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Abstract

This study proposed a two-step method involving hydrothermal and electrostatic self-assembly processes for synthesising
an amine-functionalised magnetic ligand graphene oxide-based nanocomposite (EDTA @Fe;0,@GO). The amine groups
were successfully attached to the surface of iron (II, III) oxide (Fe;O,), which were embedded on the surface of graphene
oxide (GO) (Fe;0,@GO). This EDTA@ Fe;0,@GO nanocomposite was used as a chelating agent to bind the toxic heavy
metal ions. EDTA @Fe;0,@GO demonstrated the synergistic effect between the large surface area and magnetic behaviour
of Fe;0,@GO and the chelating effect of EDTA, and it showed higher efficiency than the individual GO and Fe;O,. The pos-
sible structural and compositional characteristics were proposed based on Fourier transform infrared spectra (FTIR), X-ray
diffraction (XRD), scanning electron microscope (SEM), Brunauer—Emmett-Teller (BET) and Raman spectroscopy analysis.
The outcomes revealed the mechanism behind the excellent As(V) adsorption onto EDTA @Fe;0,@GO. The adsorption
process was studied by fitting the experimental data obtained into various kinetic and isotherm models. The pseudo-second-
order (PSO) kinetic model and the Freundlich isotherm model (FIM) were found to be the best fit models for the removal of
As(V) by EDTA@Fe;0,@GO. EDTA @Fe;0,@GO has the utmost adsorption capacity of 178.4 mg/g. Furthermore, the
EDTA @Fe;0,@GO nanocomposite is reusable, and it showed excellent adsorption capacity up to 5 cycles. This study has
provided insight into the potential of EDTA @Fe;0,@GO and its applications in large-scale wastewater treatment.
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Introduction

Extensive water contamination is among the most severe
environmental problem in today’s modern world. The
widespread release of heavy metals has increased with the
advancement of various industries. Toxicity, carcinogenic-
ity, non-biodegradability, and bio-accumulative nature of the
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heavy metals have deadly effects on aquatic life and humans
(Ezzeddine et al. 2015; Khan et al. 2013). According to
World Health Organization (WHO), arsenic (As) is one of
the highly toxic heavy metal pollutants that pose maximum
adverse effects on human health (Mohammed Abdul et al.
2015). The water bodies and soil are contaminated with this
pollutant because of the discharge of untreated water from
various industries such as mining, battery, petroleum refin-
ing, ceramic manufacturing, agricultural chemicals, coal
fly ash, and many others (Cozzarelli et al. 2016; Hajalilou
et al. 2011; Mohan and Pittman, 2007; Orisakwe et al. 2004).
According to Central Pollution Control Board (CPCB), the
maximum industrial effluent discharge standard for As is
0.2 mg/ml, which is enough to cause health problems or
even death for many species (Amadi et al. 2012; Okeyo et al.
2018). Short-term or continuous exposure to As can end up
causing skin problems, fatigue, neurological disorders, lung
disease, cardiovascular disease, and even death (Mohan and
Pittman 2007). These severe effects urge the researchers to
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develop a simple yet effective material and method for elimi-
nating As ion from wastewater.

Many researchers have developed advanced methods
for the purification of As from water bodies in recent years
(Alka et al. 2021; Pandey et al. 2009; Weerasundara et al.
2021). Unfortunately, these methods are not economical or
practical for large-scale treatment, and those processes pro-
duce secondary pollutants. Adsorption is the most efficient,
economical and encouraging practice for the removal of pol-
lutants from water (Ali and Gupta 2006; De Gisi et al. 2016).
The materials used as an adsorbent play a vital role in this
process; therefore, numerous materials, ranging from natu-
ral to exceptionally engineered materials, have already been
explored as adsorbents. However, these adsorbents could not
reach the expectation (John et al. 2018). Therefore, a simple
yet effective and innovative alternative adsorbent has a high
demand.

Ethylenediaminetetraacetic acid (EDTA) is widely
known as a chelating and coordination agent for metal ions
because of the formation of coordination complexes with
the majority of metal ions with six ligands (Cui et al. 2015;
Madadrang et al. 2012). This ability makes EDTA and its
composite materials promising adsorbents for the removal
of heavy metals. At the same time, the adsorption capacity
of EDTA functionalised materials depends upon the prop-
erty of base materials and the functional groups that anchor
EDTA on the base material (Cui et al. 2015).

