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ARTICLE INFO ABSTRACT

Keywords: Finding an effective and excellent pertinent single catalyst material for multipurpose application for the puri-
Heavy metals fication of hydrocarbons in fuels (desulfurization), and for efficient removal of heavy metals from industrial
Iron oxide effluent is greatly endowed. In the present work, a hybrid nanocomposite of ultrafine magnetite (Fe304)
]S)jlsflllllrfumatlon nanoparticle embedded on the surface of in-situ nitrogen doped layered GO (NGO) sheets were fabricated by sol-

gel method and treatment with microwave irradiation technique is reported for the first time. The results show a
high removal efficiency of 97 % for multiple heavy metals (Pb%*, Cd%*, Cu®*, Crt2, Mn*? etc.) in industrial
effluent and as well as in synthetic water with a very good retention performance of 99 %. The composites were
tested against the elimination of sulfur from thiophene is 1.495 mmol g ! is reported high is due to coupling and
coordination of nitrogen with Fe—O and C. Recycling studies showed that the developed composites had
excellent recyclability, with <82 % removal at the 5th cycle; its feasibility was evaluated using industrial effluent
water and in synthetic water. Surface phenomena studies presented here revealed that the adsorptive removal
processes of heavy metals involved n electron donor-acceptor interactions, ion exchange, and electrostatic in-
teractions, along with surface complexation that showed an excellent synergism. A high stability, and retention
performance is better than the pure Fe304 and NGO sheets. We hope that this study will motivate and give
further scope for scientists working on magnetite-based graphene nanocomposites.

Graphene oxide
Adsorption and microwave treatment

1. Introduction (rGO) sheets which allows higher loading efficiency and homogenous

distribution giving rise to magnetic nanocomposites for the potential

The environment is highly adulterated with the presence of heavy
metals which is a major concern and there is an alarming need to protect
and safeguard the human being and environment. The heavy metals and
their contaminations will not degrade easily like the organic pollutants
in wastewater [1,2]. Thus, elimination of heavy metal toxicity from
water and effluents needs a keen interest for the concentrations of metals
into smaller volume charted by recovery or for any safe disposal [3,4].
Yin et al., (2012) reported various magnetic materials used to show the
high potential adsorption of metals from wastewater, including mag-
netic adsorbents ranging from micro to nano scale [5]. Xue et al (2011).
reported the magnetic nanoparticles anchored to GO (GO)/reduced GO

* Corresponding authors.

applications [6]. The predominant availability of functional groups and
interaction of © stacking on the surface of GO nanosheets makes the
materials very active for the removal of heavy metals and necessary
potential for adsorption capacity [7,8]. Yang et al (2014) reported 92.65
mg/g chromium adsorption at favourable pH conditions [9,10]. Guo et al
(2014) showed an adsorption capacity of 17.29 mg/g using functional-
ized graphene with ferro/ferric oxide composites for removal of chro-
mate ion [11,12]. Zhu et al (2011) synthesized the core-shell graphene
Fe-Fe203 nanoparticles which showed efficient adsorption capacity for
As (II) in polluted water. The use of GO as active adsorbent for rapid
removal of ionic species such as lead, cadmium, cobalt, and other
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adsorption/sorption application is well organized [13,14]. Recently,
Lingamdinne et al. employed porous inverse spinel composite (MGO)
and porous inverse rMGO nanocomposites using nickel ferrite and GO,
and applied them for the removal of arsenic chromium and lead. The
gmax for MGO and rMGO was (82.47 and 121.95 mg/g) for Pb (II), and
(87.49 and 126.58 mg/g) for Cr(IIl), respectively, and could be regen-
erated and reused up to 5 cycles, without any significant loss in their
removal efficiency (Lingamdinne et al., 2016b, 2017b, 2018). Liu et al.
prepared FeS/MXene nanocomposite using the self-assembled method
to decontaminate Cr(VDions from aquatic environments showed
exceptional adsorption capacity (107.2 mg/g) for Cr(VDions at pH 1
[53]. Furthermore, the As@GO membrane also demonstrates excellent
rejection of up to 95.6 % and 96.7 % for cadmium (Cd2+) and lead
(Pb2+) ions, respectively. L.P. Lingamdinne et al. reported the removal
of Pb2+ and Cr3+ using rGO-Mn304 composites achieving maximum
sequestration capacities of 130.28 and 138.51 mg g—1 for Pb2+and
Cr3+, respectively, according to the Langmuir mode [45-49]. Inamullah
Mahar reported the fabrication and characterization of MXene/carbon
composite-based nanofibers (MXene/CNFs) membrane: An efficient
adsorbent material for removal of Pb + 2 and As+3 ions from water
showed high adsorption capability for Pb2+ (12.5 mg.g-1) and As3+
(3.3 mg.g-1) at an optimized neutral pH within 20 and 30 min respec-
tively [53]. The removal rates for Pb2+ and As3+ ions were achieved at
89 % and 81 % respectively which are much sufficient to treat
contaminated water at low concentrations (10 pgL-1 to 10 mgL-1).
Recently Kashinath L reported the synthesis of sulfur embedded on in-
situ carbon nano-disc decorated on graphene sheets for efficient photo-
catalytic activity and capacitive deionization method for heavy metal
removal efficiency of 90 % [50]. Hyder Ali reported the synthesis of
MXene-based nanocomposites: emerging candidates for the removal of
antibiotics, dyes, and heavy metal ions from wastewater with removal
efficiency of 87 % [52]. S. Charazinsk reported the efficiency of
removing heavy metal ions from industrial electropolishing wastewater
containing high concentrations of metal ions Fe(III), Cr(III), Ni(Il), and
Cu(Il) using natural materials [57]. Ashique Hussain Jatoi reported the
fabrication of High-performance asparagine-modified graphene oxide
membranes for organic dyes and heavy metal ion separation with an
exceptional water permeability ofB1740 10 L m2h1lbarl [58] (Table 1).

