamination adsorbed from the ambient
or assigned to the C-C bond (sp?) of graphene. The peak at 286.2 eV
is ascribed to the C-O bond, while the peak at 287.9 eV is assigned to
the C=0bond. Compared with GO, the intensity of the C-O and C=0
peaksinthe GNS/Fe304 composite showninFig.4(b)is dramatically
decreased, suggesting that most of the oxygen-containing func-
tional groups have been removed after reduction by EG. Hence, the
chemical reduction of GO was achieved by a simple solvothermal
treatment.

Scanning electron microscopy (SEM) was utilized to investi-
gate the morphology of the as-prepared samples. Fig. 5(a,b) shows
the typical SEM images of GO obtained by a modified Hummers
method. The GO presents the sheet-like structure with the large
thickness, smooth surface, and wrinkled edge. Interestingly, after
solvothermal reduction, a significant change in morphology can be
observed from Fig. 5(c,d). The obtained graphene sheets display lay-
ered structures and become very thin. The folding nature is clearly
visible. The graphene sheets are exfoliated and cannot restack any
more, which is consistent with the result of XRD. Fig. 6(a,b) shows
the typical SEM images of the Fe3 04, revealing that the product con-
sists of a large quantity of nearly uniform monodispersed spheres
with the diameter of about 200 nm. After the combination with
the graphene to form the GNS/Fe304 composite (Fig. 6(c,d)), the
Fe304 spheres are uniformly decorated and firmly anchored on

the wrinkled graphene layers with a high density. Notably, the
pleats structure of the graphene may favor to hinder the Fe304
spheres from agglomeration and enable their good distribution on
the graphene, while the Fe30,4 spheres serve as a stabilizer separate
graphene sheets against the aggregation.

The magnetization measurement for the as-prepared
GNS/Fe304 composite was carried out using a vibrating sam-
ple magnetometer (VSM) at room temperature with an applied
magnetic field of 10 kOe. Fig. 7 shows the magnetic hysteresis loops
of the as-prepared GNS/Fe304 composite, which demonstrates that
the resulting composite exhibits a characteristic of ferromagnetic
materials with the saturation magnetization of 42.9emug-!,
which is much lower than that of the bare Fe304 particles reported
in previous literature [52]. This observed decrease in saturation
magnetization reflects the standard practice of normalizing the
magnetization by magnetic constituent’s mass [53]. Therefore,
the contribution of the nonmagnetic graphene layer to the total
magnetization may be responsible for the decrease in the sat-
uration magnetization. Meanwhile, SEM observation suggests
that the magnetic Fe304 particles are intimately attached to the
surface of graphene which actually acts as a magnetically inactive
layer at the surface of magnetic surface in the composite system,
thus affecting the uniformity or magnitude of magnetization
[54]. The magnetic separability of the GNS/Fe304 composite was
also tested by placing a magnet near the glass bottle. The black
product is attracted toward the magnet in a short period (inset in
Fig. 7), demonstrating high magnetic sensitivity of the GNS/Fe304
composite.

Inrecent years, considerable attention has been paid to the envi-
ronmental problems involving water treatment, especially with
regard to organic refractory pollutants such as organic dyes. In
general, micro/nanostructured materials with the well-defined
morphology and special functionality have an excellent ability to
remove pollutants from water, and usually show higher removal
capacities than their bulk counterparts. Meanwhile, a consider-
able amount of work in the literature has demonstrated that
carbonaceous nanomaterials (e.g. activated carbon [55], carbon
black [56], and carbon nanotube [57], etc.) could offer an attractive
and inexpensive option for the efficient removal of various organic
contaminants from water. Inspired by these previous results, we
expect the GNS/Fe304 composite could be used as an efficient
adsorbent for removal of organic pollutants. More significantly, the
solid/liquid separation would be rather easy by a facile magnetic
separation process under the applied external magnetic field. In this
case, methylene blue (MB) was selected as a typical organic pollu-
tant to test the ability of the GNS/Fe304 composite for adsorptive
removal of organic pollutant from water.

