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ABSTRACT

Magnetically recoverable graphene/Fe;O, composite (GFC) was synthesized using a
one-step solvothermal method by the simultaneous reduction of graphene oxide (GO) to
graphene and FeCl;-6H,O to Fe;O4, in the presence of ethylene glycol and sodium acetate.
The synthesized GFC adsorbent was characterized using FTIR, Raman, X-ray powder diffrac-
tion analysis, scanning electron microscopy, energy dispersive analysis of X-ray, thermo
gravimetric analysis and vibrating sample magnetometer. The adsorption of Zn(II) and Ni(II)
ions onto GFC has been investigated using batch adsorption studies. The adsorption experi-
ments were carried out to examine the influence of parameters such as pH, GFC dosage, ini-
tial metal ion concentration, temperature and contact time. The adsorption isotherm data
were fitted in the order of Langmuir > Redlich-Peterson > Temkin > Freundlich, based on
the correlation coefficient values. From the Langmuir isotherm model, the maximum adsorp-
tion capacity of the GFC adsorbent towards Zn(II) and Ni(II) ions was found to be 121.5 and
111.4 mg gfl, respectively. The adsorption kinetics follows the pseudo-second-order model,
and the AG® and AH" values suggest that the adsorption of Zn(II) and Ni(Il) ions onto GFC
was spontaneous and endothermic.

Keywords: GFC; Zn(I) adsorption; Ni(Il) adsorption; Easily recoverable; Competitive adsorption

1. Introduction

Hazardous heavy metals from industrial waste
streams have serious effects on the environment, and
severe health problems for humans and animals. If the
untreated contaminants such as heavy metals are

*Corresponding author.

released into environments, they are certain to cause
significant environmental problems due to the
accumulation in soil and water environments [1].
Environmental contamination by these heavy metals
leads to non-biodegradability, bioaccumulation and
toxicity even at lower concentrations [2-6]. Various
methods have been developed for the removal of toxic
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heavy metals from an aqueous medium such as
chemical precipitation, biological treatment, advanced
oxidation process, electrochemical treatment, electrodi-
alysis, membrane technology, ion exchange, and
adsorption. Among the various treatment methods
mentioned, the adsorption method is a viable alterna-
tive due to its high efficiency, low cost, easy opera-
tional conditions and effectiveness, even if heavy
metals are present at low concentrations [7-13]. Car-
bon nanotubes, activated carbon, mesoporous carbon,
coconut shell, fly ash, peanut shell and polymeric res-
ins [14-17] suffer from low adsorption capacities and
present difficulties in reuse. Therefore, efforts are in
progress to develop new and highly efficient
adsorbents.

Graphene is atomically thick graphite; it has con-
cerned intensive two-dimensional sheet composed of
sp” hybridized carbon atoms arranged in a honeycomb
structure. Graphene has unique physical properties,
such as an excellent thermal property, high intrinsic
carrier mobility, mechanical strength, elasticity, and
good electrical conductivity. In recent years, much
research on graphene and graphene oxide (GO) has
resulted in various applications in the field of material
science, such as nanoelectronics, photocatalysis, batter-
ies, sensors, super capacitors, transistors, flexible dis-
plays, touch screens, solar cells and composite
materials [18,19]. Recently, graphene-based adsorption
technology has been developed because of its high
surface area and its perfect match with sp® hybridized
structure, compared to carbon nanotubes and their
carbon additives [20-24].

Magnetic nanoparticles have drawn significant
interest and have been widely used in various promis-
ing applications, such as catalysis, electronic devices,
information storage, sensors, drug-delivery technol-
ogy, biomedicine, magnetic recording devices and
environmental remediation [25-27]. Recently, Shahriari
et al. used iron oxide magnetic nanoparticle in adsorp-
tion of chromium (III), while Elwakeel removed arse-
nate through adsorption using magnetic chitosan resin
[28,29].

Graphene and Fe;O, nanoparticles have been sepa-
rately used for a variety of applications in the last few
years, but the recent technological improvements and
the resulting combination of graphene with Fe;O,
nanoparticles produces a magnetic graphene/Fe;O,
composite (GFC) with greater advantages and tremen-
dous potential for applications [30,31]. In recent years,
the exclusive properties of GFC have been exploited
for extensive applications. For example, Narayanan
et al. [32] studied the multifunctional preparation of
reduced GO/Fe;0, isolated membranes and their
temperature-reliant electronic transport properties.
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Zhou et al. [33] have explored the application of
graphene-Fe;O, composites as biosensors. Yang et al.
[34] have carried out studies on graphene-Fe304
nanoparticles for targeted drug delivery. In recent
years, the GFC has been used as an adsorbent to
remove toxic pollutants from an aqueous environment
[35-37]. This GFC has certain advantages over conven-
tionally used adsorbents, in terms of convenient mag-
netic separation, fast adsorption rate and elevated
adsorption capacity.