Another important environmental issue is purification of liquid fuels
(hydrocarbons) for energy sources, fuel cells, and electrical generators,
etc. Thus, the purification of fuels are now-a-days are drawing great
attention due to the rules and regulations of environmental and fuel cells
applications. Amongst, sulfur compounds are poisonous having negative
impacts on human health and dreadful to electrochemical/catalytic
materials in fuel cells [15,16]. Removal of sulfur was carried out by
hydro-desulfurization (HDS) conducted at high temperatures and in
high pressures was in practice but targeting the materials at high

Table 1
Shows the heavy metal removal efficiency of Fe304-NGO compared with other
nanomaterials.

Adsorbent Method Removal of heavy metals Ref
Fe304-NGO Sol-gel assisted Pb 190.00, Cr 160, Cd 67, This
microwave method Cu 95, Zn 100, Ni 85 mg. study
gl
rGO-Mn304 Hydrothermal Pb2+ 130.28 mg g — Cr3 [45]
+13851mgg—1
MXene/carbon Chemical synthesis Pb2+ (12.5 mg.g-1) and [52]
composite As3+ (3.3 mg.g-1)
As@GO Chemical synthesis lead (Pb2+) 95.6 % and [54]
membrane 96.7 % for cadmium
(Cd2+)
MnO2/MXene Hydrothermal method Pb(II) 0.001235 206 [50]
FeS/MXene Self-assemble method Cr(VI) 107.2 [53]
Magnetic Hydrothermal and Pb 200.00, Cr 24.1, Cu [571
graphene chemical method 62.89, Zn 63.69, Ni 51.02

oxide mg.g-!
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temperature and pressure was a very difficult task. The researchers are
motivated to use non-HDS materials as a promising adsorption candi-
date because of its cost-effective and feasibility in favourable conditions
[17-19]. Besides, materials with higher surface area and mesoporous
structure have been employed as functional adsorbents for the removal
of sulfur compounds like mesoporous silica, alumina, zeolite, metal-
—organic frameworks and activated carbon. The removal of sulfur using
CuCl supported by activated carbon is 1.748 mg/g and Fe304@C re-
ported value is 0.483 mg/g at 140 ppmw from thiophene [19,20]. Peng
Tan et al. reported the core shell synthesis of AgNO3/Fe304@mSiO for
sulfur capture from thiophene. The regenerated adsorbent after six cy-
cles still shows a good adsorption capacity (0.145 mmol g-1 or 4.64 mg/
g), which is comparable to the fresh adsorbent (0.147 mmol g-1 or 4.70
mg/g) [56]. From the above discussions and literature data of the
magnetite-graphene (Fe304-GO) based composites have been used for
many potential applications, but the selection of efficient and potential
adsorption materials for the multi-functional purpose is very hard and
difficult to find [21-23] and the efficiency/stability of the materials are
decaying during the long run application. However, there is still a scope
for developing non-precious hybrid nanocomposites with excellent
properties for multi-functional applications. Recently, researchers are
using nitrogen-doped GO (NGO) materials for many potential applica-
tions like a supercapacitor, energy storages, fuel cells, and as adsorp-
tion/ capacitive materials. The nitrogen doping can effectively suppress
and prevent the aggregation or restacking of graphene sheets and
additionally, it can facilitate in providing a lone pair of electrons that
increases the electron density of graphene, in turn, generates higher
current density and surplus increase in electrical conductivity [24].
Besides, NGO offers more active sites for the nucleation, which facili-
tates the control of morphology and particle size of hybrid materials and
strengthen the interaction. NGO acts as a matrix for host materials which
supportively increases the performance and exhibits excellent synergetic
effect [25,26]. NGO can facilitate a porous structure and exhibits a
higher stability of absorptions and excess of electron density can be used
for adsorption/sorption [27]. In the present work, sol-gel aided micro-
wave synthesis method is employed to fabricate a highly efficient
adsorptive/sorption materials. Herein, ultrafine magnetite nano-
particles were decorated on the active sites of nitrogen-doped GO
nanosheets has been reported [8,28,29]. The coupling of magnetite
nanoparticles and nitrogen doped GO approach is being selectively used
for multi-functional applications, which will enhance the performance
of adsorptive study for rapid removal of heavy metal from wastewater,
industrial effluent and desulfurization is reported to be a newest. This
new insight coupling method and materials approach can be used for the
fabrication of advanced functional materials for many potential appli-
cations as multifunctional materials with excellent performance and it
will open a new futuristic venue for researchers [30].

2. Experimental methodology
2.1. Materials

The chemicals and reagents used in the sorption studies are of
analytical grade. Ferric chloride hexahydrate, potassium permanganate,
sodium hydroxide, ammonia and hydrogen peroxide, lead nitrate,
chromium nitrate and cadmium nitrate were procured from Sigma
Aldrich, India and Graphite powder (MERCK, India). Concentrated hy-
drochloric acid and sulphuric acid of 98 % purity were also procured
from Sigma Aldrich, India. The industrial effluent was collected from the
industrial area, Mysore, India, containing maximum heavy metals like
Cu, Pb, Cd, Co, Zn, Mn, Al, and Ni. For the preparation of simulated/
synthetic heavy water, 0.01 M of respective nitrate (lead, cadmium and
chromium) is mixed with 1000 mL of distilled water individually.
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2.2. Synthesis of GO sheets

2 g of graphite and 1 g of sodium nitrate was dissolved in 60 mL of
pre-cooled sulphuric acid and was allowed to stir for 45 min in ice cool
bath conditions. After that, 6 g of KMnO4 was added slowly with con-
stant stirring and then 280 mL of deionized water was added to it which
was again subjected to continuous stirring for 1 h to obtain the homo-
geneous solution. To this solution 10 mL of hydrogen peroxide was
added and stirred for almost 30 min. Then the solution was thoroughly
washed and filtered with the dilute HCl solution (2/20) volume by
volume prepared in distilled water. The product was recovered from
centrifugation and dried at 80 °C in vacuum condition for 24 h. The
product so obtained is a fine powder of GO nanosheets [30,31].

