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Abstract

Facile sonication method was used to immobilize y-Fe,O; nanoparticles (NPs) on graphene oxide (GO) to
obtain environmentally stable y-Fe,O;-GO nanocomposite (NC). Structure, surface morphology and compo-
sition of NC were thoroughly studied. Mossbauer analysis confirmed the presence of maghemite (y-Fe,0;) as
dominant phase of iron oxide. TEM images of NC revealed homogeneous distribution of y-Fe,O; NPs over
the GO nanosheet. A comparative analysis of GO, y-Fe,O; NPs and NC for the removal of Ni(Il) ions from
water was carried out by batch method and adsorption kinetics, thermodynamics and isotherms were also
studied. The adsorption data fitted better to Langmuir and Freundlich adsorption isotherms as compared to
Dubinin Radushkevich (D-R) and Temkin adsorption isotherms. NC showed higher g, value (615.0mg/g) as
compared to the pristine GO (403.7 mg/g) and y-Fe,O; NPs (572.4mg/g). The adsorption kinetics followed
pseudo-second-order model. NC displayed greater affinity for Ni(ll) ions in comparison to pristine GO and y-
Fe,O; NPs. The results suggested that the synthesized y-Fe,O;-GO nanocomposite can be used as a promising
novel material for the removal of Ni(Il) from water due to its higher adsorption capacity, stability, convenient
magnetic separation and regeneration.
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I. Introduction tion has received considerable interest as conventional
method for the remediation of heavy metals from aque-
ous solutions due to its simplicity, reversibility via des-
orption, high efficiency and low operational cost [4,5].
Activated carbon is conventionally used as an adsorbent
and synthesis of a new low cost and easily separable ad-
sorbent is an important area of research.

Novel size and shape dependent properties of nano-
materials have been widely explored for the last few
decades. Metal oxide nanoparticles (NPs), carbon based
nanomaterials and polymeric sorbents are comprehen-
sively used for the removal of heavy metal ions from
aqueous solutions [6]. Magnetic iron oxides NPs have
excellent physical and chemical properties and are ex-
tensively used in catalysis, ceramics, magnetic flu-
ids, data storage and bio applications. They are easy
to separate under external magnetic field and have

The presence of heavy metals in the water is a serious
problem of environmental concern. Among heavy met-
als, Ni(I) is the main pollutant due to its persistence and
toxicity which causes various health related problems
such as damage of central nervous system, liver dys-
function and cancer [1]. Its concentration varies from
6 to 12 mg/l in the industrial waste water, which is sig-
nificantly higher than the permissible limit of 3.0 mg/l in
industrial effluents [2]. Different techniques viz. electro-
chemical precipitation, adsorption, electro dialysis, re-
verse 0smosis, co-precipitation, membrane separation,
solvent extraction and ion exchange are used for the re-
moval of heavy metal ions [3]. The process of adsorp-
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strong adsorption capacity [7]. The different phases of
iron oxide NPs are classified as Fe;O, (magnetite), a-
Fe, O, (hematite), a-Fe,O, (maghemite) and a-FeOOH
(goethite) [8].