In the present study, the synthesis of the GFC by
the simultaneous GO reduction and conversion of
FeCl;.6H,O to Fe;O, by a one-step solvothermal
method has been carried out. The adsorption capaci-
ties of these adsorbents have been compared with
those of other adsorbents. The effects of the pH, GFC
dosage, contact time, metal ion concentration and tem-
perature on adsorption have also been studied to
determine the optimal conditions for Zn(II) and Ni(II)
ions removal. Adsorption isotherms, the kinetics and
thermodynamics of metal ion adsorption on the GFC
have also been studied. Since the GFC has a magnetic
property, it is separated from the adsorbate solution
using a magnet.

2. Materials and methods
2.1. Materials

Graphite powder (98% purity), sulphuric acid,
potassium permanganate, sodium nitrate, hydrogen
peroxide, barium nitrate, ethylene glycol, ferric chlo-
ride hexahydrate, sodium acetate, polyethylene glycol,
zinc sulphate, nickel sulphate, hydrochloric acid,
sodium hydroxide and ethanol were purchased from
SRL (Sisco Research Laboratories Pvt. Ltd.), and are of
an analytical grade (98% purity).

2.2. Preparation of GO

GO was synthesized from natural graphite pow-
der by Hummer’s method [38,39]. In a typical proce-
dure, graphite powder (2g) was mixed with
concentrated sulphuric acid (46 mL) and taken in a
250 mL double-necked round-bottomed flask, and 1 g
of sodium nitrate was slowly added followed by stir-
ring of the contents kept in an ice bath (20°C). Then
the reaction mixture was warmed to 35°C and stirred
for 30 min. After 30 min, deionized water (92 mL)
was slowly added, which leads to an increase in
temperature to an extent of 98°C. External heating
was then introduced to maintain the reaction temper-
ature at 98°C for 15 min and cooled using a water
bath. Then, 280 mL of water was added to the
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mixture followed by the addition of 30% hydrogen
peroxide (2 mL). After air cooling at room tempera-
ture (28 +2°C), the mixture was separated by filtra-
tion, multiple washing and centrifugation. The GO
was purified by repeated centrifugation and redi-
spersing in deionized water until a negative test for
sulphate ion (with Ba (NOj3),) was achieved. The GO
slurry was then dried in a vacuum oven at 60°C for
48 h before being used.

2.3. Preparation of GFC

In a typical synthesis [40], the prepared GO (0.2 g)
was mixed with 100 mL of ethylene glycol and dis-
persed by means of ultrasonication for 75 min. The
dispersed GO solution was transferred into a 500 mL
three-necked round-bottomed flask, and 1g of
Fecl;-6H,O was dissolved in the solution and mechan-
ically stirred for 3 h. Then, 7.2 g of sodium acetate and
2 g of polyethylene glycol were added followed by
stirring for another 30 min. Then the mixture was
transferred into a 250 mL stainless-steel autoclave and
kept at 200°C for 12 h. A black colour product was
obtained, washed with ethanol several times and dried
in a vacuum oven at 60°C for 6 h and used for further
characterization.

2.4. Adsorbate

Stock solutions of 500 mg L™ of Nickel (II) and
Zinc (II) ions were prepared from NiSO46H,O and
ZnSO4-6H,0, respectively, using deionized water.
Batch adsorption studies were performed using the
diluted stock solutions. The pH of each test solution
was adjusted to the desired pH, using 0.1 M NaOH or
0.1 M HCl before mixing with the adsorbent.

2.5. Analysis method

The solution pH was measured with a Hanna pH
meter using a combined glass electrode. The Fourier
transform infrared spectrometric analysis was carried
out with KBr pellets using Bruker (Tensor 27) in the
spectral range of 450-4,000 cm™'. The Confocal Raman
microscopic analysis was carried out in a CRM Alpha
300 WITec Raman spectrometer using 532 nm laser as
the light source. X-ray powder diffraction (XRD)
patterns were recorded using the Rigaku X-ray Dif-
fractometer (miniflex II-C) with Cu Ka (A = 0.154 nm)
radiation operating at 35kV and 25mA in 26
range of 20-80°, with a step of 0.01° and integration
time of 1s. The morphology of the GO and GFC
was observed by field emission scanning electron

2487

microscopy, and an elemental analysis was carried
out using Quanta 3D FEG with energy dispersive
analysis of X-ray (EDAX). The thermo gravimetric
analysis (TGA) was performed for the GFC using
TGA Q50 V20.10 build 36 analyzer (Shimadzu Japan).
The magnetization properties were measured at room
temperature on a vibrating sample magnetometer
EG&G VSM Model 155 (VSM). The initial metal ion
concentration before and after adsorption were deter-
mined by the AA6300 atomic absorption spectrometer
(Shimadzu Japan).

