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ABSTRACT

In this study, magnetic graphene oxide freeze-dried (MGO-FD) nanocomposite was
synthesized using a simple hydrothermal method. It was applied for removal of RhB (a
cationic dye) from aqueous solutions. In order to find the optimum conditions, the effects of
some parameters such as content of GO-FD in nanocomposite, adsorbent value, pH, and
contact time on the adsorption efficiency were investigated. Pseudo-first-order and pseudo-
second-order kinetics models, Langmuir and Freundlich isotherm models, and thermody-
namics of adsorption were also studied. It was found that adsorption kinetics was best
described by the pseudo-second-order model and adsorption equilibrium data were well
fitted to the Langmuir isotherm model with the maximum monolayer adsorption capacity
of 126.58 mg/g. The estimated values of thermodynamics parameters such as AG®, AH", and
AS° indicated that the sorption process has an endothermic and spontaneous nature. The
values of AG® approved that the adsorption of RhB on MGO-FD is physisorption. The
synthesized adsorbent with a high surface area (720.09 m*/g) and suitable adsorption capac-
ity (113.92 m?/g) presents a high efficiency adsorbent in removal of cationic dyes from
water. Reusability of MGO-FD was also evaluated and results showed that the adsorption
capability of the adsorbent is not significantly changed after eight cycles and can be used as
economical adsorbent for cationic dyes.
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1. Introduction

environment without any treatments

There are several industries such as textile, cloth-
ing, dyestuff, leather, plastic, paper, food processing,
and cosmetic that discharge organic dyes in aqueous
environments [1-3]. Releasing dyes into aquatic

*Corresponding author.

esthetically is displeasing, but also inhibits growing of
aquatic animals and plants by blocking out sunlight
penetration [4,5]. Nonetheless, dyes are extensively
used in many industries because of steadily grow-
ing demand and production [6-8]. Numerous
approaches, including coagulation/flocculation [9],
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ozone treatment [10], chemical oxidation [11],
membrane filtration [12], ion exchange [13], biological
treatment [14], electrochemical techniques [15], photo-
catalytic degradation [16], and adsorption [6], have
been developed to remove these compounds from col-
ored effluents [17]. However, some of these techniques
have several disadvantages such as incomplete
removal, high-energy requirements, and production of
toxic sludge or waste products that need disposal.

Among above-mentioned methods, adsorption
technique has been found to be a promising method
for removing organic dyes due to its merits of effec-
tiveness, flexibility and simplicity of design, easiness
of operation, insensitivity to toxic environments with-
out resulting in the formation of harmful substance,
and economy [18]. The common adsorbents primarily
include activated carbons [19], zeolites [20], clays [21],
industrial by-products [22], agricultural wastes [23],
biomass [24], and polymeric materials [25]. However,
these adsorbents suffer from low adsorption capacity
and inconvenience separation. Therefore, it is neces-
sary to carry out more investigations for novel alterna-
tive promising adsorbents with high adsorption
capacity and low cost. In this regard, much attention
has recently been paid to carbon nanomaterial-based
nanocomposites.

Due to the vast benefits such as large specific sur-
face area, easy functionalization and so on that incor-
porating of carbon nanomaterials gives to base matrix,
various carbon nanomaterial-based nanocomposites
have been widely used as adsorbents for removal of
organic contaminants [56-58]. Graphene is a new fas-
cinating type of carbon nanomaterials with honey-
comb and one-atom thick structure [26]. Graphene
and its derivatives have been used for water treatment
as dye adsorption form aqueous environments [27].
Graphene oxide (GO) is an excellent adsorbent for
water purification due to the two-dimensional layer
structure, large surface area, and presence of surface
oxygen functional groups on its surface [28]. These
functional groups can interact with dye molecules
through hydrogen bonds and electrostatic interactions.
In addition, the basal plane of GO is able to interact
with the aromatic rings of organics by m—r stacking
[29].

The use of magnetic materials, especially Fe;O4
nanoparticles, has received considerable attention in
solid phase extraction because of their unique physical
properties and nontoxicity [30]. The introducing of
magnetic nanoparticles into GO will combine the high
adsorption capacity of GO and the separation conve-
nience of the magnetic materials [31,32]. Recently, sev-
eral methods are reported in preparation of magnetic
GO nanocomposite [31-35]. The important key is the
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maintenance of the hydrophilic groups of GO (for
example: carbonyl, carboxylic, epoxy, and hydroxyl
groups) during the nanocomposite synthesis to
achieve the high capacity absorbent. Whereas, many
of these oxygen functional groups were often lost dur-
ing the reaction process [32].

Based on the above consideration, in this work, a
simple one step hydrothermal strategy was applied
for producing magnetic GO nanocomposite as high
capacity adsorbent for Rhodamine B (RhB) (as a catio-
nic dye) removal from aqueous solution by using
freeze-dried GO and Fe3;O4 nanoparticles as precur-
sors. The adsorption characteristics of this magnetic
nanocomposite and effects of some experimental
condition on its adsorption capacity were also
investigated.