Recently, graphene and its composites have evolved as
one of the most exciting materials in the research world.
The large surface areas of graphene oxide (GO) and gra-
phene derivatives are decorated with different functional
groups, including hydroxyl, carboxyl, epoxide groups, etc.
(Saha et al. 2018). These functional groups serve as more
than merely active adsorption sites for various pollutants
in aqueous solutions (Kyzas et al. 2015). Also, these func-
tional groups can anchor other materials on the surface of
GO to make different composite materials (Ranjan Rout and
Mohan Jena, 2021; Saha et al. 2017; Verma et al. 2022).
However, the separation of GO from the water media after
use is problematic due to its high dispersion and tiny particle
size. In this regard, magnetic nanoparticle-decorated GO
could be an innovative solution. Iron (IL, III) oxide (Fe;0,)
nanoparticles are well known for their magnetic behav-
iour that facilities easy separation of the adsorbent using
an external magnet in real-field applications (Jabbar et al.
2022; Saha et al. 2018; Shen et al. 2009).

Fewer articles have reported the synthesis of amine-
functionalisation with magnetic nanoparticles or gra-
phene oxide—based nanocomposite and its applications
in the adsorption of various heavy metals such as Pb(Il),
Cu(II), U(VI), Hg(Il), Cd{I), Ni(II), Cr(VI), and As (III)
(Einollahi Peer et al. 2018; Ghasemi et al. 2017; Liu et al.
2016; Shahzad et al. 2017; Sharif et al. 2019; Zhao et al.
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2017). According to the acquired knowledge, this is the
first study that has reported the adsorption of As(V) ions
using EDTA @Fe;0,@GO nanocomposite. This work has
adopted a simple pathway for the synthesis of EDTA func-
tionalised magnetic graphene oxide (EDTA @Fe;0,@GO)
nanocomposite and focused on the removal of deadly As(V)
ions using the synthesised composite. Synthesised EDTA @
Fe;0,@GO was analysed by Fourier transform infrared
spectra (FTIR), X-ray diffraction (XRD), scanning electron
microscope (SEM), Brunauer—-Emmett-Teller (BET) and
zeta potential. Furthermore, the adsorption process was
investigated by the kinetic, isotherm, and thermodynam-
ics characteristics to understand the efficiency and interac-
tion mechanism between the EDTA @Fe;0,@GO and the
targeted pollutant (As(V)). Also, the recycling ability of
EDTA @Fe;0,@GO was studied to evaluate its economic
benefits. The overall goal of this study is to develop a simple,
efficient, and economical adsorbent for large-scale wastewa-
ter treatment.

Experimental work
Chemicals and reagents

Highly pure 100-um-sized graphite flakes, sodium arsenate
(NazAsQ,), iron (III) chloride hexahydrate (FeCl;-6H,0) and
methylene alcohol (CH;0H) were purchased from Moly-
chem, India. Other chemicals like sulphuric acid (H,SO,,
98%), hydrogen peroxide (H,0,, 30%) and phosphoric acid
(H5PO,, 75%) were purchased from Therma Fisher Scien-
tific India Pvt. Hydrochloric acid (HCl, 30%) and potassium
permanganate (KMnO,) were provided from Finar Limited.
Various organic solvents such as ethanol and acetone were
purchased from Sisco Research Laboratory. Ethylene gly-
col (EG), ammonia solution (NH,OH) and sodium acetate
(C,H;Na0O,) were bought from Merck. All the chemicals
used in this study are highly pure and used with no addi-
tional purification. Deionised (DI) water was utilised for the
entire experiment.

Synthesis of GO, Fe;0,, Fe;0,@G0 and EDTA@
Fe;0,@GO

The Improved hummers method was used to synthesise GO
(Marcano et al. 2010). In this method, 1 g graphite powder
and 6 g potassium permanganate were treated in an acid
solution containing sulphuric acid and phosphoric acid in
1:9 ratios by volume. The mixture was stirred at 50 °C for
12 h. Later, the reaction was terminated by adding ice cubes
and hydrogen peroxide. The synthesised product was washed
with HCI, ethanol and water to eliminate unoxidised metal
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ions. The washed GO was dried overnight at 60 °C before
keeping it in a glass bottle for later use.