2.6. Batch adsorption studies

Batch adsorption experiments were carried out
by varying parameters like the pH (3-11), adsorbent
dosage (5-25mg), initial metal ion concentration
(10-60 mg L"), contact time (0-90 min) and tempera-
ture (303-343 K). The adsorption experiments were
carried out in a 250 mL conical flask, with a rotation
speed of 200 rpm for a constant period of time
using the horizontal bench shaker. At predetermined
time intervals, the samples were withdrawn from
the shaker and the adsorbent was removed from the
contents solution using a magnet, and the concentra-
tion of metal ion in the solution was analysed
using the AAS. The percentage removal of heavy
metal ions was calculated using the mass balance
equation,

Co—C.

100 1
G X ¢))

Metal ion percentage removal =

where Cy and C, are the initial and equilibrium con-
centrations of the metal ion (mgL™"). The amount of
heavy metal ion adsorbed per unit mass of the
adsorbent was evaluated using the mass balance
equation,

qe:CO_CexV )
m

where V is the volume of the metal ion solution, (m)
is the mass of the adsorbent, Cy and C, are the initial
and equilibrium concentrations of the metal ion solu-
tion (mgL™"), and g, is the amount of metal ion
adsorbed (mg g™") per gram of the adsorbent.

2.7. GFC recycle study

To evaluate the reversibility and regeneration of
adsorbents, the metal ions (Zn(II) and Ni(II) ions)
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adsorbed adsorbent (GFC) was mechanically stirred at
room temperature with 25 ml of 0.1 N HCI for 5h in
order to desorp Zn(Il) and Ni(Il) ions from the GFC.
The solution pH was maintained at 5.5. The adsorbent
was separated from the content using a magnet,
washed with DI water, filtered and then dried at 60°C
for 3 h [41-43]. The desorption of metal ions was con-
firmed by AAS examination. The recovered GFC was
used for further adsorption studies and was evident
that the recycling can be repeated for four times. The
adsorption capacity of this adsorbent, remaining
almost the same with reuse, makes it a good choice
for multicyclic use.

3. Results and discussion
3.1. Characterization of the GFC
3.1.1. FTIR spectroscopy

FTIR spectroscopy is a useful tool for the detec-
tion of functional groups present on a nanoparticle
surface. The FTIR spectra of GO and GFC are
shown in Fig. 1(a) and (b), respectively. From
Fig. 1(b), it can be seen that the peaks at 1,727 cm™!
(C=0 group) and 1,616cm ' (O-H groups) are
absent in confirmation to Fig. 1(a), which evidences
the reduction of GO to graphene. New absorption
peaks appearing at 1,566 and 2,902 cm™' in GFC
may be attributed to the skeletal vibrations of the
graphene sheets and to the asymmetric CH, stretch
in the composite. The peak at 576 cm™' corresponds
to the vibration of FeO, which clearly indicates the
GFC formation.
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Fig. 1. FT-IR spectrum of (a) GO and (b) GFC.
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3.1.2. Raman spectroscopy

Raman spectroscopy helps to distinguish materials
in different structural phases. Raman spectra were
recorded for the GO and GFC, and are shown in
Fig. 2(a) and (b). It can be seen that the D band in
both GO and GFC appears at 1,351 cm™' with a varied
intensity. The increase in intensity of the D band in
the composite may be attributed to the introduction of
a defect during the reduction of GO. The G band
appears at 1,592 cm™' in the case of GO and at
1,572 cm ™! in the case of GFC, of course with different
intensities. The change in position and variation in
intensity may be due to the stress originated during
the composite formation. The Ip/I; ratio of the GFC
was found to be higher than that of the initial GO.

3.1.3. XRD analysis

XRD patterns were studied for GO and GFC, as
shown in Fig. 3(a) and (b). In the case of GO in
Fig. 3(a), the peak at 20 =10.88" corresponds to the
oxygen functionality (0 0 1), which was absent in the
GFC; the disappearance of this peak also evidences
the reduction of GO. The Fe;O, (1 1 1) peak at
20 =35.36" in the GFC shows its incorporation into
graphene (0 0 2). From Fig. 3(b) in GFC, a small peak
can be seen at 20 =24°, which further evidences the
formation of the GFC. The incorporation of Zn(II) and
Ni(I) ions onto GFC can be clearly seen from the XRD
patterns, as shown in Fig. 4(a) and (b), respectively.
The peaks at 26 =20-240 in Fig. 4(a) and (b) corre-
sponds to Zn(II) and Ni(Il) ions adsorption onto GFC.
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Fig. 2. Raman spectra of (a) GO and (b) GFC.
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Fig. 3. XRD patterns of (a) GO and (b) GFC.
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Fig. 4. XRD patterns of (a) Zn(l) and (b) Ni(I) ions
adsorption onto the GFC.

3.14. SEM and EDAX analysis

The scanning electron microscope (SEM) analysis
is helpful for surface morphological studies. All the
SEM images shown are of 400 nm size. It can be seen
from Fig. 5(a) that the GO has a thick sheet like struc-
ture and a smooth surface. The surface morphology of
the GO subjected to a single-step solvothermal pro-
cess, in which simultaneous reduction of the GO and
incorporation of Fe;O, takes place, is shown in
Fig. 5(b). The appearance of spherical bead-like Fe;O,4
on the smooth layer of graphene can be seen from
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Fig. 5(b), which was attributed to an increase in the
surface area. The increase in the surface area helps the
adsorption of a large amount of Zn(II) and Ni(Il) ions,
which could be seen from the SEM images of Zn(II)
and Ni(Il) ions adsorbed on GFC as shown in Fig. 5(c)
and (d).