Graphene oxide (GO) has a two-dimensional
structure, high specific surface area (theoretically
~2600 mz/g), remarkable chemical stability; it is eas-
ily dispersible in water and forms stable suspension. It
acts as a good adsorbent material for the treatment of
contaminated water [9-13] and shows greater potential
of regeneration and reusability over the commercially
available adsorbents. GO has been reported as an effi-
cient adsorbent for the removal of dyes [14], pharma-
ceutical antibiotics [15] and heavy metals [13] but its
solubility in water limits its application since separation
from the solution after adsorption process is inconve-
nient. Glycine functionalized GO was used for Ni(Il)
removal and improvement in adsorption capacity was
observed due to the presence of glycine on the sur-
face of GO [16]. Amino siloxane oligomer-linked GO
was used as an efficient adsorbent for Pb(II) ions [17].
Aminated GO composite has shown promising adsorp-
tion potential for Co(Il) ions with adsorption ability of
116.4mg/g [18]. Novel GO-B-cyclodextrin was synthe-
sized as an adsorbent for the removal of bisphenol-A
from solvent phase of aqueous solution [19]. GO-saw
dust composite was used as an adsorbent for Ni(IT) ions
and was subsequently used for the degradation of phenol
[20]. Chemical modification of GO with nanomaterials
not only makes it water insoluble but also improves its
adsorption capacity. Magnetic graphene oxide (MGO)
contains Fe;O, and had substantially high adsorption
capacity for Cd(Il) ions, orange G dye [21], Se(VI) ions
[22], Hg(I) ions and methylene blue dye [23]. MGO
supported S-cyclodextrin was used as potential adsor-
bent for Cu(Il) ions [24]. Zhang et al. [25] have used
GO-ferric hydroxide for the removal of As(V) from wa-
ter. Fe,O,-reduced GO composite was also used as ad-
sorbent for As(III)/As(V) and Co(II) removal [26,27].
MGO has low stability under environmental conditions
due to oxidation of ferrous (Fe>") to ferric (Fe**) phase.
MGO is synthesized under nitrogen atmosphere but
when used as adsorbent under environmental condi-
tions, the oxidation of nanophase Fe;O, is inevitable.
Despite extensive study on the application of MGO as
adsorbent for heavy metal ions, no attention has been
paid to the issue of stability of MGO. To the best of our
knowledge, information pertaining to the application
of stable nanocomposite of y-Fe,O; immobilized on
GO as an adsorbent instead of Fe;0,-GO composite is
lacking.

In the present work, facile sonication method was
effectively used to directly immobilize y-Fe,O; NPs
on GO to obtain environmentally stable y-Fe,05;-GO
nanocomposite (NC). Structure, surface morphology
and composition of the NC were thoroughly studied.
The iron oxide phase was characterized by 3'Fe Moss-
bauer spectrometry. The adsorption behaviour of NC
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for Ni(I) ions was compared with the pristine GO and
v-Fe,O; NPs. Adsorption Kinetics was evaluated with
pseudo-second order model. The effect of various pa-
rameters viz. solution concentration, pH, contact time,
temperature and adsorbent dose was quantified and ther-
modynamic parameters like change in Gibbs free energy
(AG®), enthalpy (AH®) and entropy (AS °) were also de-
termined.

II. Experimental

All the chemicals used i.e. graphite powder, sulfuric
acid (H,SO,), potassium permanganate (KMnO,),
sodium nitrate (NaNO,), hydrogen peroxide (H,0,),
hydrochloric acid (HCI), ferrous ammonium sulfate
[(NH,),Fe(SO,),x6 H,0] ammonium ferric sulfate
[NH,Fe(SO,),], potassium persulfate  (K,S,Oy),
ammonium hydroxide (NH,OH), dimethyl gly-
oxime (C,HgN,O,), nickel chloride hexahydrate
(NiCl,x6 H,0) were of AR grade. Deionized water
was used to prepare the solutions of different strengths.

2.1. Synthesis of y-Fe;03-GO nanocomposite (NC)

Synthesis pathway for NC is shown in Fig. 1. In
the first step, y-Fe,O; NPs were prepared by dissolv-
ing 2.90 g of ferrous ammonium sulfate and 5.35 g am-
monium ferric sulfate in 50 ml deionized water. Sub-
sequently, ammonium hydroxide was added into the
mixed salt solution until completion of precipitation.
The reaction mixture was stirred for 45 min at 80 °C fol-
lowed by cooling at ambient temperature. y-Fe,O; NPs
were separated from the solution using ordinary magnet
then washed with deionized water followed by ethanol
and dried at 80 °C for 12 hours in oven.

Graphene oxide (GO) was synthesized by modified
Hummer’s method [20]. The synthesized GO (1.0 g) and
v-Fe,O5 NPs (3.0 g) were separately sonicated in 50 ml
deionized water. The solution containing y-Fe,O; NPs
was added slowly to the GO solution during sonication.
The mixture was subsequently sonicated for 30 minutes
and y-Fe,0,-GO NC was obtained. It was collected us-
ing magnet and dried at 60 °C in oven and stored in vac-
uum desiccator.