Fig. 8 shows the time profile of MB adsorption on the GNS/Fe304
composite at different initial MB concentrations. The adsorption
capacity of dye increases as the increase in the initial dye concen-
trations, because the more MB molecule is available at higher initial
dye concentrations, and higher initial dye concentrations provide
higher driving force to overcome the mass transfer resistance of the
dye between the aqueous phases and the solid phases, resulting in
more collisions between MB molecule and active sites on the adsor-
bent [58-60]. In particular, it is noteworthy that the process shows
an extraordinarily fast adsorption rate, which can be verified by the
fact that the amount of adsorbed MB on the GNS/Fe304 composite
in a MB solution of 15mgL-! within 2 min almost achieved 64%.
The fast uptake indicates the enhanced adsorption performance of
the GNS/Fe3;04 composite for dye removal in water, which may
be attributed to (i) the electrostatic attraction between the nega-
tively charged surface oxygen-containing groups and cationic MB;
(ii) the -7 interactions between the MB molecules and the aro-
matic rings of graphene [61]. Compared with pure GNS (Fig. 9(a)),
the GNS/Fe304 composite exhibits the lower adsorption capacity
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Fig. 5. SEM images of the GO (a and b) and graphene (c and d).

Fig. 6. SEM images of the Fe304 (a and b) and GNS/Fe304 composite (c and d).
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Fig. 7. Hysteresis loops of the GNS/Fe;04 composite. The top inset shows close
view of the hysteresis loops; the bottom inset shows the magnetic separation of
the GNS/Fe304 composite under an external magnetic field.

and higher adsorption rate. Graphene is an ideal nonporous adsor-
bent, and adsorption mainly occurs on its planar surface which
was only controlled by external diffusion [62]. The Fe304 hav-
ing no ability to adsorb MB molecule (Fig. 9(a)) would occupy
some active sites on the GNS, resulting in the decrease in adsorp-
tion capacity. However, it could separate graphene sheets against
the aggregation proved by the result of SEM analysis (Fig. 6),
which is beneficial to enhance the adsorption rate. By comparison
with other magnetic carbonaceous composite, i.e., AC/Fe304 com-
posite and MWCNTs/Fe304 composite (Fig. 9(b)), the GNS/Fe304
composite shows fast rate for MB adsorption. In addition, the
adsorption capacity for MB follows the order: AC/Fe304 compos-
ite > GNS/Fe304 composite > MWCNTs/Fe304 composite. Therefore,
considering relatively high adsorption capacity, rapid adsorption
rate, and convenient magnetic separability of the GNS/Fe304 com-
posite, it could be used as a promising alternative adsorbent for dye
removal from water.

To well-understand the adsorption mechanism and kinetics, the
pseudo-first-order and pseudo-second-order kinetic models were
used to investigate the kinetics of MB adsorption on the GNS/Fe304
composite [63,64].

kqt
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Fig. 8. Time profile of MB adsorption on the GNS/Fe304 composite with different
initial MB concentrations at 25°C.
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Fig. 9. Time profile of MB adsorption on different adsorbents with an initial MB
concentration of 25 mgL~! at 25°C.
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Pseudo-second-order model : _— =4 —
qc  kog? = Qe

(3)
where ge and q; are the amounts of MO adsorbed (mgg~1) at equi-
librium and at any time t (min), t is the adsorption time (min), kq
(min~1) and k, (gmg~! min~1) are the pseudo-first and pseudo-
second orders rate constant, respectively. Table 1 summarizes the
kinetic constants obtained by linear regression for the two models
(Fig. 10). The correlation coefficients (R?) for the pseudo-first-order
model are relatively low, and the calculated g, values (g, c,) from
the pseudo-first-order model do not agree with the experimental
data (qeexp), suggesting that the MB adsorption on the GNS/Fe304
composite cannot be explained a pseudo-first-order model. Actu-
ally, in many cases the pseudo-first-order equation does not fit
well to the whole range of contact time and is generally appli-
cable over the initial stage of the adsorption processes [65]. In
contrast, for the pseudo-second-order model, the g, ¢, values agree
very well with the experimental ones, showing a good linearity
with R% above 0.999. Therefore, the adsorption kinetic follows the
pseudo-second-order model.

Isotherms studies can describe how the adsorbates interact with
adsorbents, affording the most important parameter for design-
ing a desired adsorption system. The adsorption isotherms of MB
on the GNS/Fe304 composite at different initial concentrations are
givenin Fig. 11, and the equilibrium adsorption data were analyzed
by the well-known Langmuir and Freundlich isotherm models
[66,67]. The Langmuir isotherm is often applicable to a homoge-
neous adsorption surface with all the adsorption sites having equal
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Table 1
Adsorption kinetic parameters for MB adsorption on the GNS/Fe304 composite.

