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Water pollution due to several factors such as industrial
and agricultural waste, deforestation, volcanic eruption,
mining, oil spills, radioactive waste, etc., has become a
very critical issue for the human race as the human body
contains water as the main portion of its constitution and
very important to maintain a healthy human race. Global
warming has led to an increase in the sea levels resulting
in an increase in the volume of salted water. As per the
WHO report, around 765 million people across the world
lack basic drinking water, of which around 144 million
depend upon surface water and around 2 billion people
use contaminated water. It leads to several epidemic diseases
like diarrhea, typhoid, cholera, etc. which result in
around 500,000 deaths every year. This estimate clearly
shows the importance of improving water quality for
decreasing diarrheal disease burdens. Apart from the thirst
crisis, there could be a food crisis due to water pollution.
Wastewater contain heavy metal ions and azo dyes as the
most common toxic materials is a huge concern for the
human health and the conservation of our ecosystem
(Pru¨ss et al., 2002; Pru¨ss-Ustu¨n et al., 2014; Molinari
et al., 2004; Al-Degs et al., 2006; Sadegh et al., 2015;
Babel and Kurniawan, 2003; Karimi and Zohoori, 2013;
Islam et al., 2017; Abdulla et al., 2020; Abdulla et al.,
2019; Fatima et al., 2019a; Fatima et al., 2019b; Rathi
et al., 2020; Rathi et al., 2018). Furthermore, heavy
metals pass into food through irrigation and thereby enter
the human body and lead to fatal diseases like liver or
kidney damage and cancer (Cui et al., 2015; Siddiqui and
Chaudhry, 2017a,b,c,d; Siddiqui et al., 2017; Siddiqui
et al., 2020). Therefore, it is essential to individual, government,
as well as the scientific communities to have a
sense of responsibility towards humanity for providing
the basic necessity of safe water to all individuals. The
traditional techniques employed in water treatment have
proven to be less efficient owing to high energy utilization
and production of secondary pollutants. It is crucial
to develop innovative technologies with high efficiency
and low energy consumption. In recent years, nanotechnology
has appeared as a promising technique where it
utilizes novel functional nanomaterials for water treatment
(Siddiqui et al., 2018a,b,c,d; Siddiqui and Chaudhry,
2018a,b; Siddiqui et al., 2019a,b,c,d; Siddiqui and
Chaudhry, 2019; Tara et al., 2020a,b,c; Zaidi et al.,
2019). Carbon-based 2-D materials like graphene, GO
(graphene oxide) and rGO (reduced graphene oxide) have
exhibited great potential for water treatment, especially
for drinking water because of their remarkable properties,
for example good anti-fouling property, chemical stability,
high mechanical strength, and easy membrane accessibility
(Nausad, 2019; Yin et al., 2016).Read less
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Magnetically separable  graphene
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38.1 Introduction
Water pollution due to several factors such as industrial
and agricultural waste, deforestation, volcanic eruption,
mining, oil spills, radioactive waste, etc., has become a
very critical issue for the human race as the human body
contains water as the main portion of its constitution and
very important to maintain a healthy human race. Global
warming has led to an increase in the sea levels resulting
in an increase in the volume of salted water. As per the
WHO report, around 765 million people across the world
lack basic drinking water, of which around 144 million
depend upon surface water and around 2 billion people
use contaminated water. It leads to several epidemic dis-
eases like diarrhea, typhoid, cholera, etc. which result in
around 500,000 deaths every year. This estimate clearly
shows the importance of improving water quality for
decreasing diarrheal disease burdens. Apart from the thirst
crisis, there could be a food crisis due to water pollution.