2.3. Preparation of hybrid nanocomposites

5 mmol of FeCl3.6H,0 and 0.1 mmol of NaOH each was prepared in
20 mL deionized water and was further added in dropwise to GO solu-
tion (a homogeneous solution of GO was prepared by adding 0.2 g of the
above prepared GO nanosheets in 100 mL of deionized water followed
by sonicating for 45 min for future exfoliation) with constant stirring at
80 °C [32]. Then 10 mL of NH3H»05 solution was prepared by adding 40
mL of deionized water which was further added dropwise slowly to the
complex solution at 80 °C and was subjected to stirring for 1 h until a
stable viscous suspension is obtained. The complex solution was exposed
to microwave irradiation for 10 min at 900 W and washed several times
with deionized water. Then the resultant adsorbent underwent centri-
fugation at 5000 rpm. The adsorbent so obtained was vacuum dried at
80 °C for 24 h to harvest powdered magnetite-nitrogenous graphene
nanocomposites are named as 1@Fe-NGO. The same procedure was
adopted for the synthesis 0.5@Fe-NGO (2.5 mmoles, FeCl3.6H;0) and
0.25@Fe-NGO (1.25 mmole, FeCl3.6H50) respectively. The nitrogen
doped graphene oxide was synthesized in similar procedure in the
absence of FeCl3.6H,0 and pure Fe304 nanoparticles were synthesized
under similar conditions in the absence of GO and NH3H>O.

2.4. Characterizations

The crystallographic structure of the synthesized materials were
studied using Rigaku Smart Lab-1II, CuKa radiation (A = 1.544 f\) 40 KeV
and 30 mA. Fourier transformed infrared spectroscopy (FTIR) (Jasco
FTIR-460) plus spectrophotometer was used to determine the functional
groups. The absorption diffused reflectance spectra were studied using a
Diode Array single beam Spectrometer (SA-165), ELICO, India. Nitrogen
adsorption/desorption and surface area measurements analysis was
performed at 77 K using a BELSORP Mini-II system, Japan. The binding
energy was investigated by the X-ray Photoelectron Spectrometer
technique (ULVAC-PHI). The microstructural behavior of the compos-
ites was observed using a scanning electron microscope (Carl Zeiss,
Sigma 500). The electrons were accelerated at the rate of 5 kV voltage.
The higher the accelerating voltage, the greater will be the penetrating
power of beam into the samples. The identification of size, shape and
microstructural analysis requires a high-resolution transmission elec-
tron microscope which was carried using (Jeol JEM-2100).

2.5. Adsorption experiments (synthetic water and industrial effluent
water)

The materials synthesized were studied for adsorption experiments
against the removal of heavy metals present in the industrial effluent
and in simulated water with different pH variations at the ambient room
temperature. The carcinogenic heavy metals like cadmium, lead, and
chromium were detected and the adsorption percentage was calculated
to find the kinetics and mechanism of the catalytic processes. In the
experimental studies, 10 mg of the adsorbent Fe304-NGO (10 mg/mL
Fe304-NGO aqueous dispersion) was dispersed in 100 mL of industrial
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effluent and simulated water containing heavy metals. After adsorption
experiments, the solution was centrifuged at 10000 rpm in order to
separate the supernatant for determination of removal efficiency. The
concentration of heavy metal ions in the solution after adsorption was
examined by inductively coupled plasma mass spectrometry (ICPMS) at
regular interval of 30 mins. The amount of heavy metal ion adsorbed on
the adsorbent at the time interval of 30 mins [33,34] g; was determined
from the given equation

gt = (Co/Ce) (@)

Where C, and C, - initial and equilibrium concentration (mg/L) of
metal ion, Vis the volume of solution (mL), and m is the weight of Fe304-
GO in g. Additionally, adsorptions studies were carried out in batch
methods dissolving 0 to 600 ppmw (parts per million weights) of sulfur
content in thiophene. The adsorption studies were carried out by adding
5 mg of catalyst to the fuel and was subjected to 3 h of constant shaking.
The sulfur content treated with prepared materials were identified using
flame photometric detector attached with Varian 3800 Gas Chromato-
graph (GC).

2.5.1. Adsorption kinetics and isotherms

The Kinetic studies were conducted by varying the initial concen-
tration of the metal ions of Pb (II), Cd (II), Co (II), Zn (II), and Ni (II)
respectively. The adsorbate mixture was taken in 500 mL conical flask
that was placed in a thermostatically controlled water bath at 25 °C with
constant stirring. 10 mg of the synthesized composites (Fe304_NGO)
was added to the flask. Throughout the adsorption experiments, small
fractions of the sample were taken out for analysis at a predetermined
interval and then were centrifuged for 10 min to separate the superna-
tant and the adsorbent. The final metal ion concentration of the super-
natant obtained was determined by ICPMS at different time intervals.
The rate expressions for pseudo-first order and pseudo second order
kinetic model is expressed as follows [35,36] where k;(1/min) and kg (L
/mol min) is the adsorption rate constants corresponding to the first and
second order kinetic models, respectively, q; (mg/g) and q. (mg/g)
represents the amount of adsorbate adsorbed at equilibrium and at time
t respectively.

2.5.2. Thermodynamics

A thermodynamic study offers insights into the minimum kinetic
energy necessary for the adsorbate to become bound to the adsorption
site and can be evaluated as endothermic/exothermic reaction mecha-
nism using the thermodynamic parameters such as such as the Gibbs free
energy change (AG °, kJ/mol), the standard enthalpy change (AH°, kJ/
mol), and the standard entropy change (AS°, J/mol K1) [61]. These
parameters can be calculated by the following equations stated as (Egs.