Co (mgL-1) Pseudo-first-order kinetics Pseudo-second-order kinetics
ki (min~1) Gecal (Mgg™) Gerexp (M) R? k> (gmg~! min-1) Gecal (Mgg™) R?
15 0.1179 0.97 24.70 0.7838 0.3191 2491 1
20 0.1707 1.61 29.56 0.8228 0.2624 29.70 1
25 0.0574 0.78 35.42 0.9292 0.2665 35.73 0.9999

adsorbate affinity, while the Freundlich isotherm model assumes
heterogeneity of adsorption surfaces, which can be expressed as

Langmuir isotherm : Ce = 1 + Ce (4)
de  bam = dm
Freundlich isotherm : log ge = log Ky + % log C, (5)

where ¢, is the amount adsorbed at equilibrium (mgg=1), Ce is the
equilibrium concentration of the MB (mgL~1), constant b is related
to the energy of adsorption (Lmg~'), gy is the Langmuir mono-
layer adsorption capacity (mgg~1), Kris roughly an indicator of the
adsorption capacity, and 1/n is the adsorption intensity. Table 2
summarizes the Langmuir and Freundlich constants and the calcu-
lated coefficients. It can be found that the regression coefficient R2
obtained from Langmuir model is much higher than that from Fre-
undlich model, suggesting that the Langmuir isotherm fits better
with the experimental data. The maximum monolayer adsorp-
tion capacity (qm) of the GNS/Fe304 composite was calculated to

0.0 Ha)
04}
3
t"_q, 08
=)
°
12
@ 15 mg/L
@ 20 mg/L
@ 25 mgiL
16} e
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Time {min)
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Fig. 10. Pseudo-first-order kinetics (a) and pseudo-second-order kinetics (b) of MB
adsorption on the GNS/Fe304 composite.

be 43.82mgg~1. Moreover, the essential feature of the Langmuir
isotherm can be expressed in terms of a dimensionless constant
separation factor (R;) given by the following equation [68]:

1

110G, ®)

Ry
where b (Lmg~1) is the Langmuir constant and Cy (mgL~') is the
initial concentration in the liquid phase. The value of R; indicates
the shape of the isotherm to be either unfavorable (R; > 1), lin-
ear (R =1), favorable (O<R; <1) or irreversible (R, =0) [69]. The
R; values between 0 and 1 indicate favorable adsorption. For MB
adsorption on the GNS/Fe304 composite, R; values obtained are in
the range of 0.1195-0.2534, thereby confirming that the adsorption
is a favorable process.

The thermodynamic studies provide in-depth information on
inherent energetic changes that are associated with adsorption.
In the present study, the effect of temperature on MB adsorption
over the GNS/Fe304 composite was investigated, and the related
thermodynamic parameters were also calculated. The thermody-
namic feasibility of the adsorbent-dye interaction process can be
represented as [70]

AG® = —RT In K (7)

where K, is the distribution coefficient (K;=qe/Ce), AG? is the
change of the Gibbs free energy, T is the temperature (K), R is the
gas constant (8.3145 ] mol~! K-1). The values of AG? are found to be
negative at different temperatures, as given in Table 3, suggesting
the spontaneous nature of the process. In addition, more negative
value with the increase of temperature shows that the amount of
MB adsorbed at equilibrium should increase with increasing tem-
perature. Furthermore, the values of the enthalpy change (AH?)
and the entropy change (ASp) associated with the processes were
calculated using the following equations [71]:

AS®  AHO
In Kj= — — —— 8
=3 RT (8)
40
o
30 +
[
? [
(=)
D 20
E
b‘”
10 - @ Experimental data
Langmuir isotherm
Freundlich isotherm
0 1 1 1 1 1
0 2 4 6 8 10 12
C, (mg/L)

Fig. 11. Isotherms of MB adsorption on the GNS/Fe304 composite (temperature:
25°C; contact time: 20 min).
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Table 2
Adsorption isotherm parameters for MB adsorption on the GNS/Fe;04 composite.