Wastewater contain heavy metal ions and azo dyes as the
most common toxic materials is a huge concern for the
human health and the conservation of our ecosystem
(Prüss et al., 2002; Prüss-Ustün et al., 2014; Molinari
et al., 2004; Al-Degs et al., 2006; Sadegh et al., 2015;
Babel and Kurniawan, 2003; Karimi and Zohoori, 2013;
Islam et al., 2017; Abdulla et al., 2020; Abdulla et al.,
2019; Fatima et al., 2019a; Fatima et al., 2019b; Rathi
et al., 2020; Rathi et al., 2018). Furthermore, heavy
metals pass into food through irrigation and thereby enter
the human body and lead to fatal diseases like liver or
kidney damage and cancer (Cui et al., 2015; Siddiqui and
Chaudhry, 2017a,b,c,d; Siddiqui et al., 2017; Siddiqui
et al., 2020). Therefore, it is essential to individual, gov-
ernment, as well as the scientific communities to have a
sense of responsibility towards humanity for providing
the basic necessity of safe water to all individuals. The
traditional techniques employed in water treatment have
proven to be less efficient owing to high energy utiliza-
tion and production of secondary pollutants. It is crucial
to develop innovative technologies with high efficiency
and low energy consumption. In recent years, nanotech-
nology has appeared as a promising technique where it
utilizes novel functional nanomaterials for water treat-
ment (Siddiqui et al., 2018a,b,c,d; Siddiqui and Chaudhry,
2018a,b; Siddiqui et al., 2019a,b,c,d; Siddiqui and
Chaudhry, 2019; Tara et al., 2020a,b,c; Zaidi et al.,
2019). Carbon-based 2-D materials like graphene, GO
(graphene oxide) and rGO (reduced graphene oxide) have
exhibited great potential for water treatment, especially
for drinking water because of their remarkable properties,
for example good anti-fouling property, chemical stabil-
ity, high mechanical strength, and easy membrane acces-
sibility (Nausad, 2019; Yin et al., 2016). These materials
have drawn the attention of the researchers to a great
extent owing to their high surface area, optical transmit-
tance, thermal conductance, chemical stability, and
Young’s modulus (Sadegh et al., 2017; Stankovich et al.,
2006). The structure of graphene, GO and rGO is illus-
trated in Fig. 38.1. GO, an oxidized form of graphene, is
generally synthesized by Hummer’s process which is one
559
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	2. of the widely  accepted methods to synthesize it. GO is the
oxidized form of few layers of graphene(s) in which oxy-
gen functional groups are present on both basal planes
and edges. The oxygen functionalities have been identi-
fied as carbonyl, carboxy, and phenol groups at the edge
and hydroxyl and epoxy at the basal plane (Dreyer et al.,
2010; Zaaba et al., 2017; Chen et al., 2012). Due to these
functionalities, GO has excellent dispersion ability in a
number of solvents like water, ethanol, THF, DMF,
N-methyl-2-pyrollidone (NMP), and ethylene glycol.
(Stankovich et al., 2006; Tara et al., 2020b,c; Siddiqui
et al., 2018a,d).
GO exhibits strong emission in the UV region at
367 nm. However, on reducing the oxygen functionalities,
yellow-red emission at 610 nm originated (Maiti et al.,
2014). GO sheets also encompass prominent antibacterial
properties (Perreault et al., 2015). The everlasting proper-
ties of hydrophilicity in GO have made it an excellent
adsorbent giving large windows for water remediation
(Lujaniene et al., 2017, Wang and Chen, 2015).
Numerous investigations have been reported on GO as an
adsorbent. For example, Fakhri (2017) carried out an
adsorption capability studied of GO for aniline and
observed the strongest adsorption at the acidic pH value.
Wei et al. (2018) prepared sulfonated GO to study the
adsorption of methylene blue and heavy metal ions like
Pb21
. Yadav et al. (2019) reported the mechanism of
adsorption for organophosphorus pesticides using GO.