The EDAX analyses of GO, GFC, Zn(II) adsorbed
GFC and Ni(I) adsorbed GFC were carried out, and
are shown in Fig. 6(a)-(d). Fig. 6(a) shows peaks corre-
sponding to C and O, which are characteristic of GO.
In Fig. 6(b), peaks corresponding to Fe are also seen in
addition to the C peaks and the peaks corresponding
to O vanish, which proves the reduction of GO to
graphene and the formation of the GFC. In Fig. 6(c)
and (d), the peaks corresponding to the Zn(II) and Ni
(I) ions can be clearly seen in addition to the C and
Fe, which evidences the adsorption of Zn(II) and
Ni(Il) ions onto the GFC.

3.1.5. TGA analysis

The thermal properties of the GFC composite have
been studied by the TGA conducted at a particular
temperature range (room temperature to 700°C), in air
atmosphere, with a heating range of 10°C min™'. As
observed from Fig. 7, the weight loss at nearly 120°C
was attributed to the evaporation of the adsorbed sol-
vent. The GFC composite was found to undergo a
gradual weight loss between 120 and 400°C, because
of oxidation and decomposition. From the TGA curve,
it can be inferred that the weight loss of GFC was
below 24%, which evidences the presence of
graphene.

3.1.6. VSM analysis

The investigation of the magnetic properties of the
GFC was carried out with an applied magnetic field
(15 kOe) at room temperature, using a VSM. From
Fig. 8, it can be seen that the magnetic hysteretic loops
of the GFC have a saturation magnetization of 37.19
emu, and exhibit a superparamagnetic character. The
saturation magnetization value of the GFC was found
to be lower than that of pure Fe;O4 which indicates
the existence of graphene in the composite.

3.2. Effect of operating parameters
3.2.1. Effect of pH

The pH of the aqueous solution is an important
factor that may influence the uptake by the adsorbent,
in which the chemical characteristics of both adsorbent
and adsorbate will vary with the pH [44]. Adsorption
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Fig. 5. SEM images of (a) GO, (b) GFC, (c) Zn(II), and (d) Ni(Il) ions adsorption onto the GFC.

studies were carried out in the pH range of 3-11 with
the GFC. The adsorption increases with an increase in
the pH up to a value of 7, as shown in Fig. 9(a).
Beyond pH 7, the percentage removal decreases; this
may be due to the precipitation of the metal ions as
their hydroxides. At a lower pH, the competition of
H" ions for active sites in the adsorbent leads to a les-
ser percent removal of the metal ions. Hence pH 7
was found to be the optimum, and this pH was used
for further studies.

3.2.2. Effect of the GFC dosage

Fig. 9(b) shows the effect of the GFC dosage on
batch adsorption. Batch adsorption studies were car-
ried out with GFC varied in the range of 0.1-0.5 g L™".
The metal ion solution concentration was 30 mg L™},
equilibrium time was 60 min, pH 7 and the contents

were agitated at 200 rpm for the adsorption experi-
ments. The increase in GFC dosage appeared to pro-
mote more active sites, which facilitated the
adsorption of pollutants [45]. It can be seen that the
percentage removal increases up to 0.3 g L™', beyond
which there was no significant increase due to the sat-
uration of the active sites.

3.2.3. Effect of metal ion concentration

The effect of the metal ion concentration over adsorp-
tion in the GFC, with different initial metal ion concen-
trations (10-60 mg L") was studied at pH 7; the GFC
dosage was fixed as 0.3 g L™, equilibrium time 60 min,
temperature 303 K and the results obtained are given in
Fig. 9(c). The metal ion removal decreases with increas-
ing metal ion concentration, because the active adsorp-
tion sites are completely filled with the metal ions.
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Fig. 6. EDAX spectra of (a) GO, (b) GFC, (c) Zn(II), and (d) Ni(Il) ions adsorption onto the GFC.

3.2.4. Effect of contact time

The adsorption efficiency increases with an increase
in the contact time gradually from 10 to 60 min, beyond
which there was no significant increase, as shown in
Fig. 9(d). During the initial steps, the removal was high
because of the availability of more number of active
sites. After the attainment of equilibrium, the active
sites are occupied by the metal ions.

3.2.5. Effect of temperature

Fig. 9(e) shows the effect of temperature on the
adsorption of metal ions onto the GFC. Temperature
studies were carried out with an adsorbent dose of
0.3 gLfl, time of 60 min, metal ion concentration of
30 mg L™ and in the temperature range of 303-343 K.
With an increase in temperature from 303 to 343 K,
the metal ion removal increases slightly which shows
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Fig. 8. Room temperature magnetization behavior of GFC.

that the adsorption was endothermic. With an increase
in the temperature, the interaction between the solute
and the adsorbent was higher than that between the
solute and the solvent.