The Fe;0, nanoparticles were synthesised by the hydro-
thermal method, which is mentioned elsewhere (Cao et al.
2015). In brief, 3 mmol of FeCl; and 10 mmol of urea were
mixed with 20 ml of EG under contentious stirring condi-
tions. The resultant solution was then allowed to react in
a Teflon-lined stainless steel autoclave at 180 °C for 12 h.
The autoclaved product was cleaned vigorously to eliminate
undesirable particles. The washed Fe;0, nanoparticles were
subsequently dried overnight for future use. Furthermore,
the GO and Fe;0, nanoparticles were mixed in a 1:1 ratio
and allowed to react at 180 °C in a Teflon-lined autoclave
to synthesise Fe;O0,@GO. The resultant product was then
washed and dried overnight.

After that, 5 g of Fe;0,@GO nanocomposite was dis-
persed in 10% concentrated 100 ml acetic acid. Also, 30 g
of EDTA was added to 100 ml methyl alcohol for EDTA
dispersion. The dispersions were mixed and reacted at room
temperature for 24 h to synthesise EDTA @Fe;0,@GO. The
resultant product was cleaned, dried at 50 °C, and ground
into a fine powder for further application.

Physiochemical characterisation

The surface structure of the EDTA@Fe;0,@GO was
analysed by a scanning electron microscope (JEOL JSM-
6480). Chemical compositions and the active bond types
were investigated using FTIR spectroscopy (Nicolet Is10,
Thermo Fisher, 2007). The diffraction peaks obtained from
the XRD analyser (D8 Advance Bruker instrument) were
used to examine the phase and crystallography of the syn-
thesised material. Defects on carbon lattice were analysed
using Raman spectroscopy analysis (model- XMB3000-
3000). The specific surface area was evaluated from the N,
adsorption—desorption isotherm (ASAP 2000 surface area
analyser). Malvern zeta meter (Zeta sizer 2000, UK) was
used to measure the Zeta potential at different pH ranges.
UV spectroscopy (Jasco, Model V-530, Japan) was used to
measure the concentration of pollutants in an aqueous solu-
tion at 345 nm wavelength.

Adsorption study

The adsorption behaviour of As(V) ion onto EDTA@
Fe;0,@GO nanocomposite was studied in the batch
adsorption experiment. In this study, sodium arsenate
was used as a source of As(V) ions. The adsorption
behaviour of As(V) on EDTA@Fe;0,@GO was investi-
gated under different conditions. The concentrations of
the adsorbate before and after the adsorption were meas-
ured by a UV-Visible spectrophotometer. Other adsorp-
tion conditions were optimised for kinetic, isotherm and

thermodynamics studies. The percentage removal (%R),
equilibrium adsorption capacity (¢g,) and adsorption capac-
ity at time ¢ (g,) were calculated from Eqs. 1, 2 and 3,
respectively:

%R = - x 100 (1)
4

g0 =(Cy=CIx ~ )
4

g =(Co=C)x— 3)

where C,, C, and C, represent the initial concentration of
As(V) (mg/L), the concentration of As(V) at the equilibrium
stage and the concentration of As(V) at time ¢, respectively.
w is the amount of EDTA @Fe;0,@GO (mg), and V is the
volume of pollutant solution (ml).

Regeneration and recycling

Regeneration and recycling of adsorbents are critical from
economic and environmental standpoints. Fifty millilitres
of HCI solution with different concentration (0.1-1 mol/L)
was mixed with pollutant-loaded EDTA @Fe;0,@GO and
sonicated for 30 min to regenerate the adsorbent. Then,
the adsorbent material was separated, washed with DI
water and dried for recycling. The recovered As(V) ion
was determined by UV-spectroscopy.