Vicente-Martínez et al. (2020) analyzed the adsorption
behavior of phosphate by using GO and GO functiona-
lized with a silver nanoparticle as an adsorbent. Although
GO has been demonstrated as a promising functional
material for the removal of pollutants from water, it suf-
fers from major drawbacks due to difficulty in separating
GO from the solution due to its high dispersibility in
water (Ali et al., 2019). The acceptable solution to this
problem could be the use of a composite of GO and
magnetic material which is expected to reduce the cost
and secondary pollution. It is very important to identify a
suitable magnetic material to prepare a composite with
GO for better pollutants removal efficiency. Recently, spi-
nel ferrites nanoparticles emerge as prominent materials
for wastewater treatment due to its useful characteristics
like large adsorption capacity, excellent chemical reactiv-
ity, antimicrobial properties, excellent tunable magnetic
properties, super-paramagnetic character, surface active
sites, significant specific surface area, and improved
chemical resistance behavior to oxidation as compared
with iron oxide-based materials (Reddy and Yun, 2016,
Kefeni et al., 2017, Kefeni and Mamba, 2020, Jacintha
et al., 2017). They show a wide range of stability in acidic
condition with pH 2.06.0, which provide a range of
applications. Synthesis of spinel ferrite nanoparticles with
tuned shape and size and its functionalization by attaching
various ligands is easy-going. The natural abundance of
spinel ferrite based magnetic adsorbents and their low-
cost manufacturing can boost commercial applications. It
provides a wide range of solid solutions by changing the
chemical composition without altering its crystal structure
(Shaikh et al., 2016; Zhang et al., 2010).
The bare spinel ferrite nanoparticles tend to agglomer-
ate due to their smaller size and easily oxidized in atmo-
spheric conditions. To overcome this drawback,
researchers have explored the GO-based spinel ferrite
(GOSF) nanocomposite for wastewater treatment because
GO can be used as a host for making nanocomposites as
it has enough surface area that can broaden the window
of applications (Kyzas et al., 2014). According to the
existing literature, GOSF nanocomposites have high pol-
lutant removal capacity. It has exceptional obligatory
behaviors for example admirable magnetic behaviors,
suitable specific surface area and chemical stability,
active sites at the surface, tunable size and shape, rapid
adsorption kinetics, easy functionalization, excellent
FIGURE 38.1 Structure of (A) graphene (B) graphene oxide and (C) reduced graphene oxide. Reprinted with permission from Ali, I., Basheer, A.A.,
Mbianda, X.Y., Burakov, A., Galunin, E., Burakova, I., et al., 2019. Graphene based adsorbents for remediation of noxious pollutants from wastewa-
ter. Environment International 127, 160180.
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	3. photocatalytic behavior, proper  structural order, low elec-
tronic band gap, and requirement of less energy and time
in treatment. In addition, due to its magnetic properties, it
can easily be recovered after removal of contaminants by
applying external magnetic fields and reused. The out-
standing properties of GOSF nanocomposite may provide
a revolutionizing tool for wastewater treatments. The
extensive literature survey using the Scopus database (by
putting the keywords “nanocomposite graphene oxide and
ferrite” in search) reveals the increasing number of publi-
cations (as shown in Fig. 38.2) which reflects the impor-
tance of GOSF nanocomposite materials in water
remediation technology.
38.2 Synthesis of graphene oxide-based
spinel ferrite nanocomposite
38.2.1 Synthesis of graphene oxide
Typically, GO synthesis can be distributed into two
groups: (1) bottom-up approach where GO is synthesized
from carbon-based molecules as a precursor, and (2) top-
down approach where GO is extracted from the carbon
source, like graphite, as the precursor. The C/O ratios in
these approaches could be tuned by the number of oxi-
dants or by optimizing the synthesis conditions. In fact,
both these approaches have their limitations. For example,
the bottom-up approach comprises a time-consuming pro-
cess, low production, costly experimental setup, and
numerous challenges for its scalability. Similarly, the top-
down approach involves (1) use of strong oxidants,
(2) uncontrollable thickness of as-synthesized GO, and
(3) small lateral flake-size and multi-step processes.
Although, with the compromise of least loss, a number of
methods had been recognized to synthesize GO for the
desired applications. On the other hand, the properties of
as-synthesized GO can be different and depend on the
selected synthesis approach and raw materials used. That
is why the choice of approach should be compatible with
the approach of applications that are being planned. Up to
date, the bottom-up approach includes chemical vapor
deposition (CVD), hydrothermal and solvothermal pro-
cess, and pyrolysis for the synthesis of GO.
38.2.1.1 Chemical vapor deposition
CVD involves the deposition of the desired material on a
substrate by a constant flow of precursor gases at an ele-
vated temperature in the inert condition. In this method,
GO is synthesized by one of two processes (first graphene
synthesis and then its oxidation) or single GO deposition.