2. Experimental
2.1. Materials

All the chemicals used in this study were
purchased from Merck and used without further
purification.

2.2. Synthesis of Fez0y

Coprecipitation technique was utilized for the
preparation of Fe;Os nanoparticles. FeCl; and
FeCl,-6H,O with the molar ratio of 1:2 were mixed in
aqueous solution. Then pH has been increased to 10
with addition of ammonia for simultaneous precipita-
tion of the Fe** and Fe’" ions. The process was carried
out under N, purging. The obtained Fe;O, precipitate
was dried at 60°C in vacuum oven.

2.3. Synthesis of freeze-dried GO

GO was synthesized from natural graphite powder
(supplied from Merck) by modified Hummers method
in two pre-oxidizing and oxidizing steps. Graphite
powder (2 g) was added into a mixture containing
12 mL concentrated sulfuric acid, 2.5g K;5,05, and
2.5 g P,Os. The solution was heated to 80°C and stir-
red for 24 h. Then, the mixture was diluted with
500 mL of deionized (DI) water, filtered, and washed
several time with DI water until the pH of washing
water became natural. The collected precipitates were
dried under ambient condition overnight. In a typical
procedure, obtained pre-oxidized graphite powder
was added to a mixture containing 120 mL concen-
trated H,SO4 and 30 mL HNO; under vigorous stir-
ring in an ice water bath. Then, 15 g of KMnO, was
added while the temperature was kept below 20°C.
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The mixture was stirred at room temperature for 96 h,
and then was diluted with 1 L of DI water while the
temperature was kept below 50°C under stirring for
2 h. 20 mL of 30% H,0O, was added to end the reaction
with turning the color of the mixture to a brilliant yel-
low. Subsequently, the mixture was filtered and
washed with 1:10 HCI aqueous solution and DI water
in turn. The filter cake was dispersed in water and
centrifuged with 1,000 rpm for 2 min. The supernatant
then underwent two more high-speed centrifugation
steps at 8,000 rpm for 15 min to remove small GO
pieces and water-soluble byproducts. The final sedi-
ments were dried in two different ways including dry-
ing in oven at 60°C and in freeze-dried condition. The
porous GO was obtained by freeze-drying the exfoli-
ated GO (~5mg/mL) in deionized water. First the
materials were placed in a freeze-drying flask rotated
in a bath, which was cooled by dry ice. Second, the
primary drying process, which was conducted at a
temperature of between —80 and —50°C at a pressure
of 3-10 torr for 24 h, sublimated about 95% of the
water in the material. Third, the secondary drying
process removed the unfrozen water molecules, in
which the temperature was raised to 0°C to break any
physicochemical interactions that were formed
between the water molecules and the frozen materials.
The obtained products were denoted as freeze-dried
GO or GO freeze-dried (GO-FD).

2.4. Synthesis of Fe3Oy/freeze-dried GO nanocomposite

Fe;0,/GO-freeze dried (MGO-FD) nanocomposite
was synthesized by hydrothermal method. At first, for
preparing MGO-FD nanocomposite with 20, 40, 60,
and 80 wt% GO-FD, desired amount of GO-FD was
dispersed ultrasonically into 90 ml deionized water for
30 min, to obtain homogeneous suspension. Then mix-
ture was transferred into a 100 ml Teflon-lined tightly
sealed stainless steel autoclave. The autoclave was
then heated to 120°C and kept at this condition for
24 h. Finally, the resulted product was centrifuged,
washed, and dried at 60°C [62].

2.5. Characterization

X-ray diffraction (XRD) patterns have been
recorded by a STOE Stadi P X-ray diffractometer using
Cu Ka irradiation (1=1.54018 A). UV-vis spec-
troscopy (VARIAN (100 Bio) UV-vis spectrophotome-
ter) was utilized for recording the UV-vis absorption
spectra of RhB. FTIR (Brucker V33) spectra were
measured at room temperature on a FT-IR spectrome-
ter using the KBr Pellet technique. The magnetic
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measurements were carried out with a vibrating
sample magnetometer (VSM, MDK®6). The Brunauer—
Emmett-Teller (BET) surface area of the absorbent
samples was measured using N, adsorption/desorp-
tion isotherms determined at liquid nitrogen tempera-
ture on Quantachrome instruments (Autosorb-1-C/
TCD) at 77.3 K. The surface morphology and size of
the as prepared nanomaterials were characterized by
TESCAN VEGA-3 scanning electron microscopy
(SEM) and Philips CM30 transmission electron micro-
scopy (TEM). In all of the characterization methods
related to the nanocomposite only composite with 60
wt% GO-FD content was characterized.

2.6. Adsorption experiments

The adsorption of RhB in aqueous solution using
MGO-FD nanocomposite was carried out in batch
experiments. To study the adsorption isotherms,
0.007 g of MGO-FD nanocomposite were added into
50 mL of RhB solution of different initial concentra-
tions (30-80 mg L") at neutral pH, and agitated in a
25°C for 24 h. The final concentration of RhB was
determined using spectrophotometric at 553 nm.
Removal efficiency (R) and adsorption capacity (ge)

was calculated according to Egs. (1) and (2),
respectively:
R=©"C) 100 M
Co
Co—Co)V
e = M )
m

where Cy and C. are the initial and equilibrium
concentrations of RhB (mg/L), m is the mass of
MGO-FD nanocomposite (g), and V is the volume of
solution (L).