Error analysis

Error analysis is another aspect of the determination of the
best fit model for the adsorption process. Two error func-
tions, average relative error (ARE) and root mean square
error (RMSE), were employed to measure the coherence
between experimental data and calculated values derived
by models (Terdputtakun et al. 2017), as shown in Egs. 4
and 5, respectively:

100 n qe,meus - qe,calc
ARE = —2yv |Zemeas  Fecde 4
n =! 9e,meas @
1
RMSE = \/; 2;1:1(qe,exp - qe,cal)i2 )

where g, ,,,, and g, ., are the adsorbed quantities determined
by the experiment and the adsorption isotherm model,
respectively. n is the number of data points.
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Results and discussion

Characterisation of EDTA@Fe;0,@GO
nanocomposite

Structural and morphological analyses Various morphologi-
cal analyses were performed to develop an overall under-
standing of the material and its structural properties. At
first, high-resolution micro-level images (Fig. 1) were taken
using a scanning electron microscope (SEM) to investigate
the surface morphology of the synthesised nanocomposite.
The SEM image in Fig. 1 shows that the EDTA @Fe;0, par-
ticles are uniformly distributed on the wrinkled and folded
GO sheets.

Analysis of functional groups Furthermore, various bonds
and functional groups present in EDTA @Fe;0,@GO were
studied by the FTIR analysis. Comparative results of FTIR
spectra taken from GO, Fe;0,@GO and EDTA@Fe;0,@
GO are shown in Fig. 2. FTIR spectra of GO show four peaks
located at 1755, 1580, 1248 and 1013 cm™!, corresponding
to four primary bands of GO, such as C=0, C=C, CO-H
and C-O-C, respectively, which confirms the successful
oxidation of graphite according to previously stated studies
(Bera et al. 2018). However, the intensity of the GO peaks
decreases in the FTIR spectrum of Fe,O,@GO. In addition,
a peak is observed at around 610 cm™!, corresponding to the
Fe-O vibrational mode of Fe;O, (Raghu et al. 2017). The
FTIR spectrum of EDTA @Fe;0,@GO shows peaks at 3434,
2985, 1725, 1481, 1382, 1223 and 623 cm™! correspond-
ing to O-H, N-H, C=0, C-N, C-OH, C-NH, and Fe-O,
respectively. Compared to GO and Fe;0,@GO, EDTA®@
Fe;0,@GO has maximum oxygen and nitrogen-containing

Fig.1 SEM image of EDTA @Fe;0,@GO
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Fig.2 FTIR analysis of Fe;0,@GO and EDTA @Fe;0,@GO

functional groups, which are the primary reactive sites of
this composite for the adsorption of heavy metals.

Structural analysis The crystallinity of GO, Fe;0,@GO and
EDTA @Fe;0,@GO was analysed by the XRD spectra, as
shown in Fig. 3. EDTA @Fe;0,@GO nanocomposite shows
the diffraction peaks at 20 =28.37°, 35.6°, 46°, 61°, 65.8°
and 73.7° corresponding to the (220), (311), (400), (422),
(511) and (440) lattice planes of Fe;0,, respectively (Cui
et al. 2015). This observation advocates for the presence of
Fe;0,4 nanoparticles in the EDTA @Fe;0,@GO nanocom-
posite in a large quantity. The characteristic XRD peak of
GO that appeared at 11.8° supports the successful synthesis
of materials (Guo and Bulin, 2021).

Analysis of surface area The surface area of an adsorbent is a
crucial parameter in the adsorption process as the adsorption
capacity is directly proportional to the surface area (John
et al. 2018). N, adsorption—desorption isotherm analysis
has been performed to analyse the surface area of prepared
nanocomposites (Zhou et al. 2009). The Brunauer—-Emmett—
Teller (BET) analysis measured through the N, adsorption—
desorption isotherm process shows that EDTA @Fe,0,@
GO has a surface area of about 52.32 m%g (Fig. 4a). The
obtained adsorption—desorption graph follows the type-
IV hysteresis loop (Cui et al. 2015), indicating the coni-
cal structure with many side holes due to the gaps between
EDTA-nanoparticles and GO sheets. Furthermore, the pore
size analysis by Barrett-Joyner-Halenda (BJH) pore size dis-
tribution shows a sharp peak at around 16 nm in Fig. 4b. The
surface properties such as mesoporous structure, large sur-
face area and abundant active sites on EDTA @Fe;0,@GO
make this material an excellent adsorbent (Zhou et al. 2009).
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Fig.3 XRD analysis of Fe;0,@
GO and EDTA @Fe;0,@GO GO@Fe304@EDTA
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Fig.4 a BET analysis of EDTA@Fe;0,@GO, b pore size distribution of EDTA@Fe;0,@GO