(2)-(5)):

AG’ = —RTlnkc (2)
InKc = Cad, eCe 3
InKc = — AHORT + ASOR 4
AG = AH —TAS (5)

where R represents the universal (ideal) gas constant (8.314 J/mol K), T
is the temperature in Kelvin (K); Kc is the apparent equilibrium
adsorption [59,60] or the Langmuir isothermal constant [61]; Cad, and
eCe are the concentration (mg/L) of heavy metal in adsorbent and in
solution, respectively. AHO and ASO values can be calculated at different
temperatures, assuming these parameters to be independent of tem-
perature. A negative or positive value AG®° at a known temperature
confirms the spontaneity (or non-spontaneity) of the adsorption process,
a positive value of AH® suggests the endothermic nature of the adsorp-
tion of a pollutant by the sorbent, and a positive value of AS° illustrates



K. Lellala et al.

an increase in the randomness of the adsorption process [61,62]. The
thermodynamic properties associated with the removal of metal ions
exhibit variation due to the adsorbent's composition, structure, and
surface characteristics, leading to different affinities for metal ion
removal. Enhanced surface area and a porous structure can promote
interactions and subsequent adsorption. Factors like the presence of
competing ions and shifts in pH can modify the charge distribution on
both the metal ion and adsorbent surfaces, thereby influencing ther-
modynamic equilibrium. Additionally, distinct metal ions possess
varying thermodynamic affinities due to their unique electronic con-
figurations and charge densities [22,94]. The spontaneous endothermic
adsorption behaviours of Pb>* and Cr®*. Cd*? were demonstrated by
thermodynamic investigations. Batch tests and XPS analysis revealed
that the main mechanisms for heavy metal ions removal were = electron
donor-acceptor interaction, ion-exchange, electrostatic interaction, and
surface complexation.

3. Results and discussion
3.1. XRD patterns

Fig. la shows the crystalline nature of the synthesized hybrid
nanocomposites, Feg04 and NGO nanosheets respectively. The diffrac-
tion peaks patterns of Fe304-NGO nanocomposites are located at 18°
(111), 30.5°(220), 35.7°(311), 37.5°(222), 46.7°(400), 58.5°(511), and
70.1°(444) respectively. These reference planes are inconsistent with
standard X-ray diffraction peak patterns of JCPDS No: 89-0950 of face-
centred cubic crystalline plane structure of Fe3O4 nanoparticles spec-
trum. A similar diffraction pattern was observed for different molar
concentrations of Fe304-NGO composites. 1@Fe-NGO (1 mol concen-
tration of Fe304), 0.5@Fe-NGO (0.5 mol concentration of Fe3O4) and
0.25@Fe-NGO (0.25 mol concentration of Fe304) respectively as shown
in Fig. 1a. It can be depicted from the Fig. 1a that there is a small peak at
26° which indicates the presence of graphene in the nanocomposites.
This small peak confirms that the NGO has been reduced to graphene in
the synthesis process. The nanocomposites are having crystalline
behavior and fine structure that of magnetite nanoparticles which can
investigated from the presence of major peak at 30.5°. As the molar
concentration of Fe3O4 increases, it can be predicted that the intensity of
major peak also increases which confirms the crystalline behavior and
higher amount of magnetite particles participation in the composite's
material. The peak at 10° diminished slowly as the Fe content increases
which confirms the magnetite nature of nanoparticles [37]. The
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diffraction patterns of NGO are located at 10° (002) and 43° (101)
respectively as shown in Fig. 1a. The presence of additional peaks at 26°
and 43° indicates the reduction of GO synthesized is a layered structure
formation and is due to the presence of graphene/reduced GO structure
and diffraction patterns confirm the NGO is having a less functional
group of hydroxyl and epoxy.

3.2. FTIR analysis

Fourier transformer infrared (FTIR) spectroscopy was employed to
understand the covalent functionalization of NGO, Fe3O4 and hybrid
nanocomposites of Fe304-NGO. The spectra of NGO, Fe304-NGO nano-
composites (0.25@Fe-NGO, 0.5@Fe-NGOand1@Fe-NGO) are shown in
Fig. 1b. The absorption spectra for NGO was located at 1078 em™?
(C—O, alkoxy) stretching vibration mode, 1180 em ! (C—O0, epoxy),
1475 ecm™! (C-OH carboxyl), 1625 cm ™! (C=C), and 1742 cm ™! (C=0,
carboxyl) and the peak at 2952 cm~! (C—H bond) as shown in inset
image of Fig. 1b. Fig. 1b depicts the spectra of Fe3O4 subjected peaks at
570 and 1059 cm ™! confirming bonding of Fe and O to form magnetite
material. In contrast, the FTIR spectra of NGO and NGO/Fe304 clearly
confirm that several oxygen functional groups were mostly decreased or
ceased in the synthesis process. This confirms the successful reduction of
NGO and in turn generates the reduced form of GO that played a vital
role in increasing the surface area and higher adsorption due to
nitrogenous graphene nature which is illustrated in the inset image of
Fig. 1b [28]. The synthesized samples were characterized using FTIR
after the performance of adsorption test is shown in supplementary
Fig. Sla. From the spectra, it can be predicted that there is a widening or
stretching of area around the finger print region of metal oxide which
predicts a higher amount of metal incorporation or metal embedded that
are due recovery of heavy metal from industrial effluent and synthetic
water. Additionally, there is broadening of OH peaks which suggest a
heavy metal oxidization that leads to the formation of metal-based ox-
ides. The spectra patterns of sample after the test and before the test
shows a big difference that confirms the presence of extra or heavy metal
recovery and changes in the chemical absorption. When compared NGO
sample showed a lower peak pattern that of Fe304-NGO sample, that
directly confirms and revels the participation of iron oxide on the sur-
face of NGO sheets. This change shows a very good retention and re-
covery of heavy metal by the synthesized heterostructure composites.
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Fig. 1. a) XRD patterns; and b) FTIR spectra of 0.25@Fe-NGO, 0.5 @Fe-NGO, 1@Fe-NGO, and NGO.
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3.3. Structure and morphology of the composites