Nanocomposite

Figure 1. Synthesis of y-Fe,0;-GO nanocomposite (NC)
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2.2. Characterization

Techniques viz. X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FT-IR), transmission
electron microscope (TEM), scanning electron micro-
scope (SEM-EDS) and vibrating sample magnetometer
(VSM) were used as per the standard procedures de-
scribed by Kaur et al. [28]. >’Fe Mossbauer measure-
ments were performed at 300 and 77 K using conven-
tional transmission spectrometer coupled with a con-
stant acceleration drive. The spectra were described by
means of magnetic sextets and quadrupolar doublets
with Lorentzian lines. The values of isomer shift were
quoted with respect to that of a-Fe at 300 K which was
also used to calibrate the transducer. The Ni(I) con-
centration was measured by UV-1800 Shimadzu UV-
Visible spectrophotometer.

2.3. Adsorption

The adsorption of Ni(Il) ions was studied using batch
experiments. Stock solution of Ni(Il) ions (1000 mg/1)
was prepared by dissolving 4.049 g of NiCl,x6 H,O
in 1000 ml of deionized water. Different working solu-
tions of Ni(II) ranging from 50.0-500.0 mg/1 were pre-
pared by dilution of stock solution with deionized wa-
ter. The effect of pH on Ni(I) removal was studied us-
ing 100 mg adsorbent with 50 mg/I Ni(II) concentration.
The solution pH was adjusted from 2.0 to 10.0 with
the addition of 0.5M HCI and 0.5 M NaOH. The effect
of adsorbent dosage (0.01 to 1.0g) on Ni(Il) removal
was investigated using initial concentration of Ni(II)
100 mg/1 for GO, y-Fe, O, and NC. The effect of temper-
ature (10 to 40 °C) and contact time on Ni(II) removal
was performed using 0.1 g of adsorbent with 100 ml of
Ni(IT) solution of 100 mg/l concentration. To evaluate

the adsorption mechanism, pseudo-second-order kinetic
model [29] was applied and is represented as:

r Ki-qg¢ ot
LA O (1)
q: 2 qe

where ¢, and ¢, represent amount adsorbed per unit
mass at equilibrium and at time ¢, K is rate constant
of pseudo-second-order model. The second order pa-
rameters were determined by plotting #/g; vs. time. The
concentration of Ni(Il) in the filtrate was determined by
dimethyl glyoxime method [30]. All experiments were
repeated twice and the mean values were estimated. The
adsorption percentage (AP) was determined from the
following equations:

Co-C

AP = “ 100 2
s )

where Cy and C,, are the initial and equilibrium concen-
trations, respectively. The data were fitted with Lang-
muir, Freundlich, Temkin and Dubinin-Radushkevich
adsorption isotherms. The equations and theoretical pa-
rameters are given in Table 1. Thermodynamic param-
eters i.e. Gibbs free energy change (AG®), enthalpy
change (AH®) and entropy change (AS°) were calcu-
lated at four different temperature regimes from 10 to
40 °C at the interval of 10 °C using following equations
[31]:

AG°=-R-T-InK 3)
where AHC AS©
InK =- + @)
R-T R

Table 1. Different adsorption isotherms used and their parameters

Adsorption

Equations
Isotherms

Slope

Intercept Parameters

Langmuir L - ! + - L
g qe Ceq'b*Gmax ~ Gmax b Gmax

Gmax

Gmax 18 Ooptimum adsorption capacity, C,,
is equilibrium concentration, b is energy of
adsorption

Freundlich

S =

logg. = log Ky + 1log Coy

log Ky q. is quantity of metal adsorbed per unit
weight of adsorbent, n is empirical con-

stant, C., is equilibrium concentration

Dubinin-
Radushkevich

In ge = In 4max _ﬂ : 82 _:8

g. is amount of metal adsorbed per unit
mass of adsorbent, ¢, 1S maximum ad-
sorption capacity, 8 is coefficient associ-
ated with energy, e = R- T'In(1 + 1/C,y)
is polanyi potential, R is universal gas con-
stant, T' is temperature, C,, is equilibrium
concentration. The mean sorption energy
is calculated from the following equation

E=1/28

In 9max

Temkin ge=B-InA+B-InC, B

B-InA | q. is quantity of metal adsorbed per unit
weight of adsorbent, C,, is equilibrium
concentration, A is Temkin binding con-

stant, B is heat of adsorption constant
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and R is universal gas constant, 7 is the absolute tem-
perature and K (q./C.,) is an equilibrium constant at
different temperatures.