Langmuir isotherm

Freundlich isotherm

b(Lmg™!) qm (mgg ™) R? Ky n R?
0.2946 43.82 0.9132 16.56 3.4521 0.7534
Table 3
Adsorption thermodynamic parameters for MB adsorption on the GNS/Fe304 composite.
AHO® (kjmol-") AS? (Jmol-' K1) AGO (kJmol-1)
298K 308K 318K
22.59 88.96 -3.90 -4.84 -5.67

Therefore, the values of AS® and AH? were calculated from
the slope and intercept of van’t Hoff plot (InK, vs. 1/T) shown in
Fig. 12. The positive value of AH? indicates an endothermic nature
of adsorption, while the positive value of ASy reflects an increase
in randomness at the solid/solution interface during the adsorption
process.

Fig. 13 shows the effect of the initial pH on the adsorption capac-
ity of MB on the GNS/Fe;04 composite. The adsorption capacity
of MB gradually increases with increasing solution pH from 2.0 to
11.0. The solution pH can affect the surface charge of the adsorbent,

2.2

20+

16

3.1 3.2 3.3 3.4
1000/T (K)

Fig. 12. Van't Hoff plot of In K vs. 1/T (initial MB concentration: 15 mgL~'; contact
time: 20 min).
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Fig. 13. Effect of solution pH on the adsorption of MB on the GNS/Fe304 composite
(initial MB concentration: 15mgL-"; temperature: 25 °C; contact time: 20 min).
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the degree of ionization of the different pollutants, the dissocia-
tion of functional groups on the active sites of the adsorbent as
well as the structure of the dye molecule. The graphene sheets are
negatively charged in solution due to the presence of the oxygen-
containing groups [72,73]. The decrease in the adsorption capacity
of dye at lower pH values may be due to the protons competi-
tion with the dye molecules for the available adsorption sites. As
the pH increases, the electrostatic attraction between the nega-
tively charged surface of the GNS/Fe304 composite and cationic
MB molecule increases, resulting in an increase in the adsorption
capacity of dye.

The stability and regeneration ability of the adsorbent is crucial
for its practical application. Considering that component leach-
ing from adsorbent to water environment may cause secondary
pollution, the stability of the GNS/Fe304 composite was tested
by monitoring the leached Fe content. Previous study had been
demonstrated that coating by a certain shielding layer was an effi-
cient way to inhibit the Fe leaching from Fe304 [74,75]. In this case,
no leaching of Fe ions from the GNS/Fe304 composite was detected
during MB adsorption at natural pH by AAS, indicating the high sta-
bility of GNS/Fe30,4 composite. The cycles of adsorption-desorption
experiments were also carried out, as shown in Fig. 14. The adsorp-
tion capacity decreases for each new cycle after desorption with five
cycles. Meanwhile, after five cycles of the desorption-adsorption,
the GNS/Fe304 composite has high magnetic sensitivity under an
external magnetic field, which can be collected from the solution
using a magnet of 4000 Gs (inset in Fig. 14). These results show that

20
181
16|
14|

q (mgig)
]

o N A O
— T

1 2 3 4 5
Cycles

Fig. 14. Adsorption capacity of MB on the GNS/Fe;04 composite in five successive
cycles of desorption-adsorption (initial MB concentration: 15 mgL~!; temperature:
25°C; contact time: 20 min). Inset in figure shows photographs of aqueous solu-
tions of MB (a) before adsorption, (b) after adsorption and (c) after fifth cycles of
desorption-adsorption.
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the GNS/Fe304 composite can be potentially used as a magnetic
adsorbent to remove dye contaminants from water.

4. Conclusions

In conclusion, the GNS/Fe;04 composite with highly efficient
adsorption performance has been successfully and directly pro-
duced via a facile one-step solvothermal method. The reaction
process involved in situ conversion of FeCl3 to Fe304 and simulta-
neous reduction of GO into graphene in ethylene glycol solution.
The resulting composite combined the both features of Fe3O4
and graphene, and thus exhibited extraordinary removal capac-
ity and fast adsorption rates for MB dye removal in water, due to
the electrostatic attraction between the negative surface oxygen-
containing groups and cationic MB and the w-7r interactions
between the MB molecules and the aromatic rings of graphene. The
adsorption kinetics, isotherms and thermodynamics were investi-
gated in detail. The kinetic study revealed the adsorption process
followed the pseudo-second-order kinetic model. The equilibrium
data were well-modeled by the Langmuir isotherm model. The
thermodynamic parameters suggested that the adsorption process
was spontaneity and endothermic in nature. This study showed that
the as-prepared GNS/Fe304 composite could be utilized as a mag-
netically separable and efficient adsorbent for the environmental
cleanup.
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