3.3. Isotherm studies

Adsorption isotherm models explain the distribu-
tion of molecules between the liquid and solid phases,
when the adsorption process attains the equilibrium
state. The analysis of the isotherm data by fitting them
to different isotherm models is an important step in
finding a suitable model that can be used for design
purposes. The non-linear forms of Langmuir [46],
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Freundlich [47], Redlich-Peterson [48], Temkin and
Pyzhev [49] were used to evaluate the adsorption
experimental data using MATLAB R2011a.

3.3.1. Langmuir isotherm model

The Langmuir isotherm is probably the best known
and most widely used adsorption isotherm. This is
based on the assumption that maximum adsorption
occurs when a saturated monolayer of the solute mol-
ecules was present on the adsorbent surface; the
energy remains constant and there was no migration
of the adsorbate molecules in the surface plane. The

non-linear equation of the Langmuir model is
expressed as follows:
[/ImKLCe
— dm7Lie 3
e 1+ KC, ©)

where C, is the equilibrium concentration of the metal
ions in the solution (mg LY, ge is the adsorbed value
of the metal ion at an equilibrium concentration
(mgg "), gn is the maximum adsorption capacity
(mgg™") and K; is the Langmuir binding constant
related to the energy of adsorption.

The essential characteristics of the Langmuir iso-
therm parameters can be used to explain the attraction
between the adsorbate and adsorbent using the

dimensionless constant, R; (separation factor),
expressed as
1
Rl =—— 4
L7171 Ki.Co @

where K is the Langmuir constant and Cy is the initial
concentration of Zn(II) and Ni(I) ions. The R; value
plays a vital role in predicting the nature of adsorp-
tion. The R; value of zero implies that the isotherm
was irreversible, favourable when 0 < R; <1, linear
when R; =1 linear and unfavourable when R; > 1.
The Langmuir isotherm parameters are given in
Table 1.

3.3.2. Freundlich isotherm model

The Freundlich isotherm is related to multilayer
adsorption on a heterogeneous surface and the appli-
cation of the Freundlich equation suggests that the
adsorption energy decreases exponentially on the satu-
ration of the adsorption centres sites in an adsorbent.
The non-linear form of the Freundlich model is given
by the following equation:



A. Muthukrishnaraj et al. | Desalination and Water Treatment 56 (2015) 2485-2501

2493

(a)
120 (b)
100 120
100 A
80 1
T o
(=]
g 60 - .g /—*—‘
o4 E 60
Q\o‘ o
40 2
404 —+—Zn(II) —a+—Ni(II)
——Zn(1I) ——Ni(II) _
20 1 c=1421 ¢=1416 el ¢=10.07 ¢=10.19
0 : . . : . 0 . . ; . .
0 2 4 6 8 10 12 0 5 10 15 20 25 30
pH Adsorbent Dosage (mg)
(c) (d)
120 120
100 - 100 1
80 20
=
g -
E 60 8 60 1
o &
X £ &
0 s 4 ——Za(I) ——NiTl)
57 Sean e - ¢=1595 0=16.66
6=16.17 =16.86
0 T T ! 0 T T T T
0 20 40 60 80 ] 20 40 60 80 100
Metalion Concentration (mg/L) Time (min)
(e} 100
cx V/
=
B
E 901
a1
=
85 - _
——Zn(@) —+—Ni(D)
=125 o=1.80
80 T T T ;
300 310 320 330 340 350

Temperature (K)

Fig. 9. (a) Effect of pH for the adsorption of metal ions onto GFC (the initial metal ion concentration 30 mg L', GFC dos-
age = 0.3 (g L") time = 60 min, and temperature = 303 K), (b) effect of adsorbent dosage (GFC) on metal ion removal (the
initial metal ion concentration 30 mg L™, pH 7, time = 60 min, and temperature = 303 K), (c) effect of metal ion concentra-
tions for the adsorption of metal ions onto GFC (the initial metal ion concentration 10-60 mg LY pH 7, GFC dosage = 0.3
(g L") time = 60 min, and temperature = 303 K), (d) effect of contact time for the adsorption of metal ions onto GFC (the
initial metal ion concentration 30 mg LY pH 7, GFC dosage =0.3 (g L™, time = 10-90 min, and temperature = 303 K),
and (e) effect of temperature on the adsorption of metal ions onto GFC (the initial metal ion concentration 30 mg L™},
pH 7, GFC dosage = 0.3 (g L"), time = 60 min, and temperature = 303-343 K).
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Table 1

The value of parameters for all isotherm models used in this present study

Isotherm model Parameters Zn(II) ion R? Parameters Ni(II) ion R?