The microstructural analysis of the pure Fe304 NGO sheets, and
Fe304-NGO hybrid nanocomposites were explored using a scanning
electron microscope (SEM) and high-resolution transmission electron
microscope (HR-TEM) as shown in Fig. 2. From the images of SEM, it can
be predicted that isometric/spherical like structure are confirmed for
pure FegO4 as shown in Fig. 2(b) and crimpled/wrinkled paper-like
sheets (layered) are observed for pure NGO as shown in Fig. 2(a). The
SEM images of Fe304-NGO composites reveal the confirmation of
spherical/isometric nanoparticles decorated on the surface of layered
nitrogenous GO sheets for the 1@Fe-NGO respectively as shown in Fig. 2
(c). Additionally, in-depth microstructural properties of composites
were studied using HR-TEM as shown in Fig. 2(d-f). The wrinkled or
crushed like a porous sheet was observed for NGO (Fig. 2d) and iso-
metric nanoparticles of Fe304 embedded on the layered surface of NGO
as shown in Fig. 2(e-f) with high and low magnifications. The dark black
colour sized particles are due to the presence of iron oxide on the grey
coloured surface indicates NGO sheets. These images clearly shows the
evidence of iron oxide nanoparticles decorated/embedded on the
layered surface of in-situ nitrogen-doped GO sheets [38,39]. The inter-
planar d spacing of Fe304 and NGO can be easily identified from low
magnified HR-image shown in the inset image of Fig. 2(e-f) which agrees
well with the crystalline diffraction data of XRD. The structure and
morphology of the sample were tested after the adsorption test using
SEM technique. From the images, it is predicted that there is no much
changes in the structure of the materials that confirms rigidity and
robust nature of synthesized heterostructure but a few micro or nano
surface and holes on the surface of NGO were covered due to extra
materials embedding that are recovered heavy metals. The change in
porosity and surface area measurement can identified by the BET results
after the adsorption test shown in FigS1b. The decrease in surface area
and porous nature of NGO is comparatively lower than the Fe304-NGO
samples which confirm the existence of heavy metal is greater in het-
erostructure composites than the pure NGO and iron oxide nano-
particles. The NGO and Fe304-NGO are disrupted due to the presence of
heavy metal and stress/strain of materials. The rupturing of surface and
some points on the surface area is more and higher in NGO that Fe3O4-
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NGO is due to that porous nature of NGO and disruption in layered sheet
of NGO can be seen in the Fig. S2. A clear vision of extra or foreign
materials existence/incorporation on the surface of sample materials
can be identified in the image of NGO, Fe3O4 and Fe304-NGO. When
compared to pure sample before adsorption test. From SEM image of
NGO clearly shows a very distinct large or wide plane graphene sheets
but after the adsorption the graphene sheets were covered with extra
materials that are recovered through adsorption process can be seen in
FigS2. The same trend in structural behavior is observed for pure iron
oxide and Fe doped NGO samples before and after the adsorption
studies. This clearly indicates a good adsorption/sorption of hetero-
structure fabricated.. The higher amount of extra material existence can
be seen for heterostructure than the pure sample after the adsorption
test. This confirms a higher amount of metal recovery from the water is
higher in heterostructure composites.

3.4. XPS spectra

X-ray photoelectron spectroscopy (XPS) measurements were per-
formed to investigate the composition, surface analysis and binding
energy of the hybrid nanocomposites of Fe304-NGO samples (0.25@Fe-
NGO and 1@Fe-NGO) respectively (Fig. 3). As shown in Fig. 3(a), the
XPS survey spectrum of nanocomposites consisting of Fe, C, O, and N
respectively. The deconvolution spectra of carbon peak were located at
285.0 eV is assigned to carbon C-C/C=C bonding and the carbon
bonding with oxygen-containing groups C-O/C=0 and C-OH/C-OOH
are located at 286.2 eV with low intensity as shown in Fig. 3b for
0.25@Fe-NGO and 1@Fe-NGO respectively. It can be predicted from the
Fig. 3(b), that the intensity of carbon and oxygen-carbon functioning is
higher for 0.25@Fe-NGO than the 1@Fe-NGO is due to the presence of
higher reduction of GO which involved in the formation of higher
amount of magnetite nanoparticles [40]. This indicates a clear reduction
of oxygen in NGO and a higher amount of oxygen involved in the for-
mation of magnetite particles. The existence of oxygen can be observed
from the Fig. 3(c) and the peaks located at 528.1 eV and 532.5 eV cor-
responding to O1S spectra for 0.25@Fe-NGO and 1@Fe-NGO respec-
tively. It can be inferred from Fig. 3(c) that the intensity level of oxygen
is low and there is a shift to the left in 0.25@Fe-NGO and is due to the