II1I. Results and discussion

3.1. Characterization

It is clearly evident from FT-IR spectrum of GO (Fig.
2a) that oxygen containing functional groups existed in
abundance on its surface. It also exhibits characteris-
tic bands for hydroxyl groups (—~OH) at 3367 cm’!, car-
bonyl group (C=0) at 1717 cm™' and C=C at 1609 cm™'.
Band at 1220 cm’! is due to the presence of C—O group
in the epoxy or phenolic form and band at 1060 cm™!
is assigned to C—O group due to the presence of ter-
tiary C—OH group. Wang et al. [32] and Bai et al. [33]
also noted similar spectrum of GO. FI-IR spectrum of
v-Fe,O; NPs (Fig. 2b) confirms that these were free
from organic contaminants and O—H stretching mode
of adsorbed water molecules estimated at 3398 cm™! and
peak at 1632cm™ are corresponded to the bending vi-
brations of —OH group. The bands at 585 and 448 cm!
are assigned to stretching and bending vibrations of the
Fe—O bond. FT-IR spectrum (Fig. 2¢) of y-Fe,0,-GO
(NC) also displays characteristic bands for y-Fe,O, at
564 and 437 cm’!, assigned to the stretching and bend-
ing vibrations of Fe—O bond, respectively [34]. Several
peaks with reduced intensity as compared to the pris-
tine GO are observed corresponding to the presence of
hydroxyl group (O—H) at 3398cm™, C=C stretching
at 1622cm™, C-O stretching at 1185cm™ and C-O
stretching due to tertiary C—OH group at 1125cm’!.
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Figure 2. FT-IR spectra of (a) GO, (b) y-Fe,O; and (c) NC
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Disappearance of band at 1717 cm’' might be due to
the formation of carboxylate ions. Furthermore, an ex-
tra band at 1400cm™ in NC is assigned to the bending
vibrations of nitrogen in NH,* ion. Carboxylate ions re-
acted with NH,* ions to form COO™NH,* salt. Lewis
acid-base interactions were favoured by the presence of
iron as it provided binding sites for NH,* ions. Thus, it
confirmed that y-Fe,O; NPs are chemically loaded on
GO with the aid of —-COOH groups on GO. Huang et al.
[35] also observed similar phenomenon while studying
the effect of surface acidic oxides of activated carbon on
the adsorption of ammonia. The presence of NH,* ions
in NC was further confirmed by heating the NC with a
few drops of NaOH solution in a test tube and colour-
less gas with typical ammonia-like smell was produced
[36]. Analysis of the C : H : N ratio in NC also validated
the presence of nitrogen and the ratio was 11.53 : 1.46:
1.12.

The XRD patterns of graphite, GO, y-Fe,O; NPs and
NC are presented in Fig. 3. Graphite exhibited sharp
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Figure 3. XRD patterns of (a) Graphite, (b) GO, (c) y-Fe,0;
and (d) NC
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diffraction peak at 20 = 26.5° (d = 0.33 nm) attributed
to the normal graphite spacing of the (001) plane [37].
GO has a characteristic diffraction peak at 26 = 10.96°
ensuing to an interlayer spacing of 0.81 nm and assigned
to the (002) plane [13]. Increase in d-spacing from 0.33
to 0.81 nm is related to the oxidation of graphite powder
and it further confirmed the presence of oxygen con-
taining functional groups on the surface of GO. XRD
patterns of y-Fe,O, and NC show diffraction peaks at
260 = 30.23°, 35.67°, 43.34°, 53.75°, 57.32° and 62.95°
corresponding to the (220), (331), (400), (422), (511)
and (440) planes, respectively assigned to maghemite
i.e. y-Fe,05 [38,39]. The broadening of peaks in NC
was observed as compared to y-Fe,O; NPs due to the
immobilization of y-Fe,O; NPs on GO sheets. The ab-
sence of GO peak in the XRD of NC might be due to
the decrease in aggregation of graphene sheets in the
presence of y-Fe,O, NPs. However, TEM imaging and
SEM-EDS established the presence of graphene in the
NC. Moreover, the intense signals of y-Fe, O, over over-
shadowed the less intense carbon peaks as w/w ratio of
GO and y-Fe,0; was 1 : 3 in the NC. These results are
corroborated with the findings of Yang ef al. [40] who
studied the decoration of GO and reduced graphene ox-
ide (RGO) with Fe,;O, nanoparticles.