Batch kinetic experiments were carried out by mix-
ing 0.007 g of MGO-FD nanocomposite in 50 mL of
RhB solution with a certain initial concentration
(20 mg L") at neutral pH and agitated condition at
25°C for different time interval until 24 h. The concen-
tration of RhB in the supernatant solution was ana-
lyzed as above. To obtain the thermodynamic
parameters (AG°, AH®, and AS®), 0.007 g of MGO-FD
nanocomposite was dispersed in 50 mL of RhB solu-
tion with initial concentration of 20 mg/L at different
fixed temperature (298, 310, 315, and 327 K) by tem-
perature-controlled shaker in neutral pH.

The effect of pH was performed by dispersion of
0.007 g of MGO-FD nanocomposite in 50 mL of RhB
solution of 20 mg/L. The initial pH of RhB solution
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was adjusted to values in the range of 2.0-10.0 by
0.1 M HCI and 0.1 M NaOH solutions. The suspen-
sions were agitated at 25°C for 24 h. The concentration
of RhB left in the supernatant solution was analyzed
as above.

3. Results and discussion
3.1. FT-IR

FTIR spectra of Fe;O,, GO-FD, and MGO-FD
nanocomposite are shown in Fig. 1. FT-IR spectrum of
Fe;0, nanoparticles shows a peak at 650 cm™!, which
is related to Fe-O stretching vibration. The peaks
appeared at 1,080, 1,650, 1,740, and 3,480 cm ! in the
spectrum of GO-FD are related to epoxy vibration
(C-O-C), C-C stretching mode of the sp” skeletal car-
bon network, carbonyl (C=0) stretching, and hydroxyl
(O-H) vibration modes of —-COOH groups, respec-
tively. All of the characteristic peaks of GO-FD are
observed in the spectrum of MGO-FD nanocomposite
indicating that oxygen-containing functional groups
exist in the surface of GO-FD. With the deposition of
the Fe;O4 nanoparticles on GO-FD sheets, a new broad
characteristic peak at 580 cm™' appeared in the IR
spectrum of MGO-FD nanocomposite that proved the
Fe;O, nanoparticles have been successfully anchored
onto the graphene sheets through Fe-O-C bonds.

3.2. Vibrating sample magnetometer

The magnetic properties of the Fe;O, nanoparticles
and MGO-FD hybrid were measured at room temper-
ature, using a vibrating sample magnetometer (VSM).
A magnetic field (+10 kOe) was applied to the sam-
ples, and the magnetization properties were studied.

Transmittance (a.u.)

Fe-Q —

3900 3400 2900 2400 1900 1400 900 400
Wavenumber (cm™)

Fig. 1. FTIR spectra of Fe;0,, GO-FD, and MGO-FD.
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Fig. 2(a) and (b) present the magnetization vs. applied
magnetic field strength for two prepared samples. The
symmetrical S-like shape of the magnetization curves
and a hysteresis loop with Ms > 10 demonstrate the
paramagnetic behavior of these materials at room tem-
perature. The saturation magnetization (Ms) of the
Fe;O4 and MGO-FD hybrid are 78 and 37 emu gfl,
respectively, indicating the high magnetic properties.
Decreasing the Ms value of MGO-GO in compared
with FezO, could be attributed to the less mass frac-
tion of magnetic component in the composite. Fig. 2(b)
shows the magnified magnetic hysteresis loops of the
samples. The paramagnetic properties of samples
(Ms > 10) indicate that all of the samples can be easily
separated from aqueous reaction media by application
of a magnet.

3.3. X-ray diffraction

XRD pattern of Fe;O, nanoparticles, GO, and
MGO-FD nanocomposite are shown in Fig. 3. The
strong peak diffraction at 20 = 10.6° can be indexed as
the (002) reflection of the GO structure. After the
loading of Fe;O, nanoparticles on GO sheets, besides
the diffraction peak of GO, the new peaks at 26 values
of 30.0° (220), 30.6° (311), 429° (400), 534" (422),
56.7° (511), and 62.0° (44 0), were appeared which
are consistent with the standard XRD data for Fe;Oy4
with the inverse cubic spinal structure [36], indicating
the coexistence of Fe;O, and GO in the MGO-FD
nanocomposite.