s)BaL\S auaquJD

Fig. 2. (a-c) SEM images NGO, Fe304, and 1@Fe-NGO and (d-f) HR-TEM images of NGO, and 1@Fe-NGO.
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oxidation of oxygen in the composite but the intensity level is lower than
1@Fe-NGO due to a higher amount of oxygen participation in magnetite
nanoparticles. The estimation of iron in the nanocomposites is predicted
from the Fig. 3(d) for 0.25@Fe-NGO and 1@Fe-NGO respectively are
located at 709 eV (Fe 2P3,5) and 724 eV (Fe 2p 1,2). It is observed from
the Fig. 3(d), that the intensity level is higher for 1@Fe-NGO than
0.25@Fe-NGO which indicates the higher amount of Fe and O leading to
the formation of magnetite particles. From the XPS analysis, it can be
predicted that magnetite nanoparticles while decorating on the surface
of nitrogen-doped graphene layer shows some disruption caused by the
higher rate of potential bonding within the surface area interaction and
anti-repulsive oxidation-reduction which lowers the energies. This in-
dicates a left shift in energies inclusive for higher synergism between the
Fe304 and NGO sheets and there is a higher surface plasomic resonance
exhibiting an enhanced adsorption/sorption rate which is very essential
for adsorptive materials. This coupling of hybrid nanocomposites and
chemical composition of binding energies reveal that the materials are
supportive of electrocatalyst activity, and high adsorption activity. The
XPS spectra of the synthesized materials were tested after the adsorption
performance test as shown in Fig. S3. It can be predicted from the survey
spectra that there is decrease in peak width and height due to presence
of terrestrial heavy metal recovery from effluent. Additionally, we can
observe the formation small peaks or humps in the survey spectra due to
the presence of heavy metal and there in hybridization or coupling on
the surface of layered Fe-NGO sheets. This changes in survey spectra
suggest an additionally involvement of heavy metals or recovered
mineral which is different from pure spectra of the synthesized mate-
rials. In overall, the heterostructure composites shows a excellent and
efficient rapid removal of heavy mineral from liquid media and in turn
suggest this type of hybrid heterostructure for multipurpose applica-
tions. The individual spectra of Pd, Cr, Zn and Cd confirms the adsorp-
tion of heavy metals is higher in heterostructure than the pure sample.

The intensity and height of the peak is higher for heterostructure than
NGO, Fe304 samples that confirms a higher amount of metal recovery or
existence in composites than that of NGO respectively for Pd, Cr, Zn and
Cd can be seen in Fig. S3 (a-d). A very distinct change in individual
spectra can be identified when metal incorporated or participated in
chemical absorption on the surface of heterostructure composites, the
spectra of Pd, Cr, Zn and Cd shows a slight higher shifts to right, that
indicates a chemical or physiochemical changes of samples materials
and interfacing of foreign materials on the surface of sample and in
addition a stress or strain formed on the surface due to coupling of hy-
droxyl or functional groups on the surface of magnetite based compos-
ites is higher than the other samples. In overall observation of XPS after
adsorption test reveals a greater or higher participation of heavy metal
or recovery by the heterostructure composites,

3.5. BET surface area measurement

Volumetric nitrogen adsorption and desorption studies were con-
ducted using Bellsorp mini-II system and the samples were degassed
below 1.33 Pa at 90 °C for 1 h and heated up to 350 °C for 6 h (10 °C
min~?). The specific surface area was calculated by the BET method in
the relative pressure range of 0.04-1.00. BET analysis revealed that the
surface area measurement for Fe3O4 (80 ng_l), NGO (450 ng_l) and
Fe304-NGO (364 ng’l) as shown in Fig. 3e. The surface area of Fe304-
NGO is higher (4 times larger) than that of Fe3O4 indicating that N-GO
could more effectively prevent the Fe3O4 nanoparticles from agglom-
eration than NGO, which is inconsistent with the HR-TEM results
[16,32]. The BET surface area measurement was conducted for the
sample after the adsorption test, the results suggest a decrease in surface
area and lower the porosity of the materials that are due to the presence
of extra participation of foreign elements. This confirms the presence of
heavy metal recovery from the effluent and existence of metal in the
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synthesized sample. This material exhibits a high rate of adsorption and
recovery rate that can be used for any other kind of recovery shown in
Fig. S1b. When compared to pure NGO and Fe304-NGO sample showed
much decrease in surface area and lower porosity and pore volume that
suggest the role of Fe incorporation on NGO for better and rapid re-
covery that well agree with FTIR, XPS results.

3.6. Heavy metal removal from synthetic water

The efficiency of hybrid nanocomposites synthesized was examined
for the removal of heavy metals like Cr, Pb, and Ni which were indi-
vidually mixed thoroughly in water with the respectively adjusted pH
(pH = 6.7.8) were taken for the evaluation. A 20-ppm solution of
respective metals were added with 10 mg of catalyst and kept for
observation with respect to irradiation time [8,41]. From the UV
transmittance spectra, the rate constants values were observed at a
regular interval of 30 min respectively and it clearly indicates that the
transmittance increases gradually as the time of exposure is extended
which in turn confirms the higher reduction of heavy metal or elimi-
nation of respective metal ions from the aqueous solution. The con-
centration of heavy metal removal efficiency for hybrid nanocomposites
is better than pure Fe304 and NGO which concludes that the composites
exhibit an excellent and rapid performance for the elimination of metals.
An in-depth study of the elimination of metals reveals that the hybrid
nanocomposites show 4 folds higher performance than pure Fes04 and
NGO respectively as evident in Fig. 4(a-c) for, Pd, Ni, and Cr. The first
order and second order rate reaction for the hybrid nanocomposites
were calculated using pseudo reaction. Herein, the photo-elimination
reaction obeys the Langmuir Hinshelwood model, follows the first
order (pseudo) reaction kinetic given as

C = Coe MandInC,/Co = —k,

The pseudo first-order kinetic rate of degradation at final irradiation
time for 20 ppm are -0.13926, -0.91629, -0.43078, -1.29098, -1.60944,
-1.77196 respectively for NGO, 0.25@Fe-NGO, 0.50@Fe-NGO and
1@Fe-NGO.

To understand the robust nature of the materials synthesized, the
reusability and stability studies were conducted as shown in Fig. 4 (d)
respectively for NGO, Fe304, 0.25@FeGO and 1@FeGO on Cd, Pd and Cr
in the synthetic water in similar conditions with the same pH conditions.
From the results, it can be predicted that the removal of heavy metal
from the aqueous solution shows a very rigid characteristic of materials
without the trailing the physicochemical properties of the synthesized
materials. The performance of removal efficiency after 5 cycles reduces
by 18 % which is good sign for robust and stable nature of materials and
recovery rate is also good compared to first use. Even after 3 cycles use
the materials adsorbent capacity reduced to appr, 20 that indicates 80 %
of efficient removal of heavy metal by materials. This stability and
reusability studies confirms the robust, rigid and concerted nature of
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material and can further be evaluated. This result shows an excellent
synergism and coordination of Fe on NGO sheets.