Chung et al. (2012) deposited the first graphene from a
controlled flow of the mixture of methane and hydrogen
gases at 1000
C and then oxidized by ozone plasma to
synthesize GO. Further, large and scalable GO synthesis
is introduced by Liu and Chen (2016) using a single-step
called “plasma-enhanced CVD” on the copper substrate at
low temperature. In this method, it is interpreted that
based on dissociation, energies of trace amount of oxygen
and water present in methane dissociates first in the
discharge tube and provides oxygen moiety to oxidize
GO. Similarly, by tuning the growth temperature, the C/O
ratio can be tuned. On the other hand, the substrate SiO2
acts as an oxygen donor at elevated temperatures and
oxidizes graphene slightly during the GO synthesis (Sagar
et al., 2017).
FIGURE 38.2 Number of research publications in the area of
water and wastewater treatment using GOSF nanocomposites.
Data acquired from Scopus: www.scopus.com.
Magnetically separable graphene oxide-based spinel ferrite nanocomposite for water remediation Chapter | 38 561
 


	4. 38.2.1.2 Hydrothermal and  solvothermal
process
Except for the solvating media, these processes involve
heating carbon-based molecules in a teflon-lined auto-
clave at an elevated temperature. Aqueous media refers to
the name “hydrothermal,” while non-aqueous media
refers to “solvothermal” process. Humic acid and glucose
are used as a precursor for the synthesis of GO by the
hydrothermal process (Huang et al., 2018; Tang et al.,
2012). Similarly, ethanol and sodium are used as solvents
and precursors for the synthesis of GO by a solvothermal
process followed by several pyrolysis and washing steps
(Chin et al., 2019).
38.2.1.3 Pyrolysis
This process involves the heating of carbon-based mole-
cules like citric acid at elevated temperatures. However,
the mass yield of GO depends on the pyrolysis time
(Poniatowska et al., 2019). It is interpreted that carboxylic
moieties interacted with clustered carbon more at a lower
temperature, while its concentration goes on decreasing
on increasing temperature. Therefore, the higher the
pyrolysis time, the higher will be the amount of GO parti-
cles. Similarly, top-down involves chemical exfoliation of
graphitic sheets in the presence of elevated temperatures
(called chemical exfoliation) or graphitic exfoliation by
applied potentials (called electrochemical exfoliation).
38.2.1.4 Improved Hummer’s process
The first chemical synthesis of GO is attributed to
Benjamin C. Brodie, where GO is synthesized by potassium
chlorate in graphite slurry in the presence of fuming nitric
acid (Brodie, 1859). After that, Staudenmmier modified the
process by substituting around two-thirds of fuming nitric
acid with concentrated sulfuric acid and nurturing the chlo-
rate in batches (Staudenmaier, 1898). Later on, Hummers
and Offeman improved these synthesis procedures by using
NaNO3, KMnO4, and H2SO4 and exfoliation took place
within a few hours (Hummers and Offeman, 1958). Thus,
each synthesized GO by the chemical exfoliation of graph-
ite powder using various methods. However, these techni-
ques suffered from the evolution of toxic gases like ClO2,
N2O4, and NO2. Therefore, a number of improvements had
been done on Hummers and Offemann techniques in order
to avoid these gases and usually termed as “modified
Hummer’s method.” It involves either pre-oxidation of
graphite before use of KMnO4 or increases in the amount
of KMnO4 in place of NaNO3, or use of K2FeO4 instead of
KMnO4. For example, Kovtyukhova et al. pre-oxidized
graphite by K2S2O8 and P2O5 before the use of Hummer’s
process (Kovtyukhova, 1999). Marcano et al. brought
advancements in GO synthesis by controlling temperatures
within 35
C40
C through gradual mixing of KMnO4 in
1:9 ratio mixtures of graphite flakes and concentrated
H2SO4/H3PO4. Furthermore, temperature was raised to
50
C through 12 hours of mechanical stirring and brought
down to room temperature via ice treatment having 30%
H2O2. If anyone tries to change the order of addition of che-
micals, the reaction may become explosive due to the high
concentration of KMnO4 in the acid mixture (Marcano
et al., 2010). It is one of the popular methods to synthesize
GO to date and termed as “improved Hummer’s method.”