3.4. Brunauer—-Emmett-Teller

The typical nitrogen adsorption/desorption iso-
therm for the as prepared MGO-FD nanocomposite
and corresponding pore size distribution are shown in
Fig. 4(a). According to the International Union of Pure
and Applied chemistry (IUPAC) nomenclature, the
resulting isotherm can be classified as a type IV iso-
therm with H3 hysteresis, indicating the presence of
mesoporous with slit-shaped pores structure [37]. The
corresponding pore size distribution data calculated
from the desorption branch of nitrogen isotherms by
the BJH method shows a peak that is centered at
3.7 nm, which is attribute to the mesoporous in the
GO-FD structure. Note that the calculated specific
surface area reaches 720.09 m? ¢! and the total pore
volume is 3.4 cm’ g~

For evaluating the effect of freeze-drying process
on porosity and specific surface area of GO, nitrogen
adsorption/desorption isotherm and pore size distri-
bution curves of GO (prepared by conventional
method) and GO freeze-dried (GO-FD) (prepared by
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Fig. 2. (a) Magnetic hysteresis loops of Fe;O4 and MGO-FD nanocomposite. (b) Magnification of hysteresis loops in the
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Fig. 3. XRD pattern of prepared samples (Fe;O,, GO, and
MGO-FD).

freeze-dried method) samples were shown in Fig. 4(b).
GO-FD, in comparison with GO, have broader pore
size distribution which indicates the presence of pores
with different size in its structure. Calculated specific
surface area of GO-FD and GO were 378.8 and
866.5m> g ™!, respectively. Therefore, freeze-drying
process improves specific surface area and porosity of
GO and by this way could enhance its adsorption

capacity.

3.5. SEM and TEM images

The morphology, size, and structure of the
obtained samples were analyzed by SEM and TEM
observations. SEM images of Fe;O4s, GO-FD, and
MGO-FD hybrid are shown in Fig. 5(a)-(c). Fig. 5(a)
reveals morphology and corresponding size distribu-
tion of the Fe;O4 nanoparticles, which is composed of
uniformly dispersed spherical nanoparticles, and a
narrow size distribution with a size of 65 nm. Fig. 5(b)
presents that the as-prepared GO-FD is porous,
sponge-like shape and wrinkled edges; also, there are
many pores with different sizes in its structure. The
porosity of GO-FD, as mentioned before, is very
important in adsorption process, because it increases
effective surface area and enhances adsorption capac-
ity. Porosity also effects the rate of water diffusion
and consequently the dissolved dyes molecules can
easily diffuse through the porous structure of GO-FD
and interact with oxygen-containing functional groups
present in its network. Therefore, diffusing and reach-
ing to the adsorption/desorption equivalence state are
time consuming and consequently the adsorbent has
slow but high capacity adsorption characteristics. GO
sheets tend to agglomerate and irreversibly restack
due to strong 7—z and van der walls interaction, but
deposition of Fe;O4 nanoparticles which distribute on
the GO sheets and act as spacers between the sheets
prevents their restacking and agglomeration [33]. The
walls of MGO-FD hybrid appear slightly thicker prob-
ably due to the Fe;O4 nanoparticles deposited on both
sides and between of the graphene sheets as shown in
Fig. 5(c). Because of distribution of oxygen functional
groups on the GO-FD as discussed above, the Fe;O,
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Fig. 4. Nitrogen adsorption/desorption isotherm and pore size distribution of (a) MGO-FD nanocomposite and (b) GO
and GO-FD.
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Fig. 5. SEM images of (a) Fe;O4, (b) GO-FD, and (c) MGO-FD, and (d) TEM image of MGO-FD.
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nanoparticles were dispersed on the GO-FD
nanosheets and tend to accumulate along the surface
and edges. TEM image of MGO-FD hybrid clearly
indicates that the Fe;O, nanoparticles are uniformly
embedded on the surface of the GO sheets, as shown
in Fig. 5(d).

4. Dye adsorption
4.1. Effect of the GO-FD content

The amount of GO-FD content in the composition
of MGO-FD hybrid is important parameter in RhB
adsorption. Fig. 6 displays the effect of GO-FD per-
centage in MGO-FD absorbent on RhB adsorption. It
is observed that the percentage of the adsorbed dye
increased from 13 to 112.5 mg/g as the GO-FD per-
centage was changed over the range 20-60 wt% in the
MGO-FD nanocomposite. With increasing the GO-FD
dosage, the adsorption capacity of nanocomposite is
improved. However, due to decreasing the magnetite
dosage, the magnetically separation capability is
decreased as. Clearly, above 60 wt% GO-FD in struc-
ture of MGO-FD nanocomposite, it was difficult to
easily separate the adsorbent by applying the mag-
netic field. Therefore, the optimum percentage of GO-
FD was found 60 wt%, due to the suitable adsorption
capacity and also easily separation. All of the follow-
ing experiments were performed on MGO-FD
nanocomposite including 60 wt% GO-FD content.

120
100

80 A

q.(mg/g)

60 -
40 -

20—!