The synthesized hybrid nanocomposites were further evaluated
using the industrial effluent collected from one of the industries in
Mysore (Titan valves, Mysore India), a real-time practical application.
The effluent water contains the major heavy metals like Zn, Pd, Cd, Cu,
Cr, Ni, and Mn. To evaluate the performance of hybrid nanocomposites
were treated with the industrial effluent and the removal efficiency of
heavy materials with catalyst and without catalyst was analyzed using
ICPMS instrumentation method [42]. The results signify that the com-
posites exhibited an excellent elimination of heavy metals from the
water and it is better than the pure Fe3O4 nanoparticles. The amount of
concentration of heavy metal removal compared to pure Fe3O4
increased by 3 times and 5 folds of enhancement. As the concentration of
iron oxide in the composites increased it is observed that the sorbent
nature is further increased and the removal efficiency of heavy metals
also increased to a higher level as shown in Fig. 5. Heavy metal removal
before and after treating with catalyst has been illustrated in Fig. 5.
From Fig. 5, it is evident that the hybrid nanocomposites significantly
exhibit an excellent and superior performance in the removal of heavy
metals better than the pure Fe3O4 nanoparticles. An in-depth study
confirms the percentage of removal of heavy metal is 3 times better than
the pure Fe304 and with 97 % of heavy metal removal efficiency was due
to excellent synergism. The stability test of the synthesized materials
was conducted on the industrial effluent to examine the removal effi-
ciency of composites after 5 cyclic performance can be seen Fig. 5 (c-d).
From the cyclic test, it can be predicted that the materials removed
almost all the heavy metal shows similar recovery ratio and rapid per-
formance of the first cyclic performance and even after 3 cyclic test, the
nanocomposites performance was better and robust but the recovery
rate of heavy metal drop by 20 %. The recovery of heavy metal from
liquid media was 80 % which is compared to 100 % recovery for the first
cycle. This confirms the materials have stable and excellent eliminations
of minerals. When compared to pure iron oxide, NGO sheets, the
nanocomposites exhibited 5-fold of removal performance even after 5
cyclic performances.

3.7. Effect of pH and catalyst dosage

The effect of pH was investigated for adsorption studies which plays
a vital role in heavy metal removal. The adsorbate pH is a crucial var-
iable that influences the electrostatic attraction between the composite
and pollutant during adsorption. The heavy metal ions adsorption pro-
cesses are an essential concept, as most adsorption processes do not exist
at low pH values. From our studies, it can be concluded that as the pH
value increases the rate of recovery rapidly increases up to pH 6 with
nearly 100 % recovery rate for all the heavy metals, after that there is
slight decreases in performance of metal removal but the rate of re-
covery 90 % at pH greater than the 7 as shown in supplementary Fig. S4.
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Fe304 and hybrid nanocomposites.

This studies shows a interfacing between adsorbate and adsorption
process in endothermic reaction mechanism and showing a good elec-
trostatic and ionic exchange. Additionally, the cata;yst dosage studies
were conducted on synthetic water to understand the performance of
heterostructure quality and quantitative anlysis on the adsorption per-
formance. A study on gradually increase in catalyst dosage indicates the
removal of heavy metal from the water is rapid increases which directly
proportional to weight of materials ranging from 5 mg to 20 mg. The
performance of metal removal is high as the concentration or dosage of
sample is increases but in our studies we employed to use the lower

weight percent to understand the feasibility and kinetic behavior can be
seen Fig. S4. This indicates that the hybrid nanocomposites showed an
excellent coordination and synergism. The result signifies an excellent
performance of the hybrid nanocomposites for the removal of heavy
metal percentage and its kinetic reaction are given in Table 2. The
performance of metal capture and efficiency of metal removal percent-
age with and without catalyst can be easily understood. The % capture
gives a measure of the total analyte removed, the Ck value is a direct
measurement of the sorbent affinity for the analyte under the conditions
tested. The mass-weighted partition coefficient between the liquid

Table 2
The Cx (solid phase partition coefficient) and % capture of a heavy metal analyst using the sorbent.
Sorbent Heavy metal analyst
Pd Ni Cu Zn Cr Cd Mn
Fe304 Cx 2700 6000 150,000 15,000 84,000 6000 2600
% capture 21 37 11 11 46 25 20
NGO Cik 14,000 15,000 180,000 180,000 28,000 11,000 5300
% capture 59 60 90 90 78 52 34
0.25@Fe-NGO Ck 29,000 16,000 200,000 1,200,000 90,000 23,000 10,000
% capture 80 61 93 97 90 70 51
1@Fe-NGO Cx 110,000 26,000 260,000 2,400,000 230,000 36,000 60,000
% capture 97 95 96 100 96 90 90
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supernatant phase and the solid sorbent phase and is derived from the
equation.

Co—Cf V _
cf M

Ci

Where Cp and Cy are the initial and final concentrations of the target
analyte in solution (as measured by ICP-MS), V is the volume of the
solution in millilitres, and M is the mass of the sorbent in grams.