Hysteresis plots (Fig. 4a) depicted the variation
in magnetization (M,) due to the applied magnetic
field. The value of saturation magnetization for NC
(31.53 emu/g) was lower compared to the y-Fe,O; NPs
(56.86 emu/g) due to the presence of non-magnetic GO.
Low coercivity values of 185.9 and 187.0 G for NC and
v-Fe, 05 NPs, respectively, also characterized a distinct
feature of soft ferrimagnetic material [21].

Mossbauer spectrum of NC measured at 300 K (Fig.
4b down) show broadened magnetic sextet and a cen-
tral quadrupolar doublet. Isomer shift are identical for
the two components and equal to 0.33 mmy/s, in fair
agreement with the presence of only ferric species.
Thus, this excludes the possibility of the presence of
mixed Fe’"—Fe** magnetite phase and confirms that
Fe* phase was fully oxidized into v-Fe,O; phase i.e.
maghemite. At 77 K, the spectrum (Fig. 4b up) consists
only of magnetic sextets which can be decomposed into
two components, but the small broadening indicates re-
maining superparamagnetic relaxation phenomena due
to ultra-small nanoparticles while the isomer shift val-
ues confirm the only presence of Fe** species.

Scanning electron microscopy analyses confirm lay-
ered structure of GO (what is in accordance with the
reported SEM images of GO sheets [41]), particle ag-
glomeration of y-Fe, O, and uniform immobilization of
v-Fe, O, NPs onto the surface of the GO sheets in NC
sample. The effective atomic concentrations of carbon
and oxygen in GO (determined by SEM-EDS) also con-
firmed the presence of oxygen containing functional
groups on surface as C : O ratio was 0.24 : 1.0. EDS
analysis of y-Fe,O, explained the presence of Fe and O
on its surface and the composition of Fe and O ions was
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Figure 4. Hysteresis curves of y-Fe,O; NPs and NC (a) and
300 K and 77 K Méssbauer spectra of NC (b)

80.4% and 19.6%, respectively. The effective atomic
concentration of iron, carbon and oxygen on top sur-
face layers of NC was 22.7%, 35.8% and 41.6%, respec-
tively.

TEM micrographs of GO, y-Fe,0; and NC in aque-
ous dispersion are presented in Fig. 5. GO nanosheets
display several bends and wrinkles due to the func-
tional groups carrying sp® hybridized carbon atoms,
which were introduced during the oxidation process.
GO nanosheets tend to aggregate and formed multilayer
agglomerate. y-Fe,O; NPs are present along with GO
nanosheet without damaging the layered structures as
observed in TEM of NC (Fig. 5c¢). Hur et al. [42] re-
ported similar trend for Fe,O, loaded on GO in differ-
ent proportions. The selected area in Fig. Sc revealed the
uniform spherical homogeneous distribution of y-Fe, O,
NPs over the GO nanosheet.
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Figure 6. Effect of pH on Ni(II) ions removal at 25 °C using
GO, y-Fe,0; and NC

3.2. Effect of pH

The adsorption of Ni(II) ions at the solid-water inter-
face is strongly influenced by the solution pH (Fig. 6).
Adsorption capacity of GO, y-Fe,0, and NC is lower
at low pH due to the competition between the excess
of H;O" ions and Ni(II) ions for the sorption sites. The
number of negatively charged sites on the adsorbent sur-
face increased at higher solution pH, which in turn as-
sisted the adsorption of positively charged Ni(Il) ions.
At solution pH = 6, removal of Ni(Il) ions was 16.0%,
23.0% and 31.0% for GO, y-Fe,O; and NC, respec-
tively. Simultaneous adsorption and precipitation were
observed at pH = 10.0 and removal was 98.1%, 98.3%
and 99.3% for GO, y-Fe,0, and NC, respectively. Sim-
ilar trend was also observed by Patil et al. [43] while
studying the adsorption of Ni(II) onto activated carbon.