0 10 20 30 40 50 60 70 80
GO-FD loading (wt%)

Fig. 6. Effect of the GO-FD content in the composition of
MGO-FD hybrid on RhB adsorption (initial concentration
of RhB: 20 mg/L, adsorbent dosage: 0.14 g/L, T: 25°C, pH
7.0).
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The content of Fe;O, nanoparticles provides
magnetic properties for the nanocomposite and facili-
tates separation of adsorbents from aqueous media.
Due to lower effective surface area of Fe;O4 nanoparti-
cles than GO sheets, the nanocomposite with high
Fe;0, nanoparticles content reduce the dye adsorp-
tion. Low content of Fe;O4 nanoparticles (high content
of GO-FD) in nanocomposite structure decrease the
magnetic effect and its high content deteriorate
adsorption capacity of nanocomposite. Therefore, the
magnetic nanocomposites with suitable content of
Fe;O, nanoparticles are vital for construction of
magnetic adsorbents.

4.2. Effect of MGO-FD dosage

Fig. 7 shows the effect of adsorbent dosage on the
amount of adsorbed RhB. With increasing adsorbent
dosage from 0.05 to 0.3 g/L, the adsorbed RhB was
increased from 53 to 98%, respectively. However,
increasing adsorbent dosage from 0.05 to 0.14 g/L
results in a significant increase (~45%) in the amount
of adsorbed RhB. A rapid increment in the adsorption
of RhB with increasing adsorbent dosage from 0.05 to
0.14 g/L may be ascribed to the availability of more
binding sites for the adsorption [38]. No considerable
increment in the adsorption of RhB with increasing
adsorbent dosage up to given value can be attributed
to the change in the concentration gradient of dye
molecules between the bulk solution and adsorbent
[39]. Thus, an adsorbent dosage of 0.14 g/L can be
chosen as optimum value for subsequent experiments.

100

95 -
90
85
80 -
75 7
70 -

65 -

Removal efficiency (%)

60.

55

50 T T T .
0.05 0.1 0.15 0.2 0.25 0.3

Absorbent dosage (g/L)

Fig. 7. The effect of MGO-FD dosage on RhB removal effi-
ciency (initial concentration of RhB: 20 mg/L, contact time:
24 h (after reaching equilibrium condition), pH 7, T: 25°C).
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4.3. Effect of the RhB initial solution concentration

In order to evaluate the maximum adsorption
capacity (Gmax, mg/g) of the MGO-FD adsorbent,
adsorption experiments have been performed in dif-
ferent initial concentration of RhB. Fig. 8 shows the
adsorption capacity (at equilibrium state, g.) profile of
MGO-FD toward RhB adsorption in its different initial
concentration. Because of the availability of more dye
molecules at higher initial dye concentration, the
adsorption capacity of RhB increases with increasing
the initial dye concentrations. Higher initial dye con-
centrations provide higher driving force for dye mole-
cules to overcome the mass transfer resistance of the
dye between the aqueous phases and the solid phases,
resulting in more collision between dye molecules and
active sites of the adsorbent [9]. It can be seen from
Fig. 8 that the RhB removal onto MGO-FD by adsorp-
tion increases at the beginning and then gradually slo-
wed down wuntil the equilibrium condition was
reached. However, with a lapse of adsorption time,
the remaining vacant surface sites were difficult to be
occupied due to steric barrier between the adsorbed
dye on the surface of adsorbent and the dye molecules
in solution phase [40,41].

4.4. Effect of pH

It is known that pH of the solution can affect the
surface charge of the adsorbent, the ionization degree
of the different pollutants, and the dissociation of
functional groups on the active sites of the adsorbent
as well as the structure of the dye molecule. Therefore,

q.(mg/g)

116 -

114 -

112

30 40 50 60 70 80
Initial concentration of RhB (mg/L)

Fig. 8. Effect of initial concentration on RhB adsorption
(adsorbent dosage: 0.140 g/L, contact time: 24 h (after
reaching equilibrium condition), pH 7, T: 25°C).
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pH of the solution is an important parameter during
the dye adsorption process. The surface charge
assessed by point of zero charge (pHp,.) is defined as
the point where the zeta potential is zero. When
pH < pH,,,., the surface charge is positive, and when
pH > pH,,., the surface charge is negative. In this
case, the pHy,. of the MGO-FD hybrid determined by
the solid addition method (Fig. 9(a)) is about 2.7.
Fig. 9(b) shows the effect of initial pH of the solution
on adsorption capacity of MGO-FD nanocomposite.
When the solution pH is below pH,,., the MGO-FD
acquires a positive surface charge. The competitive
effects of H™ ions and the electrostatic repulsion
between the cationic dye molecules and the positively
charged active adsorption sites on the MGO-FD would
result in a decrease in the adsorption capacity of
absorbent. In contrast, the surface of the MGO-FD gets
negative charged at a solution pH of higher than
PHpze. Accordingly, the electrostatic attraction occurs
between the negatively charged active adsorption sites
and cationic dye molecule, which benefit for the
adsorption.

4.5. Adsorption isotherms

Isotherm study can describe how an adsorbate
interacts with adsorbent and show the feasibility of
adsorption on adsorbent for the removal of dye [42].
The isotherm provides a relationship between the con-
centration of dye in solution and the amount of dye
adsorbed on the solid phase when both phases are in
equilibrium. They are useful in providing information
about adsorption mechanism, surface properties, and
affinity of an adsorbent toward an adsorbate [43]. To
determine the mechanistic parameters associated with
RhB adsorption, the adsorption data were analyzed
according to the well-known Langmuir and
Freundlich isotherm models [44,45].