Similarly, Peng et al. recently used K2FeO4 instead of
KMnO4 for the synthesis of GO at room temperature (Peng
et al., 2015). Yu et al., 2016 introduced improvements in
Hummer’s method by making it NaNO3-free by partial
replacement of KMnO4 through K2FeO4 and controlling
concentrated sulfuric acid concentration. This improved
process gives a high yield at low consumption of reactants.
38.2.1.5 Electrochemical synthesis
This method involves exfoliation of graphitic anode elec-
trode materials using the application of potentials in pres-
ence of electrolytes like H2SO4, APS, HClO4, HNO3, etc.
Oxidation parameters like the nature of the electrolyte,
applied voltage, electrolyte temperature, mechanical
forces, etc. play a decisive role in the properties of as-
synthesized GO (Liu et al., 2019). Gurze
˛da et al. first syn-
thesized GO by the electrochemical process using HClO4
electrolyte (Gurze
˛da et al., 2016). Herein, it has been
observed that intercalated ClO42
anion contributed to
oxidation of graphite anode. Fortunately, it has been
observed that the oxygen evolution (results from the aque-
ous condition) at high potentials impend the process of
exfoliation. At the same time, before the oxidation pro-
cess aqueous electrolytes aggravate the graphitic expan-
sions and lead to an ineffective current supply (Yang
et al., 2016; Yang et al., 2015; Liu et al., 2013; Parvez
et al., 2016). Thus, the product obtained in this way has a
low degree of oxidation and exfoliation compared to that
of the chemical exfoliation process. Actually, in the pro-
cess of exfoliation, the anions used as electrolytes can
intercalate within the graphitic layers under the specific
potentials. After that, subsequent decomposition of these
intercalated anions results in various active species (oxy-
gen/hydroxide radicals) and participates in oxygen func-
tionalities (Liu et al., 2019). That is why pre-treatment of
graphite anodes by a strong oxidative electrolyte (e.g.
H2SO4, the mixture of H2SO4 and HNO3, aqua regia, etc.)
or other additive oxidants (e.g. H2O2, NaNO3, etc.) are
beneficial for efficient anion intercalation with low oxy-
gen evolution during GO synthesis. In a few reports,
researchers tried to enhance the degree of oxidation
(means contents of oxygen functionalities) either by
adopting a sequential electrochemical process or by the
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	5. means of photo  illumination to promote the concentration
of hydroxyl radicals (Pei et al., 2018; Chen et al., 2020).
Similarly, on increasing temperature, and applying poten-
tial and mechanical forces, the amount of exfoliation and
oxidation increases.
38.2.2 Synthesis of spinel ferrites nanoparticles
There are two broad approaches for synthesis of spinel
ferrite nanoparticles namely, bottom-up where chemical
combination occurs to form particles, and top-down
approach where larger size particles are crushed into min-
ute particles. The size and shape of spinel ferrite nanopar-
ticles are able to modulate their physical and chemical
behaviors, and subsequently, a wide-range of literature
are available on the fabrication of spinel ferrite nanoparti-
cles by controlled morphological behaviors. The different
synthesis methods give rise to different morphology and
variation in porosity, which greatly affects the adsorption
properties for a variety of pollutants. Hence, one has to be
aware of different synthesis methods to produce the spinel
ferrite nanoparticles which are more efficient for waste
water treatment. The top-down approach of spinel ferrite
nanoparticles synthesis primarily includes the mechanical
milling method (Kefeni et al., 2017). It results in the form
of a random shell structure with an ordered ferromag-
netic/ferrimagnetic core. The advantages of this technique
consist of a short time, simple, low-cost, and production
at a large scale. The milling time, ball-to-powder ratio,
and annealing temperature control the size of crystallite.
But long time milling results in frequent contamination
which changes the stoichiometry of the as-obtained ferrite
particles. It is the major disadvantage of this technique.