3.3. Adsorption kinetics

Adsorption capacity increased sharply with time and
equilibrium was attained within 15 min, 2h and 20 min
for GO, y-Fe,0, and NC, respectively (Fig. 7). Ni(II)
removal from the synthetic solution was significantly
faster during the initial phase as a large number of va-
cant sites were available for the adsorption. With the in-
crease in contact time, the unoccupied sites were grad-
ually difficult to occupy due to the repulsive forces be-
tween Ni(Il) ions on the solid and in the solution. Plot
of t/q. versus t (inset of Fig. 7) and correlation coeffi-
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Figure 7. Effect of contact time on Ni(II) removal (inset - plot
of t/q, vs time (pseudo-second order model) for Ni(II) ions
adsorption at 25 °C using GO, y-Fe,0; and NC)

Table 2. Parameters of pseudo second-order Kkinetic model
for different adsorbents

Adsorbent qe Rate constant, k; R?
[mgg']  [gmg'min"]
GO 99.3 3.03x 107 0.98
y-Fe, 0, 98.0 8.85x 1073 0.99
NC 98.3 9.6 x 1076 1.00

cient (R?) >0.98 signified that the adsorption of Ni(II)
ions was linearly correlated with pseudo-second-order
model. The calculated values of g, were comparable
with the observed values (Table 2).

3.4. Effect of adsorbent dose

It is clear from Fig. 8 that removal of Ni(II) up to the
99.2% and 98.8% was achieved with the use of 0.01 g
NC and y-Fe,O; NPs as absorbents, respectively. On
the increasing adsorbent dose decrease in Ni(II) removal
from the solution was observed for y-Fe,O, NPs and
NC. However the decrease was more pronounced for
the NC. VSM analysis also supported the present find-
ings as magnetization value of y-Fe,O, (56.86 emu/g)
was higher than NC (31.52 emu/g). Higher magnetiza-
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Figure 8. Effect of adsorbent dose on Ni(II) ions adsorption
at 25 °C using GO, y-Fe,0; and NC

tion caused greater agglomeration of y-Fe,O, and de-
creased the available surface area of NPs. Whereas, the
removal of Ni(Il) ions decreased appreciably with an in-
crease in the adsorbent dose of GO. The Ni(IT) removal
decreased from 98.0% to 77.0% as the dose of adsorbent
was increased from 0.01 to 0.1 g. At higher GO concen-
tration, interactions between GO flakes physically hin-
dered the binding sites from adsorbing Ni(II) ions from
aqueous solution. Attractive force between Ni(II) ions
and the surface of individual GO nanosheet was reduced
further due to the creation of electrostatic interferences
[29].

3.5. Thermodynamic analysis

The adsorption capacity of synthesized GO, y-Fe, 0,
NPs and NC was studied in the temperature range of 10
to 40 °C. At higher temperature, Ni(II) removal capacity
of all three adsorbents was decreased (Fig. 9). At 10°C
maximum removal of Ni(II) ions was 99.4%, 99.0% and
99.4% and at 40°C it was 82.1%, 88.1% and 97.2%
for GO, y-Fe,O; NPs and NC, respectively. This sig-
nifies that adsorption was exothermic which is too sup-
ported by AH® values of —0.04, —0.05 and —0.03 kJ/mol
for GO, y-Fe,O; NPs and NC, respectively. Thermo-
dynamic parameters were calculated from the adsorp-
tion studies performed at four different temperatures
(10-40°C). The values of AH° and AS° were calcu-
lated from the slope and interception of the plot of
InK vs. 1/T (Fig. 10) and presented in Table 3. The
value of AG° up to —20 kJ/mol indicates the existence of
electrostatic interactions between active sites and Ni(II)
ion (physisorption); value less than —40 kJ/mol signifies
charge sharing or transfer from the adsorbent to Ni(II)
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Figure 9. Effect of temperature on Ni(II) ions adsorption
using GO, y-Fe,0; and NC
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Figure 10. Plot of In K vs 1/T to predict thermodynamic
parameters for the adsorption of Ni(II) ions onto GO,
v-Fe,0; and NC