Fig. 10 shows the plotting of adsorption capacity
(9e) vs. equilibrium concentration of RhB (C.) by
fitting of experimental data with Langmuir and
Freundlich models, which confirm well agreement of
experimental data with Langmuir model. In Langmuir
model as long as there are available sites, adsorption
will increase with increasing dye concentration, but as
soon as all of the sites are occupied, a further increase
in concentration of dye does not increase the amount
of dye on adsorbent.

The Langmuir model represents adsorption on a
set of well-defined localized adsorption sites, having
the same adsorption energies and no interaction
between adsorbed molecules. Langmuir isotherm
assumes monolayer coverage of adsorbate onto
adsorbent. It can be expressed as Eq. (3):
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Fig. 9. (a) Zeta potential of MGO-FD nanocomposite at different pH value and (b) Effect of pH solution on the adsorption
capacity of MGO-FD nanocomposite (adsorbent dosage: 0.14 g/L, initial concentration of RhB: 20 mg/L, T: 25°C).
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Fig. 10. Adsorption isotherms of RhB adsorption on
MGO-FD nanocomposite.
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where g, is the amount of adsorbate adsorbed per unit
weight of adsorbate (mgg™), C. is the equilibrium
concentration of the adsorbate (mg L™, and Jmax and
b are Langmuir constant related to the maximum
adsorption capacity (mgg ') and the energy of
adsorption (L mg™"), respectively.

The Freundlich isotherm gives an expression
encompassing the surface heterogeneity and the

exponential distribution of active sites and their ener-
gies. This isotherm does not predict any saturation of
the adsorbent surface. Therefore, infinite surface cover-
age is predicted, indicating physisorption on the surface
[46].

The Freundlich model equation can be expressed
as Eq. (4):

1
log g. = log K¢ + " log C. 4)

where g, is the dye concentration on MGO-FD at equi-
librium (mg/g); C. denotes the dye concentration in
solution at equilibrium (mg/L); Kr and n are the Fre-
undlich constant, which represent the adsorption
capacity and the adsorption strength, respectively. The
values of the Kg and 1/n can be obtained from the
intercept and slope of the linear plot of log g. vs. log
Ce. It has been shown that n value from 2 to 10 repre-
sents good adsorption potential of the adsorbent [47].

Fig. 11(a) and (b) shows the equilibrium isotherms
for the adsorption of RhB onto MGO-FD, and the
equilibrium adsorption data were analyzed by using
the Langmuir and Freundlich isotherm models. The
adsorption parameters resulting from as mentioned
models are listed in Table 1. The RhB adsorptive
behavior on MGO-FD could be better represented by
the Langmuir equation in the concentration range
studied (correlation coefficient, R* > 0.99) which indi-
cates the monolayer adsorption.

The vital property of the Langmuir isotherms can
be expressed by means of “Ry” a dimensionless con-
stant related to the separation factor. Ry, is expressed
by Eq. (5) [48,49]:
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1

~T5c (5)

Ry

where Cy is the initial RhB concentration (mg/L) and
b is the Langmuir adsorption of equilibrium constant
(L mg ™ "). According to the value of the Ry, the iso-
therm shape may be interpreted as follows [50]:

Ry >1.0 Unfavorable
Ry =1.0 Linear
1>Ry.>0 Favorable
Ry =0 Irreversible

The calculated Ry values (Table 2) were found to
be between 0 and 1, therefore, the sorption process
was quite favorable for the adsorption of RhB on
MGO-FD.

In order to evaluate the adsorption capacity of
magnetic GO nanocomposite, the results of the similar
recent published researches were compared with our
results to explain the capability of the as prepared
nanocomposite. Table 3 shows some of this magnetic
graphene-based nanocomposites with their adsorption
capacities. As this table shows, our absorbent has
acceptable adsorption capacity.

4.6. Adsorption kinetics

Fig. 12 shows the adsorption capacity (g,) of RhB
on MGO-FD nanocomposite as a function of adsorp-
tion time. Clearly, the adsorption process can be
divided in three distinct stages: (1) 0-3 min, which

0.6
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indicates the first steps of dye adsorption, suggesting
rapid external diffusion and drastically increasing of g;
to 50 mg/g during 3 min, (2) 3-500 min, shows a slow
and gradual adsorption, suggesting gradual increase
of g; to 113.92 mg/g during 497 min, (3) after 500 min,
indicates the equilibrium state and g, value is constant.
It was also observed that the equilibrium time of RhB
is 500 min.