Whereas, the bottom-up approach includes various meth-
ods such as the citrate precursor method (Kumar and Kar,
2011), sol-gel method (Mukhtar et al., 2015), co-
precipitation method (Pereira et al., 2012), hydrothermal
method (Komarneni et al., 1998), solvothermal method
(Yan et al., 2015), sonochemical method (Lv et al., 2008),
microemulsion method (Mathew and Juang, 2007), pow-
der metallurgy (Anjum et al., 2015), thermal decomposi-
tion (Kefeni et al., 2017), and microwave-assisted method
(Tadjarodi et al., 2015). Owing to these various chemical
syntheses methods, the sol-gel/citrate precursor method is
widely used for the large-scale synthesis to prepare nano-
crystalline spinel ferrite nanoparticles with uniform crys-
tallite size distribution and physical properties.
38.2.3 Synthesis of spinel ferrite-graphene oxide
(MFe2O4-GO) nanocomposite
GO and spinel ferrite nanocomposite has been synthesis
through a typical modified Hummer’s method. To get the
positively charged nanoparticles of spinel ferrite, the
prepared nanoparticles are dispersed in HNO3 (2M) and
stirred for 10 minutes. After that, the processed nanoparti-
cles were dried for their use in a subsequent synthesis.
The positively charged spinel ferrite nanoparticles and
GO are separately ultrasonically in the presence of water
to form a homogeneous suspension (Yang et al., 2020).
The suspension of spinel ferrite is transferred into the GO
suspension with vigorous mechanical stirring for uniform
mixing. The prepared precipitate during this process has
been separated using magnets and further rinsed with de-
ionized water and ethanol.
In another method, there is the drop-wise addition of
metal nitrates to GO suspension in the prescribed molar
ratio and mechanical stirring vigorously at room tempera-
ture (Lingamdinne et al., 2016b). After completion of the
ion exchange, the reactants are vigorously stirred and by
adding NaOH the pH of the solution was adjusted until a
pH level of .12 was attained. After that, the solution was
stored at 80
C under the condition of continuous stirring
for 45 minutes which resulted in black precipitate. After
that, it was brought to room temperature, wash up with
de-ionized water and dried at 60
C in a vacuum for
12 hours to get the resultant material (Lingamdinne et al.,
2016b, 2019). The schematic illustration of GO/spinel fer-
rite (nickel ferrite) nanocomposite preparation is shown in
Fig. 38.3.
38.3 Recent development of graphene
oxide-based spinel ferrite nanocomposite
for water treatment
In recent years, studies on the GOSF nanocomposite for
water and wastewater treatment have gained momentum.
Huong et al. (2018) synthesized GO and manganese fer-
rite nanocomposite through a co-precipitation method for
elimination of dye methylene blue (MB) and inorganic
arsenic (V) ions from the polluted water. Chandra et al.
(2010) synthesized the composite of magnetite and GO
and studied it for arsenic adsorption present in drinking
water. The composite showed over 99.9% adsorption of
arsenic from the water making it safe for drinking. Yao
et al. (2012) highlighted the application of Fe3O4/GO
composites with adsorption capacity of 33.66 and
45.27 mg/g for Congo red and methylene blue, respec-
tively, in the wastewater treatment. Bulin et al. (2020)
prepared magnetic graphene oxide comprised of GO and
Fe3O4 and observed elevation in adsorption behavior and
adsorption kinetics for Co. Hassani et al. (2018) reported
a composite of cobalt ferrite nanoparticles and rGO for
organic dye removal. Lingamdinne et al. (2016b) studied
nickel ferrite and GO composite for heavy metal removal,
like lead and chromium, from industrial wastewater with
adsorption ability to be 25.0 and 45.5 mg/g respectively
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	6. for lead and  chromium. Wu et al. (2018) synthesized the
composite of GO and copper ferrite for arsenic removal
with adsorption capacity of 51.64 and 124.69 mg/g for As
(III) and As(V), respectively. Zhang et al. (2013) synthe-
sized the nanocomposite comprised of polyacrylic acid
(PAA)/GO/Fe3O4 and used it as a nano adsorbent for
Cd21
, Pb21
, and Cu21
cations removal from aqueous con-
taminated solution due to the excellent complex ability
and high specific surface area and its super-
paramagnetism nature for magnetic separation and reuse.