ion to form a dative bond which depicts chemisorp-
tion [44]. The AG® values obtained in the present stud-
ies were less than —13kJ/mol indicated that physi-
cal adsorption was the predominant mechanism in the
sorption process. The negative value of AG° decreased
from -7.75 to —3.97, —10.94 to —5.22 and —-12.42 to
—9.28 kJ/mol as temperature raised from 10 to 40 °C for
GO, y-Fe, O, NPs and NC, respectively. This confirmed
spontaneous nature of adsorption being more favourable
at low temperature. AS° values of —0.11, —0.14 and
—0.08 kJ/mol K for GO, y-Fe, 0, NPs and NC suggested
that degree of freedom of the adsorbed species was de-
creased [45].

3.6. Effect of Ni(1l) ion concentration

The percentage removal was decreased with the in-
crease in Ni(Il) concentration in the solution (Fig. 11).
At 50 mg/1 Ni(IT) solution, the removal of 99.0%, 99.6%

Table 3. Thermodynamic parameters for the adsorption of Ni(II) ions onto GO, MO NPs and NC

AH® AS°

AG° [k]/mol]

Sample R?
[kJ/mol]  [kJ/mol/K] 283 293 303 313
GO -0.04 -0.11 =775 -8.02 -621 =397 094
v-Fe,0;  -0.05 -0.14 -1094 -741 -743 -522 098
NC -0.03 —-0.08 -1242 -10.60 -9.60 -9.28 0.90
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Table 4. Estimated Langmuir, Freundlich, D-R and Temkin parameters for Ni(II) adsorption

Langmuir Freundlich D-R Temkin
Adsorbent
Gmax bx1072 R*> n  Kf R Gux BX10° E R A B b R
GO 403.7 4.2 094 127 16.8 0.96 250.2 3.0 0.40 059 0.11 208.0 119 0.89
v-Fe,0, 5724 5.9 098 1.67 419 0.97 302.7 2.0 0.50 0.86 0.63 112.2 22.1 0.94
NC 615.0 39 099 1.77 49.5 098 293.1 1.0 0.70 0.82 0.80 107.6 23.0 0.96
100 - HGO 00951460 y=0.058x+0.002 R?=0.943
0.04 - Wy-Fe,0; y =0.029x + 0.001 R?=0.986
98 | Hy-Fe:0; 2 v
= 0.035 /| ANC  y=0.041x+0.001 R*=0.993
X 96 M NC )
T 9 = 0.03 -
& 92 go.ozs :
‘_‘: 90 é_u 0.02 |
g BB = 0.015 A
c 86 L 4
& 0.01 -
84
8 0.005 - \
80 0 ' . . ,
50 100 150 200 250 300 350 400 450 500 0 0.2 0.4 0.6 0.8

Initial Ni(ll) concentration [mg/I]

Figure 11. Effect of initial concentration on Ni(II) ions
adsorption at 25 °C using GO, y-Fe,0; and NC

and 99.9% was observed for GO, y-Fe,0; and NC, re-
spectively and it was decreased down to 87.2%, 89.5%
and 91.7%, respectively, when solution concentration
was increased to 500 mg/l. These findings are attributed
to the increase in the number of ions available at higher
concentration which compete for the available sorption
sites. Accordingly, this is connected with the lack of
binding sites on the adsorbents itself.