Analysis of surface charge Zeta potential is an essential tool
for analysing the overall surface charge and electrophoretic
mobility of the particles. Figure 5 shows the zeta potential
of the EDTA @Fe;0,@GO measured at various pHs starting
from 1 to 10. The pH of zero point of charge (pH,,) is 2.36,
and the surface of the EDTA@Fe;0,@GO is negatively
charged at a pH greater than 2. Based on these findings, it is
possible to assume that the synthesised EDTA @Fe;0,@GO
would be negatively charged in most regular water environ-
ments as the pH of regular water typically ranges between 6
and 9 (Moussavi and Barikbin, 2010). The zeta potential of

the EDTA @Fe;0,@GO shifts toward the negative region
with the increase in pH, which promotes the sorption capaci-
ties of cation pollutants in aquatic environments.

The adsorption deciding factors

Effect of pH on adsorption capacity

Solution pH has a significant impact on the adsorption

capacity of the adsorbent. The solution pH influences the
charge transfer between pollutant particles and adsorbents in
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Fig.5 Zeta potential analysis of EDTA @Fe;0,@GO

an aqueous solution (Zhou et al. 2011). Figure 6 shows the
effect of pH (2 to 12) on the percentage removal of As(V)
using EDTA @Fe;0,@GO nanocomposite. The experimen-
tal results show that the percentage removal of As(V) using
EDTA @Fe;0,@GO nanocomposite is maximum at low pH.
The chelating groups present in the composite play a vital
role in this characteristic. The possible reason behind the
maximum percentage removal in an acidic medium is the
presence of a large number of H* ions, which protonate the
amino groups (-NH,) of EDTA @Fe;0,@GO.

R — NH, + H" & R — NH**(protonatedaminogroup)

As per the results obtained from zeta potential, it was clear
that the overall surface charge of EDTA @Fe;0,@GO would
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Fig.6 The influence of solution pH on percentage removal of As(V)
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be positive below pH 2. As(V) is a negatively charged ion;
therefore, the electrostatic force allows the binding of As(V)
ions on the surface of positively charged EDTA @Fe;0,@GO.

Effect of adsorbent amount on percentage removal

The effect of adsorbent amount on adsorption capacity was
examined by adding EDTA @Fe;0,@GO nanocomposite
from 5 to 25 mg in 50 ml of As(V) solutions. Figure 7 sum-
marises the influence of EDTA@Fe;0,@GO amounts on
adsorption behaviour. The findings show the removal effi-
ciency increases with an increase in adsorbent amount, and it
reaches 99% for an adsorbent amount of 20 mg. The removal
efficiency increases due to the rise in active adsorption sites,
which is directly proportional to the adsorbent amount (Mous-
savi and Barikbin, 2010) (Bansal et al. 2009). However, the
removal percentage does not improve after a further rising in
the adsorbent amount to 25 mg. The above results suggest that
20 mg of EDTA@Fe;0,@GO is the saturation amount of the
adsorbent for the given As(V) solution.

Adsorption kinetics

Adsorption mechanism and adsorption capacity were stud-
ied using pseudo-first-order (PFO) and pseudo-second-order
(PSO) kinetic models. The acquired experimental data were
fitted to the kinetics models to investigate the adsorption kinet-
ics. Equations 6 and 7 express the nonlinear forms of PFO and
PSO kinetic models, respectively:

4, = q,(1 - ") (6)
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Fig. 7 Effect of adsorbent amount on percentage removal of As(V)
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qﬁkzt

= (— 7
1+ gkt ™

q;
where K| and K, are the rate constant of the PFO and PSO
kinetic models, respectively. g, and g, represent the adsorp-
tion capacity at equilibrium and at time ¢, respectively, and
t represents the time.

The curvatures fitted with the PFO kinetic model have
the correlation coefficients (R?) of 0.937, 0.941, 0.943 and
0.944 for 50, 100, 150 and 200 mg/L solutions, respectively.
In comparison, the R? values for curvatures fitted with the
PSO kinetic model for all samples are approximately 1 (R?
~0.99), and the experimental values are also in accordance
with the calculated values. The findings from fitted kinetic
curves are depicted in Fig. 8 and presented in Table 1,
which conclude that the As(V) ion adsorption onto EDTA@
Fe;0,@GO nanocomposite obeys the PSO kinetic model.
Furthermore, the findings imply that the adsorption rate is
mainly determined by surface complexion (Aydin and Aksoy
2009).