Javed et al. (2019) synthesized Ni0.65Zn0.35Fe2O4-rGO
composite material and observed photocatalytic degrada-
tion of methylene blue with a decay rate of 90%. Shabbir
et al. (2019) synthesized zirconium-doped spinel
Mg0.2Co0.8Fe2O4 nanoparticles and prepared composite
materials with rGO and observed improved photocatalytic
action under the irradiation of visible light. Jumeri et al.
(2014) prepared ZnFe2O4-rGO by the microwave method
and assessed the performance of the nanocomposite for
wastewater treatment by decomposition of methylene
blue. Baynosa et al. (2020) synthesized eco-friendly recy-
clable mesoporous ZnFe2O4-rGO nanocomposite material
and observed photocatalytic degradation of methylene
blue (MB) in the presence of solar light. Kumar et al.
(2014) prepared GO-MnFe2O4 magnetic nanocomposite
material and reported the efficient arsenic and lead elimi-
nation from contaminated water. Rahman et al. (2020)
fabricated the nanocomposite of Ce31
doped NiFe2O4 and
rGO and observed excellent photocatalytic performance
and stability. Iftikhar et al. (2020) prepared magnetically
separable Er-doped Ni0.4Co0.6Fe2O4-rGO nanocomposite
and studied the photocatalytic degradation behavior of
MB. The extensive literature review strongly suggests
that the GO-based composite for water purification is of
utmost importance whether it is a matter of simplicity,
suitability, low cost or high efficiency.
FIGURE 38.3 Schematic representation of the preparation of GO/rGO/nickel ferrite. Reprinted with permission from Lingamdinne, L.P., Choi Y.-L.,
Kim I.-S., Yang J.-K., Koduru J.R., Chang Y.-Y. 2017. Preparation and characterization of porous reduced graphene oxide based inverse spinel nickel
ferrite nanocomposite for adsorption removal of radionuclides. Journal of Hazardous Materials 326, 145156.
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	7. 38.4 Role of  graphene oxide-based spinel
ferrite nanocomposite in water
remediation
38.4.1 Adsorption performance of graphene
oxide-based spinel ferrite nanocomposite
Adsorption based methods in wastewater treatment technol-
ogies is widely used due to cost-effective and less energy
requirements. The admirable adsorption behavior enhances
binding sites due to larger specific surface areas and larger
effective pores of graphene-based nano spinal ferrite
(GNSF), recommended as the most prominent material for
the elimination of organic and inorganic impurity. The
chemical composition and super-paramagnetic behavior
make spinel ferrite a better absorptive material among fer-
rite materials (Shafeeyan et al., 2010). The kinetic models
(e.g., pseudo-first and second-order kinetics) and adsorption
isotherms (for instance, Langmuir and Freundlich iso-
therms) have been used for adsorption ability analysis of
GOSFs as nano-adsorbents. Increased areas of the surface
and π-π stack formation between rGO structure and ben-
zene ring in GOSFs make it a superior material for contam-
ination elimination in comparison to bare two-dimensional
graphene-based nanostructured materials such as graphene,
GO, and rGO or MFe2O4(spinel ferrites) alone (Hu et al.,
2015a,b; Perera et al., 2012). Several factors are there
which effect the adsorption capacity (qm) like graphene
concentration (increases by increasing GO content) and cat-
ionic variations (e.g., NiFe2O4, CoFe2O4, ZnFe2O4) at the
tetrahedral/octahedral site (Wang et al., 2012, 2017;
Santhosh et al., 2017; Li et al., 2015). In the match up to
magnetic decorated graphene composite material or bare
polymer-grafted magnetic nanomaterials, the GOSFs having
improved toxic heavy metal and organic dye contamination
removal ability (Asuha et al., 2011; Zhou et al., 2013).