The pseudo-fist-order model and the pseudo-sec-
ond-order model were used for the simulation of RhB
adsorption kinetics. The pseudo-first-order kinetic
model assumes that the adsorption rate is proportional
to the available number of adsorption sites; while the
pseudo-second-order model kinetic model assumes
that the adsorption rate is proportional to the square
of the available number of adsorption sites [51]. Their
linear expressions are as follows (Eqgs. (6) and (7)):

In(ge —q:) =Inge — ki t 6)
t 1 1
R - @)
q kqz e

where g, (mg/g) is the concentration of the adsorbate
on the adsorbent at time t (min), k; (min!) is the
pseudo-fist-order adsorption rate constant, and k;
(g mg~' min™") is the pseudo-second-order adsorption
rate constant. The plots of In(ge — g) vs. t and t/g; vs.
t are shown in Figs. 13(a) and (b), respectively. The
slope and intercept of the linear plot of In(g. — g¢) vs. t
in the pseudo-fist-order model yield the value of k,
and the slope and intercept of the linear plot of t/g;
against t in the pseudo-second-order model yield the
values of g, and ks, respectively.
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Fig. 11. (a) Langmuir adsorption and (b) Freundlich isotherm of RhB on MGO-FD nanocomposite.



A. Faghihi et al. | Desalination and Water Treatment 57 (2016) 2265522670 22665
Table 1
Isotherm parameters for Langmuir and Freundlich models
Parameters
Isotherm model Ky (mg/g) b (L/mg) Im (mg/g) n R?
Langmuir 2 126.58 0.999
Freundlich 96.7 16.6 0.958
Table 2 120 - q~=q.=113.92 = ~
Ry values at related initial concentration of RhB fime=500 min| i
Co (mg/L) 30 40 50 60 70 80 100 1 80
Ry (L/mg) 0.016 0.0123 0.009 0.008 0.007 0.006 ] 70 !
80 1 C)
The experimental and calculated parameters of the ~ . £ 5
above equations are summarized in Table 4. Compar- & 1 &
. g 60 40 -
ison of g. data shows that the calculated g. value of = 1
. . F ] 30 -
the pseudo-second-order equation is closer to the ]
. 40 20 -
experimental g, value compared to the calculated g, e e
value of pseudo-first-order equation. The large correla- o
tion coefficient (R*>0.99) suggests that the RhB dye 20 1 0 R TR TR
uptake by MGO-FD follows the pseudo-second-order ] Time (min)
kinetic model [52]. L S —
-40 460 960 1460
Time (min)

4.7. Adsorption thermodynamics

The mechanism of solute adsorption onto an
adsorbent consists of the three following steps [53]:

(1) Mass transfer of solute from bulk solution to
the particle surface (External diffusion).

(2) Adsorption of solute onto sites.

(3) Internal diffusion of solute via either a pore
diffusion model, or a homogeneous phase dif-
fusion model.

In the adsorption process, the step 2 is usually
assumed rapid and thus not considered as rate

Fig. 12. The effect of contact time on adsorption capacity.

determining step. In the external mass transport pro-
cess, increasing of the temperature decreases the thick-
ness of the boundary layer surrounding the adsorbent
and increases the values of the diffusion coefficient.
Therefore, at low temperature, the external mass trans-
port process limits the dye adsorption. While, in the
internal diffusion, the values of the diffusion coeffi-
cient decreases with increasing of the temperature.
Therefore, at high temperature the internal diffusion is
the rate-determining step. One of the reasons for

Table 3

Comparing of adsorption capacity of our MGO-FD nanocomposite with adsorption capacity of its similar composites
Compound Adsorption capacity (mg/g) Refs.
Magnetic freeze-dried graphene oxide nanocomposite 126.58 This study
Magnetic cellulose/graphene oxide 70.03 [41]
Graphene/magnetite 43.82 [32]
Hybrid of reduced graphene oxide-Fe;O4 nanoparticles 40.01 [29]
Graphene oxide-based magnetic hybrids 30.2 [61]
Ni-carbon-rGO nanocomposite 21.1 [59]
Magnetite/reduced graphene oxide 13.15 [33]
Fe;04@reduced graphene oxide composite 3.36 [60]
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Fig. 13. (a) Linearized pseudo-first-order and (b) Linearized pseudo-second-order kinetic model of RhB uptake by

MGO-FD.
Table 4
Kinetic parameters for pseudo-first-order and pseudo-second-order models

Parameters
Kinetic model K; (min™) K, (g mg ' min™") de (mg/g) rR? Jexp
Pseudo-first-order 0.0055 58.37 0.977 113.92
Pseudo-second-order 0.03 116.28 0.998 113.92

positive changes of the enthalpy and entropy could be
the release of numerous water molecules [54].

Adsorption thermodynamics (the effect of tempera-
ture) can be used to estimate the inherent energy
change of adsorbent after adsorption and the mecha-
nism of the adsorption process. The thermodynamic
parameters studied included the free energy change
(AG®, KJ/mol), enthalpy change (AH®, KJ/mol), and
entropy change (AS°, J/mol k), which are determined
in the following Egs. ((8)—(10)):

KC = C—e (8)

AG® = —RT In K, )

AG® = AH® — TAS® (10)
where K. is the distribution coefficient for the adsorp-
tion, C, is the amount of dye (mg) adsorbed on the
surface at equilibrium condition, and Ce is the equilib-
rium concentration (mg/L) of dye in solution. R
(8.314 J/mol K) is the universal gas constant, and T
(K) is the solution temperature.