Langmuir k=1.949 0.971 k = 0.4567 0.9659
g=1215 g=1114

Freundlich k=72.02 0.8415 k =47.03 0.8146
n=>5484 n =4.039

Temkin a=7274 0.9153 a=6.611 0.8961
b=7425 b =28.948

Redlich-Peterson og =2.07 0.9711 a=2 0.8902
B =0.9924 b =0.845
Kg = 4.245 k=8.115
q=>57.98 q=1594

; used to evaluate the homogeneous and heterogeneous
ge = KiCer () nature of Zn(l) and Ni(I) ions adsorption onto the

where K is the Freundlich constant ((mgg ")
(L mg)'/?) that indicates the adsorption capacity and
represents the strength of the adsorption band, and
“n” is the heterogeneity factor that represents the bond
distribution. The value of “n” explains the degree of
non-linearity between the solution concentration and
adsorption as follows: if n =1, adsorption is linear;
if n <1, adsorption is a chemical process and if n>1,
then adsorption is a physical process. The values of
“n” obtained were between 1 and 10, which indicates
the physical adsorption of Zn(II) and Ni(Il) ions onto
the GFC. All other parameters are listed in Table 1.

3.3.3. Temkin isotherm model

The Temkin isotherm describes the behaviour of
adsorption on a heterogeneous surface. The derivation
of the Temkin isotherm assumes that the fall in the
heat of adsorption is linear rather than logarithmic, as
implied by the Freundlich equation. The Temkin iso-
therm is expressed as follows:

ge = Bln (AC,) 6)

where B = RT/b, “b” is the Temkin constant related to
the heat of adsorption (J mol ), “A” is the Temkin iso-
therm constant (L g™'), “R” is the universal gas con-
stant (8.314Jmol 'K™') and “T” is the absolute
temperature (K). R* and the Temkin constant values
are presented in Table 1.

3.3.4. Redlich—Peterson isotherm model

The Redlich—Peterson isotherm is a combination of
the Langmuir and Freundlich models. This model is

GFC. The non-linear Redlich—Peterson isotherm model
equation is given by:

KrC.

- R %
1+ arCo

de

where K (L g_l) and or (L mg_l) are the Redlich-
Peterson constants, and f is the Redlich-Peterson
exponent which lies between 0 and 1. If the g
value = 1, the adsorption follows the Langmuir model;
if p=0, it follows the Henry isotherm model.
The experimental data were fitted to the non-linear
Redlich-Peterson isotherm model; the parameters
were calculated and are listed in Table 1.

Based on the R” value, the experimental isotherm
data were fitted (Zn(Il) and Ni(I)) in the order of the
Langmuir > Redlich-Peterson > Temkin > Freundlich
isotherm models, and the graphical representation of
these models are given in Fig. 10(a) and (b). The Lang-
muir isotherm is explained by the formation of a
homogeneous monolayer. The monolayer was formed
by the m—= interaction between the positively charged
metal ion and the aromatic regions. It was also sup-
ported by the p value in the Redlich-Peterson iso-
therm, where f was close to 1. A comparison of
maximum monolayer adsorption capacity of Zn(II)
and Ni(II) onto various adsorbents is listed in Table 2.

The schematic representation for the metal ions on
to the GFC is given in Fig. 11. The experimental
isotherm data were also fitted with the Temkin and
Freundlich isotherm models, which show the hetero-
geneous multilayer surface on the GFC. The heteroge-
neous surfaces present in the GFC are the -COOH
and -OH groups. The metal ions are adsorbed by the
- interaction of the metal ions and the functional
groups present in the GFC.
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Fig. 10. (a) Non-linear adsorption isotherm for Zn(II) ions
with GFC and (b) non-linear adsorption isotherm for Ni(II)
ions with GFC.

3.4. Adsorption kinetics

Adsorption kinetic studies have been used to
predict the controlling mechanism of the adsorption
process. Various kinetic models, namely, the Lagergren
pseudo-first-order model [50], Ho’s pseudo-second-
order model [51], Elovich [52], and Weber and Morris

Table 2
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intraparticle diffusion kinetic [53] models have been
applied to the present experimental data.

3.4.1. Lagergren pseudo-first-order kinetic model

Lagergren pseudo-first-order equation is given by:

K,
log(q. — q¢) = log g, — 2.33315 @)

where g, is the adsorption capacity at time t (mg g™")
and K,q (1 min™") is the rate constant of the pseudo-
first-order adsorption process. Fig. 12(a) shows that
the slope and intercept of the plot of “log (g, — g,)” vs.
“t” were used to determine the pseudo-first-order rate
constant K,; and the equilibrium adsorption capacity
ge- The value of correlation coefficient (R» and all
other parameters are outlined in Table 3.

3.4.2. Ho's pseudo-second-order kinetic model

Ho’s pseudo-second-order kinetic equation is given

L I €)

where K is the rate constant for the pseudo-second-
order (gm g~ min~') mechanism. Fig. 12(b) shows that
the plot of “t/q;” vs. “t” is linear, from which g, and K
were determined from the slope and intercept. All
other data are presented in Table 3.