Adsorption isotherms
Adsorption isotherms were investigated to understand the

adsorption mechanism and optimum adsorption capacity of
the EDTA @Fe;0,@GO nanocomposite. Here, adsorption

86491
Table 1 Various parameters obtained from the kinetic models
Parameters/(ppm) 50 100 150 200
Gexp(Mg/Q) 42.808 80.521 113.558 155.6
Pseudo first order
k; (min~!) 0.931 0.952 0.959 0.954
G (/L) 30.236 65.124 104.858 141.017
R? 0.937 0.941 0.943 0.944
ARE (%) 27.03 19.45 7.98 9.34
RMSE 7.25 8.89 5.15 8.42
Pseudo second order
k,x10? (g/mg min) 2.09 0.624 0.65 0.46
G (ME/L) 45.272 85.451 118.785 162.421
R? 0.981 0.991 0.989 0.988
ARE (%) 5.75 6.122 4.66 4.38
RMSE 1.45 2.84 2.97 3.45

isotherms were analysed by using the Langmuir isotherm
model (LIM), Freundlich isotherm model (FIM) and Temkin
isotherm model (TIM). The LIM proclaims unilayer adsorp-
tion, whereas the FIM proclaims multilayer adsorption and
surface heterogeneity. In contrast, the TIM deals with the
interaction of adsorbate and adsorbent in terms of bind-
ing energy. According to this model, the heat of adsorption
decreases linearly as the adsorbent surface is covered (Wang

Fig. 8 Experimental data fitted 160
with PFO and PSO kinetic v Y__Y
models
120
~
o0
)
£ 80
~
A
<
40
® 100ppm 150 ppm V¥ 200ppm
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0 - = = "PSOfitof 50 ppm — — "PSO fitof100 ppm PSO fitof 150 ppm — — "PSO fit of 200 ppm|
| | | I I I
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and Guo 2020). The nonlinear expression for LIM, FIM and
TIM is expressed as Egs. 8, 9 and 10, respectively:

_ CIZKLCe
= 17k,cC, ®)
q, = Kp(c,)"(1/n) )
4, = Brn(Az) + B;In(C,) (10)

where C, is the concentration at equilibrium, g, is the equi-
librium adsorption capacity and g, adsorption capacity at
a given time ¢. K; is the Langmuir adsorption constant (L/
mg) correlated to the heat of adsorption, g, is the maximal
adsorption capacity of the adsorbent (mg/g). K and n rep-
resent the Freundlich isotherm constant indicating relative
adsorption energy and adsorption intensity. Here, B,=RT/b,
where b represents the Temkin constant, related to the heat
of adsorption (Jmol~!), and Ay represents the binding energy
(Lg™.

Experimental results of equilibrium adsorption were fit-
ted to LIM, FIM and TIM, as shown in Fig. 9. Obtained
parameters from the fitted models are given in Table 2.
Results show that the FIM is the best-fitted model for the
removal of As(V) by EDTA @Fe;0,@GO nanocomposite at
given conditions. The value of n confirms the favourability

Table 2 Obtained isotherm parameters from different isotherm mod-

els

Isotherm models Parameters Value

Langmuir q,, (mg/g) 178.214
K, (L/mg) 0.121
R? 0.948
R 0.935

Freundlich K (mg/g) (L/img)™" 225.214
n 0.241
R? 0.996
Ry 0.995

Temkin b (J/mol) 42.82
Ay (L/mg) 2.452
R? 0.981
R? 0.978

of the adsorption process as its value (0.241) lies between
0 and 1.