The values of AG®°, AH®, and AS° were calculated
from the slope and intercept of the plot In(K.) vs.
(1/T) as shown in Fig. 14 and listed in Table 5. The
positive values of AH" further confirm that the adsorp-
tion processes are endothermic in nature. The positive
value of AS° indicates an increase in randomness at
the solid-solution interface during the adsorption of
RhB on the active sites of MGO-FD. Moreover, a posi-
tive AS® reflects the affinity of the adsorbent for RhB.
The negative values of -1.33, —-2.54, —-3.0, and
—3.89 kJ]/mol for AG® indicate the spontaneous nature
of adsorption at 298, 310, 315, and 327 K, respectively.
Generally, the AG® value at the ranges of 0 to
—20kJ/mol and —80 to —400 kJ/mol is for physical
and chemical adsorption, respectively [55]. The AG®
values of the adsorption process altered from —1.33 to
—3.89 kJ]/mol, when the temperature increased from
298 to 327 K, it can be deduced that the adsorption of
RhB on MGO-FD nanocomposite is controlled by
physisorption.

According to the results of this study, the possible
mechanism of RhB (as a model of cationic dyes)
adsorption on MGO-FD nanocomposite surface is as
follows: the results of thermodynamic study shows
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Fig. 14. Plots of In K, vs. 1/T for RhB adsorption on the
MGO-FD nanocomposite.

Table 5

Thermodynamic parameters for RhB adsorption by
MGO-FD

T (K) AG* (kj/mol) AH" (kj/mol) AS” (j/mol)
298 —-1.33 25.09 88.87

310 —2.54 25.09 88.87

315 -3.00 25.09 88.87

327 —-3.89 25.09 88.87

that this adsorption is mainly physisorption and Lang-
muir isotherm model. So RhB adsorbs as a monolayer
on MGO-FD nanocomposite surface. According to the
results of zeta potential study, surfaces of the MGO-
FD have negative charge and therefore electrostatic
interactions between them and cationic dyes play the
main role in adsorption of these dyes to the MGO-FD
surface. Presence of carboxylate functional groups in
the surface of the functionalized GO facilitate its com-
positing with magnetic nanoparticle and moreover
dye adsorptions to its surface. By using freeze-dry
process in synthesis of functionalized GO, its porosity
and surface area increase and by this way available
adsorption sites for dye molecules increase (i.e.
improvement of adsorption capacity).

4.8. Desorption and reusability study

In order to evaluate the possibility of regeneration
and reuse of the MGO-FD nanocomposite, the cyclic
adsorption-desorption  experiments  have  been
performed. RhB desorption from adsorbent was con-
ducted by washing the dyes loaded on MGO-FD using
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Fig. 15. Reusability of MGO-FD.

50mL of acetonitrile as eluent. For this purpose,
5.0 mL of the eluent was added to the 0.015 g of RhB
adsorbed MGO-FD and the adsorbent was collected
magnetically from the solution. The amount of RhB
remained in the solution was measured spectrophoto-
metrically. After elution of the adsorbed dyes, the
adsorbents were washed with deionized water to
remove any RhB-associated organic impurities and
vacuum dried at 25°C overnight and reused for dye
removal. As shown in Fig. 15, the reusability of the
sorbent was greater than 4 cycles without any loss in
its sorption behavior. The g. values of MGO-FD after
fourth cycle were approximately 114 mg/g, which is
the same as the g. was achieved after the first use.
Although, the g, values slightly decrease to 104 mg/g
after 8 cycles (~9% loss in gq.) due to leaching of Fe;O4
nanoparticles and occupying the some active sites by
dye molecules, but the adsorption capacity of as-pre-
pared adsorbent is still high to dye removal. There-
fore, the MGO-FD can be a good reusable, stable, and
economical sorbent.

5. Conclusion

The optimum percentage of the GO-FD in
nanocomposite structure was found 60 wt%, which
presents the perfect adsorption and easy magnetic
separation. The effect of other experimental conditions
such as initial dye concentration, adsorbent dosage,
pH of solution, and contact time on adsorption capac-
ity was also investigated. In adsorption experiment,
the adsorption kinetics, isotherms, and thermodynam-
ics were investigated in detail. Study of the kinetic
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and isotherm adsorption indicated that dye adsorption
is well-described by pseudo-second-order and Lang-
muir models, respectively. The thermodynamic
parameters determined from temperature-dependent
adsorption measurements suggest that the adsorption
of RhB on MGO-FD is spontaneous and endothermic.
The prepared MGO-FD nanocomposite with a high
surface area (720.09 m*> g™'), high oxygen-containing
functional group, and convenience magnetically sepa-
ration is an excellent adsorbent for the removal of
cationic dyes from water. Based on the AG® values, the
adsorption of RhB on MGO-FD is physisorption and
therefore the absorbent can be easily recycled. The
results from reusability of the adsorbent show that it
can be used as stable and economical adsorbent for
cationic dye removals at least five times without sig-
nificant changes in its adsorption capacity.
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