3.4.3. Elovich kinetic model

The Elovich kinetic model can be expressed as
follows:

Comparison of metal ion adsorption capacities of various adsorbents

fmax (Mg g™

Types of adsorbent References
Zn(II) NidI)

Cork biomass 44.60 22.22 [55]
Wheat bran - 12.00 [56]

Cone biomass of T. orientalis - 12.42 [57]

Dye loaded sawdust 17.09 9.87 [58]

Irish peat moss - 14.5 [59]
P-tert[(dimethylamino) methyl]-calix[4]arene 36.40 52.80 [60]
Modified coir fibers 7.88 4.33 [61]
Unmodified coir fibers 1.83 2.51 [61]

GFC 121.5 111.4 Present work
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COOH COOH

GO + ethylene glycol +FeCl;.6H,0 +polyethylene
glycol +sodium acetate (Heating 200°C 12h)
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Mn+

Fig. 11. The schematic representation for the metal ions removal on to GFC.

qr = %m (af) + 11n t (10)

B

where « is the initial adsorption rate in (gm g') and
B (gmg™") is the desorption constant related to the
extent of the surface coverage and activation energy
for chemisorptions. The metal ion adsorption kinetics
onto GFC was also tested with the Elovich kinetic
model by plotting “g/” vs. “In ()" as shown in
Fig. 12(c). The @, f and R® values are listed in
Table 3.

3.4.4. Weber and Morris intraparticle kinetic model

The Weber and Morris intraparticle kinetic model
has been used to predict the influence of the mass
transfer resistance on the binding of the metal ion
onto the GFC. This model is expressed by the follow-
ing equation:
g =Kt + C 11)

where K, is the intraparticle diffusion rate constant
(mg g_1 min~!) and “+’ is the time (1 min}). The value
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Fig. 12. (a) Pseudo-first-order kinetic model for adsorption of Zn(Il) and Ni(I) ions onto GFC, (b) pseudo-second-order
kinetic model for adsorption of Zn(II) and Ni(Il) ions onto GFC, (c) Elovich kinetic model for adsorption of Zn(II) and Ni
(II) ions onto GFC, and (d) intra-particle diffusion kinetic model for adsorption of Zn(Il) and Ni(II) ions onto GFC.

Table 3

Kinetic models and other statistical parameters for Zn(II) and Ni(II) on to GFC under optimum conditions

Metal ion solutions

Kinetic model Parameters
Zn(1D) NidI)

Pseudo-first-order kinetics kag (1 min™1) 8.52 x 1072 5.98 x 1072

Geocal (Mg g ") 211.83 121.33

R? 0.942 0.924
Pseudo-second-order kinetics k(g mg_1 min~!) 5.245 x 107* 4378 x 107*

eexp (M g ") 97.28 87.40

Geocal (Mg g ") 125 111.11

h (mgg ' min") 8.188 5.395

R? 0.992 0.983
Elovich model a (mg g_1 min 1) 25.515 17.939

B (gmg™h 0.046 0.043

R? 0.950 0.948
Intra-particle diffusion model kp (mg g_l min'/ 2y 7.752 7.346

B (gmg ™" 18.700 33.450

R? 0.943 0.937




2498

of K, and the constant (C) can be calculated from the
slope and intercept of the linear plot of “g,” vs. /%,
as shown in Fig. 12(d). The intercept of the plot gives
the boundary layer effect. Larger the intercept, greater
the contribution of the surface adsorption in the rate
controlling step. The intraparticle diffusion straight
line does not pass through the origin. This deviation
from the origin is perhaps due to the difference in the
rate of mass transfer in the initial and final stages of
the adsorption. The calculated intraparticle rate con-
stant and R” values are given in Table 3.

Table 3 suggests that the correlation coefficient R*
value for the pseudo-second-order model was higher
than that of the other kinetic models. The Elovich
kinetic model does not give any proper mechanism, but
has been found useful to describe the chemical adsorp-
tion on heterogeneous adsorbents. Moreover, the values
of (ecary as obtained from the pseudo-second-order
kinetic model are close to the fgeexp) Vvalues. These
results prove that the adsorption data fit better with
the pseudo-second-order kinetic model than with the
intraparticle kinetic, the pseudo-first-order and the
Elovich kinetic models, and hence, the rate limiting step
of the metal ions onto the GFC in the present work.
Hence, the pseudo-second-order kinetic model indi-
cates that the adsorption depends on both the adsorbate
and the adsorbent, which involves chemisorption in
addition to physisorption. The attraction involved via
sharing or exchange of electrons between the adsorbent
and the adsorbate was due to the rate-limiting step
involved in chemisorption.

3.5. Adsorption thermodynamic studies

Thermodynamic parameters are used to predict
the feasibility and spontaneity of the process. Batch
adsorption experiments were performed at different
temperatures of 303, 313, 323, 333, and 343 K for an
initial metal ion concentration of 30 mg L}, time
60 min and pH 7. The thermodynamic parameters
such as change in standard enthalpy (AH®), Gibbs free
energy (AG®), and entropy (AS®) of the adsorption can
be calculated from the following equations:

AG® = AH® — TAG® (12)

AS° AH°
logK, = — 13
8% T3 303R ~ 2.303RT (13
where K, is the equilibrium constant, C, is the equilib-
rium concentration in solution, C,4, is the amount of
the metal ions adsorbed per litre of solution at equilib-
rium (mgg ") and T is the solution temperature in
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Kelvin. AH® and AS® were calculated from the slope
and intercept of the Van’'t Hoff plots of “log K.” vs.
“1/T”. This is shown in Fig. 13, and the results are
listed in Table 4.