3.8. Desulfurization

Additionally, the performance of adsorption activity and stability of
hybrid composites were further investigated for the removal of sulfur
content in thiophene. The adsorption capacities of magnetic Fe3O4
nanoparticles on sulfur compounds showed a very low value of 0.475 m
molg’l and in case of NGO and Fe304-NGO, the adsorption capacities
are 0.7362 and 1.4750 mmol g~ ! respectively as shown in Fig. 6A, and
have advantages over many other reported adsorbents. Interestingly,
when the Fe304 nanostructures were incorporated in NGO surface, there
is an increase in adsorption capacity of N doped GO (Nassar 2010; Hao
et al., 2010; Zhang et al., 2010). The adsorption capture tendency of
1@Fe-NGO increased drastically when compared to pure Fe3O4 and
NGO samples. As the concentration of ppmw is increased from 0 to 600, it
is observed that the amount of sulfur content adsorbed by the nano-
composites increases which shows a direct interaction. The efficiency
and stability performance of desulfurization of the composites were
evaluated using time and fixed concentration of ppmw as shown in
Fig. 6B. At 300 ppmw of concentration and with respect to time from 0
min to 400 min was periodically noted at an interval of 60 min as shown
in Fig. 6B. As evident from these results, it was observed that the amount
of sulfur adsorbed by the composites increases gradually as the time of
exposure increases which confirms the stability and durability of the
materials for longer run and performance level of the composites also
gradually increased. Longer the exposure time the higher sulfur ab-
sorption which is a vital material for environmental applications. On the
basis of the results, it is obvious that the carbon (GO) and Fe has a good
affinity for thiophene and shows excellent synergetic effect. Apart from
this synergism, the nitrogen content also plays a vital role in adsorption
and its coupling to the composites is due to an extra lone pair of elec-
trons conduction and increase in the surface with a high porosity which
acts as capillary action on the surface of the composites. This means that
the increase in molecular size of sulfur compounds does not compromise
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the performance of adsorbents. Fe (III) can form the usual-bonds with
the empty s-orbitals and, in addition, their d-orbitals can back-donate
electron density to the antibonding p-orbitals (p*) of the sulfur rings.
Finally, it is confirmed that the magnetite nanoparticle decorated on the
nitrogen-doped GO hybrid complex hetero-structure can be used for
many environment concern and other potential applications.

Fe304-NGO composites showed excellent adsorption activity for the
removal of sulfur and heavy metal from industrial wastewater. The
performance is attributed to the higher content of (carbon) graphene
and metallic oxide bonding of magnetite nanoparticles encapsulated
with the porous nature of NGO sheets and highly active porous sites with
a large surface area of NGO.

3.9. Proposed mechanism

The factor responsible for the superior and excellent performance of
Fe304-NGO composites as the absorbent is due to n- © electron over-
lapping between the adsorbate and the graphene layers and subse-
quently, the n-electron overlapping of aromatic rings and the graphene
layers occurs by 1 — n or 1 — ¢ interaction. The other reason is the
electron donor-acceptor mechanism which is mainly initiated by the
presence of nitrogen giving an excess lone pair of electrons. This in turn
increases the surface area with high porosity, including hydrogen
bonding and acid—base interaction which can easily absorb many
molecules on the entire surface. Besides this, anchoring of magnetite
nanoparticles on the surface of NGO enables to attach/attract the mol-
ecules of adsorbent easily because of electronic nature and intrinsic
hybridizations of orbitals at different energy bands [43,44].

The sulfur compounds diffuse rapidly and get attracted or attach to
the surface of the highly porous nitrogen-doped GO and magnetite
nanoparticles followed by entering the pore channels. This acts as a
whirlpool sites and higher surface properties having different functional
groups and its electronic bonding collectively enhanced the perfor-
mance. The aromatic sulfur compounds adsorption depends mainly on
the (1) interaction of acid-base with adsorbate molecules and metal site
or active sites on the surface of adsorbents between NGO and Fe30y4, (2)
pore structure of metals sites of composites (Fe304 and NGO) and (3)
electron density contribution from the adsorbents because of exposed
metal sites and - electron interaction which are additionally supported
by mesoporous behavior of the composites. In addition, the car-
bon-oxygen functional groups on the surface of the graphene layer
conjugate with heavy metals and sulfur compounds are higher. Even the
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Fig. 6. Adsorption of sulfur a) different ppmw levels from 0 to 600; b) stability performance at 300 ppmw for Fe30,4, NGO, 1@Fe-NGO (Fe304-NGO composite).
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densities of sulfur compounds have different electron nature of bonding
which interacted with the nitrogen and GO (carbon-oxygen) and within
the Fe304. The higher adsorption rate is due to higher surface area and
porous structure of composite which is better than the pure NGO and
Fe304. This is closer to the molecular size of sulfur compounds and that
of the heavy metals which leads to higher potential energy and kinetic
rates of reaction. Another factor could be due to the higher porosity of
the composites which is very close to the molecular size of thiophene
which can easily capture into the surface and interlayer spacing of the
composite that eventually increase the absorption. The empathy of GO is
already acknowledged as the main factor of a good adsorbent but the use
of nitrogen (N) doped GO played a vital role in the adsorption and
enhancing the physical properties of the materials. The stability factors
can be assigned to the oxygen-containing functional groups of the aro-
matic matrix. The oxygen-containing functional group tends to bind to
the hydrophilic species owing to their electrostatic interactions or
hydrogen bonds. Whereas the aromatic matrix is likely to bind to the
hydrophobic organics by n-n stacking or hydrophobic interactions and
the oxidation level of NGO increases, the adsorption capacity increases.
This is due to the extra number of functional groups that were intro-
duced onto the basal plane of GO through the oxidation process, and the
increase in the negative charge of the NGO sheets. Furthermore, some of
the anionic groups on NGO will be deprotonated at higher pH resulting
in an enhanced negative charge.

4. Conclusion

The authors have successfully synthesized for the first-time nitrogen-
doped layered GO sheets decorated with ultrafine isometric magnetite
nanoparticles using sol-gel method followed by microwave treatment.
Such a novel approach of hybrid nanostructures fabrication showed an
enhanced reaction kinetics with a better performance for the removal of
heavy metals in industrial effluent and efficient removal of sulfur. This
hybrid composites structure showed an excellent synergism and its co-
ordination improved the physicochemical properties better than the
bulk. Rapid removal of heavy metal ions was found to be 5 fold better
with over 97 % removal efficiency and the isoprotion of sulfur showed 3
times greater than the pure Fe304 and NGO sheets is due to the coor-
dination of Fe with carbon doped nitrogen mesoporous composites. This
novel advanced functional material can further be used for any potential
application in energy and environmental related issues.
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