Thermodynamics study

In the adsorption study, the thermodynamics investigation is
important to understand the thermal behaviour of this pro-
cess. Various thermodynamics parameters like change in
entropy (AS°), enthalpy (AH®) and Gibbs free energy (AG®)
were analysed using the following equations:

Fig.9 Various isotherm models 140
fitted to experimental data
120 +
100 -]
@
2 80 -
Q
(=
60 -
B Experimental data
4 Langmuir fit
40 - ) = — = Freundlich fit
S Temkin fit
T T T T T T T
S 10 15 20 25 30 35 40 45
Ce (mg/L)
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Table 3 Different parameters obtained from thermodynamics study

Temperature AG®° (kJ/mol) AH® (kJ/mol) AS° (J/mol K)
(X)
293 —13.47 43.674 195.046
298 —14.45
303 —15.42
308 —16.40
313 —-17.37
AS®  AH®
In(pK,) = — — — 11
q.
K, = C. (12)
AG = AH —TAS 13)

where p is the density (g/L), K, is the adsorption coefficient
(L/g), R is the universal gas constant (8.314 J/mol K), and T

is the temperature (°K). C, and g, represent the equilibrium
concentration of As(V) and equilibrium adsorption capacity
of the composite, respectively. The slope and intercept of the
plot of In(pK,) vs. 1/T were used to calculate AH® and AS°.
Table 3 shows the calculated thermodynamics parameters.
The negative value of AG® at high temperature confirms
that the adsorption of As(V) onto EDTA@Fe;0,@GO is
spontaneous. Furthermore, the endothermic nature of the
adsorption process was supported by the positive value of
A H° calculated from Van’t Hoff plot (Fig. 10). The posi-
tive values of A S° during the adsorption of As(V) onto
EDTA @Fe;0,@GO reflect an increase in randomness at
the solid-liquid interface (Singh and Pant 2004).

Regeneration study

The adsorbed As(V) was recovered, and EDTA @Fe;0,@
GO was regenerated using an HCI solution. In order to get
the optimum desorption of As(V), the effect of differently
concentrated HCI solutions on the desorption of As(V)
was examined and is presented in Table 4. The results

Fig. 10 Thermodynamics study 8
for the adsorption of As(V) ®  Experimental data
n
Van't Hoff plot
7.8 -
7.6 -
~~
=
a.7.4
ol
=
7.2
7 —
| |
6.8 T T T T I
3.2x10°3 3.3x10°3 3.3x10°3 3.4x10°3 3.4x10°3
-1
T (K )
Table 4 Effect of HCI Concentration of HCI (mol/L) 0.1 02 03 04 05 06 07 08 09 1
concentration on percentage
desorption of As(V) % Desorption 27.65 46.69 70.18 88.45 9506 9532 95.55 95.61 9577 95.8
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show that the desorption efficiency is higher at concen-
trated HCI solutions. As mentioned earlier, the surface
of EDTA@Fe;0,@GO would be protonated in the acetic
environment; hence, the coordination between the metal
ions and active sites of EDTA @Fe;0,@GO nanoparticles
might be reduced. Recycle experiment was preferred at
0.5 mol/L of HCI solution for desorption of heavy metal
as the strong acid environment induces the decomposition
of adsorbents. The recyclability study (Fig. 11) reveals
that EDTA @Fe;0,@GO has good removal efficiency (~
68%) even after the 5th cycle. The excellent recyclabil-
ity of this material makes it an efficient and economical
adsorbent.

91
91}
I
1 2 3 4 5

Cycle

% Desorption

Fig. 11 Recycle study of EDTA@Fe;0,@GO for the adsorption of
As(V)

Fig. 12 A comparative analysis
of the % removal of As(V) 100
using different materials

80
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% Removal

40

20 I
0
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Comparative analysis

Here, the performance of the synthesised EDTA@Fe;0,@
GO nanocomposite is composed of GO, Fe;0, and EDTA.
Each of these absorbents has its specific ability to remove
heavy metals due to their particular structural properties
and characteristics. As shown in Fig. 12, the As(V) removal
efficiency of EDTA @Fe;0,@GO is about 90.15%, whereas
As(V) removal efficiency of mono-component (EDTA, GO
and Fe;0,) and bi-component (EDTA @Fe;0,, Fe;0,@GO
and EDTA @GO) are below 50% and 80%, respectively. This
analysis confirmed that the EDTA @Fe;0,@GO nanocom-
posite is an effective adsorbent for the removal of As(V)
aqueous medium.