The value of AH® was positive which shows the
endothermic nature of adsorption. The positive AS®
value can be used to explain the increase in random-
ness at the solid/liquid interface during the adsorp-
tion of Zn(l) and Ni(Il) ions onto the GFC. The
negative value of AG® shows the highly feasible and
spontaneous nature of the adsorption process. In addi-
tion, the higher negative value with an increase in
temperature shows that the amount of metal ions
adsorbed at equilibrium increases with an increase in
the temperature, and heavy metal adsorption on GFC
is an entropy-driving process [54]. The increase in %
removal of metal ions at higher temperature may be
due to the enlargement of the pore size and activation
of the GFC surface.

3.6. Competitive adsorption of Zn(Il) and Ni(Il) ions

Competitive adsorption technique has received
more attention nowadays, due to its simplicity and
high efficiency in the removal of different metal ions
from the aqueous solution. The competitive adsorption
of Ni(Il) and Zn(Il) ions onto GFC was carried out
with the mixture of the respective metal ion solutions,
each with an initial concentration of 50 mg L™ at opti-
mum pH 7 for 60 min. The selectivity adsorption
behaviour of these metal ions was different, and the
percentage removal of Zn(Il) and Ni(Il) ions onto the
GFC decreased in the mixture of zinc and nickel solu-
tion, compared to that of non-competitive adsorption.
In the competitive adsorption process, the percentage
removal of Zn(Il) ions was greater than that of the Ni

25
o ’\\‘\\
151
=]
a t—i—————____._______‘_____‘
g 11
0.5 4
—— Zn(1I) ——Ni(ID)
0 T T T T T
0.0028 0.0029 0.003 0.0031 00032 00033 0.0034

1Tt

Fig. 13. Thermodynamic study (Plot of log K vs. 1/T) for
adsorption of Zn(II) and Ni(II) ions onto GFC.



A. Muthukrishnaraj et al. | Desalination and Water Treatment 56 (2015) 2485-2501

Table 4
Thermodynamic parameters for the adsorption of Zn(II)
and Ni(Il) ions onto GFC

Metal ion
solutions
Parameter Temperature (K)
Zn(I) Ni(II)
AH"® (k] mol ™) 23.282 6.006
AS° (J mol ™) 111.130 43.800
—AG"° (k] mol ") 303 10.353 7.265
313 11.460 7.703
323 12.573 8.141
333 13.680 8.579
343 14.793 9.010

(II) ions, but both ions can be removed in a single
step. The removal order of the different metal ions
studied (Zn 133 and Ni 124 pm) depends on the
atomic radii of metal ions (Zn > Ni). The smaller
atomic radius of the metal ions was the easier in diffu-
sion on the adsorption site, and hence, the percentage
removal from the surface was higher. The adsorption
selectivity results show that the GFC adsorbent has
good adsorption selectivity, easily recyclability, high
adsorption capacity and cost effective for the removal
various metal ions.

4. Conclusions

In this work, the facile one-step solvothermal syn-
thesis of GFC adsorbent has been done followed by its
characterization and adsorption, demonstrated with
the removal of Zn(Il) and Ni(Il) ions from an aqueous
environment. This GFC was obtained by the in situ
reduction of FeCl;-6H,O to Fe;O, and simultaneous
conversion of GO to graphene in the presence of eth-
ylene glycol and sodium acetate. The GFC formation
was confirmed by the XRD, Raman and FTIR analysis.
The maximum percentage removal of Zn(II) and Ni(II)
ions are 96 and 87%, respectively, onto the GFC,
achieved under pH 7, adsorbent dosage 0.3 gL,
metal ion concentration 30 mg L™', time 60 (min) and
temperature 303 K conditions. Batch adsorption stud-
ies have been performed for isotherm, kinetics and
thermodynamic studies. The adsorption isotherm data
were well fitted to the Langmuir model due to its high
correlation coefficient, and the maximum adsorption
capacities of the GFC adsorbent towards Zn(Il) and Ni
() ions are 121.5 and 111.4 mg g™, respectively. The
kinetic studies showed that the pseudo-second-order
model was well described in the adsorption process.
The thermodynamic studies show (303-343 K) that Zn
(I) and Ni(Il) ions adsorption onto GFC were
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spontaneous and endothermic in nature. Compared to
other adsorbents, the GFC was easily recoverable,
recyclable and has good adsorption efficiency in the
removal of heavy metals from industrial effluents. The
GFC has been reused a minimum of four times, with
a slight decrease in the adsorption capacity.
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