3.7. Adsorption isotherm studies

Adsorption isotherms were also studied to investi-
gate the adsorption capacity of synthesized adsorbents
for Ni(Il) ions. The parameters computed from adsorp-
tion isotherms are listed in Table 4. Maximum adsorp-
tion capacity (¢qx) calculated from Langmuir adsorp-
tion isotherms was 403.7, 572.4 and 615.0 mg/g for GO,
v-Fe, O, NPs and NC, respectively (Fig. 12). The mono-
layer adsorption capacities of the adsorbents used in the

1/Ceq [I/mg]

Figure 12. Langmuir adsorption isotherms for Ni(II) ions
adsorption using GO, y-Fe,O; and NC at 25 °C

present studies for the removal of Ni(Il) ions have been
compared with other adsorbents synthesized by vari-
ous researchers and reported in Table 5. The value of
Gmax for synthesized NC is higher than all other adsor-
bents reported earlier. The Freundlich plots (Fig. 13)
depicted that the value of n for GO, y-Fe,O, NPs and
NC was 1.27, 1.67 and 1.77, respectively, and this indi-
cates favourable adsorption process. The adsorption ca-
pacity was the highest for NC followed by y-Fe,O; NPs
and GO as confirmed by the Freundlich constants (K):
49.54,41.97 and 16.82 mg/l respectively. D-R isotherms
were used to calculate the values of D-R constant 3 (co-
efficient associated with energy) and g,,,,. The calcu-
lated values of mean sorption energy (E) were less than
1 kJ/mol and this signifies the physical nature of ad-
sorption process. However, D-R model is not followed
perfectly as clearly indicated by regression coefficient
(R?) values ranged from 0.59 to 0.86. Temkin isotherms

Table 5. Langmuir adsorption capacity (q,,,.) of various adsorbents for Ni(II) ions

Adsorbent Gmax [mg/g] Optimum pH Reference
Powder babhul bark 5.90 8.0 [43]
Powder activated charcoal 6.70 8.0 [43]
Graphene oxide/saw dust composite 135.50 10.0 [20]
Iron oxide NPs 0.23 10.0 [48]
NaOH-Modified coconut husk 73.52 8.0 [49]
Activated Carbon - 8.0 [50]

GO 403.70 10.0 This study

NC 615.00 10.0 This study

v-Fe, 0, 572.40 10.0 This study
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Figure 13. Freundlich adsorption isotherms for Ni(II) ions
adsorption using GO, y-Fe,0; and NC at 25°C
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Figure 14. Temkin isotherms for Ni(II) ions adsorption

mentioned in Fig. 14 revealed that value of Temkin
binding constant (A) varied from 0.11 to 0.801/g being
maximum in NC which signifies higher binding capac-
ity of adsorbent. The value of parameter B ranged from
107.6 to 208.0J/mol which further confirmed the heat
of sorption and physical adsorption process.

Removal of Nickel [%]

first | second  third fourth  fifth

Cycle number

Figure 15. Removal of Ni(II) ions by NC after five
adsorption/desorption cycles (inset image shows magnetic
separation of a) GO b) y-Fe,0; and ¢) NC by magnet
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3.8. Regeneration studies

The main aim of regeneration studies is to remove
and reuse the spent adsorbent. The synthesized y-
Fe,0;-GO NC could be easily separated from the so-
lution with the help of an ordinary magnet (inset of Fig.
15).The desorption cannot be performed on y-Fe,O,
as they get easily dissolved in acidic solution [47]. y-
Fe,O, NPs immobilized on GO offers not only simple
method of magnetic separation but also inhibits y-Fe, O,
acid dissolution on regeneration. The use of 0.01 M HCI
was the best treatment for removal of adsorbed Ni(II)
ions. Removal efficiency of regenerated NC after suc-
cessive cycles is presented in Fig. 15 and it was 95%
even after five adsorption-desorption cycles.

IV. Conclusions

In the present studies, environmentally stable mag-
netic nanocomposite was synthesized by facile soni-
cation method. Structural characterization using Moss-
bauer spectrometry confirmed the presence of y-Fe, O,
along with GO in the nanocomposite and absence of
any mixed Fe’"—Fe** phase. The sorption capacity of
nanocomposite for Ni(II) ions was higher than GO,
v-Fe, 0, and other adsorbents reported earlier in the
literature. Increase in the adsorption potential of 7-
Fe,0,—~GO (NC) is due to the immobilization of -
Fe, 0, on GO which favoured the process of adsorption.
NC is insoluble in water, easily separated by magnet
and can be effectively reused after regeneration. It has
an immense potential as an absorbent for the removal
of Ni(II) ions from the aqueous solution and can be ex-
plored as an effective adsorbent for the remediation of
other pollutants.
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