Adsorption mechanism and performance evaluation

Comparative analysis (Fig. 12) has found that EDTA @GO
shows better adsorption performance than EDTA@Fe;0,,
Fe;0,@GO0O, GO and Fe;0, nanoparticles. EDTA and GO
played a vital role in removing As(V) ions. The ethylenedi-
aminetetraacetic acid radical (Y*") present in EDTA is a hex-
adentate ligand with a strong coordination ability that forms
the material coordinate with heavy metal ions. This coordi-
nation interaction between As(V) ions and EDTA is one of
the reasons behind the excellent adsorption of As(V) onto
EDTA @Fe;0,@GO. Apart from the coordination interac-
tion, the electrostatic attraction among oxygen-containing
functional groups present on the GO surface and As(V) ions
is another reason behind the high adsorption capacity of the

EDTA@Fe;0,@GO

EDTA@GO

Fe;0,@GO

EDTA@Fe,0,
| I
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EDTA @Fe;0,@GO nanocomposite (Fig. 13) (Guo et al.
2014; Sun et al. 2012). Due to this coordination and electro-
static interaction, EDTA @Fe;0,@GO showed outstanding
adsorption capacity towards As(V) ions.

Furthermore, a comparative As(V) adsorption study
was conducted between EDTA @Fe;0,@GO nanocom-
posite and various other adsorbents (Table 5). The high
adsorption capacity of EDTA@Fe;0,@GO compared
to other adsorbents validates its exceptional adsorption
performance. The simplicity of the synthesis method and
excellent removal capacity of EDTA@Fe;0,@GO can
lead this material to a broad application.

I s

Conclusion

In the present work, highly efficient and multifunctional
EDTA functionalised magnetite graphene oxide was synthe-
sised via a facile method to remove As(V) ion. The EDTA@
Fe;0,@GO0O nanocomposite showed a very high adsorption
capacity for As(V) after introducing amine groups on the
surface of Fe;0,@GO. In an acidic medium (pH < 2), the
adsorption capacity was found to be maximum due to the
possible protonation of amine groups (-NH,) in the presence
of H* ions. The removal mechanism is mainly attributed
to the electrostatic attraction between As(V) and EDTA @
Fe;0,@GO. Based on the results of kinetic and isotherm
investigations, it is possible to conclude that the adsorp-
tion process follows the PSO kinetic model and the FIM.

y : Y,
+ ¢ Protonation y :v‘
+ t ea— e .v. '.
+ +
e+t EDTA-MGO
@ Fe304 v EDTA Metal ion

Fig. 13 Mechanism behind the adsorption phenomena of EDTA @Fe;0,@GO

Table 5 Performance evaluation of different adsorbents for the removal of As(V)

Adsorbent Pollutant Adsorption capacity Reference

(mg/g)
EDTA-GO Pb(Il) 479 Madadrang et al. (2012)
GO-ethylene diamine triacetic acid Cu(I) 108 Mejias Carpio et al. (2014)
Al,O;-iron oxide composite Pb(II) 28.98 Huang et al. (2007)
Chitosan sphere Hg(II) 31 Vieira and Beppu (2006)
y-Fe,05-carbonaceous materials Pb(II) 20 Ohno et al. (2011)
Magnetic ionic liquid-chitosan-GO Cr(VD) 143.5 Lietal. (2014)
CoFe,0,-carbon nanotubes Pb(II) 57 Zhou et al. (2014)
Graphene oxide nanosheet UvD 97 Zhao et al. (2011)
Chitosan-coated bentonite beads Cu(I) 12 Dalida et al. (2011)
Amino functionalised magnetic graphene oxide (AMGO) U(VI) 141 Chen et al. (2016)
Cation-exchange resin-supported polyethyleneimine Cu(Il) 200 Chen et al. (2010)
GO/PPy composites U(VI) 147 Liu et al. (2014)
EDTA @Fe;0,@GO As(V) 178.214 This study
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The EDTA @Fe;0,@GO has a maximum As(V) adsorp-
tion capacity of 178.214 mg/g, which is higher than GO
and Fe;0,@GO. The thermodynamics data (A G°<0, A
H°>0, A §°>0) suggested that the adsorption of As(V) ion
onto EDTA @Fe;0, @GO nanocomposite is an endothermic
and spontaneous process. High adsorbent capacity, excel-
lent recyclability and easy reproducibility make the EDTA @
Fe;0,@GO nanocomposite an economical and efficient
adsorbent for the removal of heavy metals from wastewater.
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