38.4.1.1 Adsorption mechanism of graphene
oxide-based spinel ferrite nanocomposite
The contamination adsorption behavior of GOSFs
depends on the form of adsorbate-GOSF interactions (π-π
stacking, ion exchange, electrostatic interactions, and
inner-sphere surface mechanism) and the pH conditions
(Fig. 38.4) (Park et al., 2019; Reddy and Yun, 2016). The
strong chemical binding between GOSF and adsorbates
(electron pair sharing) helps in chemical adsorption
whereas, a weak attraction like dipole-dipole interactions,
Van der Waals and hydrogen bonding results in physical
adsorption (Sanghi and Verma 2013). In the case of inor-
ganic pollutants such as Pb(II), U(VI), Cr(VI), and As(V),
the eliminated GOSFs exhibits an exchange of ion, elec-
trostatic interactions, and inner-sphere surface complexes
formed during adsorption as a result of protonation/
deprotonation of surface functional groups (e.g.,
COOH, CO, and OH) of GOSFs in extensive pH
range (Huong et al., 2016; Lingamdinne et al., 2016a).
For example, an effective electrostatic interaction between
the attached functional groups on the surface (S 5 NH,
SNH2, and SCOOH, where, S refers to the surface) of
rGO/CF/PANI composite and U(VI) arises in the interac-
tion of U(VI) ions with rGO/CoFe2O4/polyaniline (Dat
et al., 2018). Oxygenated functional groups of GOSFs and
inorganic contaminants also form an inner-sphere com-
plex during rGO/CF/PANI and U(VI) interaction. During
adsorption, the pH plays an important role by regulating
the chemical speciation of the adsorbent in addition to the
charge of the surface of the GOSFs. For example, electro-
static interaction involving Cr(VI) species having a nega-
tive charge and the protonated GOSFs (PmPD/rGO/NFO)
at low pH (Sun et al., 2015; Wang et al., 2017).
In the case of GO/MnFe2O4 for Pb(II) ions at lower
pH, the adsorption ability reduces due to adsorption active
sites struggling with H1
and metal ions, and/or develop-
ment of positively charged OH2
1
surface group
whereas, at higher pH, the adsorption ability is enhanced
due to interaction of Pb(II) and deprotonated hydroxyl
groups (Kumar et al., 2014). For organic pollutants elimi-
nation [for example, BPA (bisphenol A) and MB (methy-
lene blue) dye] the π-π stacking interaction is the
predominant adsorption mechanism on several GNSFs.
The amount of rGO (wt.%) alters the organic pollutants
removal performance where the controlled increase in
rGO (wt.%) improve the BPA adsorption because of the
higher area of the surface and π-π stacking interactions,
while the excess GO functional groups may lower the
BPA adsorption (Wang et al., 2017a). The upsurge in
rGO (wt.%) concentration enhances the MB molecules
removal property of GOSFs (Hu et al., 2015a,b).
38.4.2 The photocatalytic performance of
graphene oxide-based spinel ferrite
nanocomposite
In the presence of nano photocatalysts from reactive spe-
cies of oxygen such as HO2
_ O2
_2
and OH_ that photo cata-
lytically oxidized the organic contaminants. During the
oxidation process, the organic intermediates are formed
which might react with those reactive oxygen species that
results in gaseous molecule (for example, N2, H2O, and
CO2) mineralization (Chong et al., 2010, Casbeer et al.,
2012). The photocatalytic degradation approach for
removing organic contaminants from polluted waters is
one of the major application parts of the GOSF. The
GOSF has a strong potential to improve the degradation
performance of organic pollutants via a photo-catalytic
approach. In addition, for a broad range of environmental
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	8. conditions, it maintains  its chemical stability. The process
of separation has been simplified through decorated gra-
phene oxide with magnetic spinel ferrite and reusability
has been also improved. In the photo-catalytic approach,
the adsorption behavior on the surface of GOSF is the
important factor for the organic pollutants degradation
under visible light irradiation (Fu et al., 2012).
38.4.2.1 Photocatalytic degradation mechanism
of graphene oxide-based spinel ferrite
nanocomposite
The photocatalytic behavior of the heterojunction nanohy-
brid materials is straightforward, related to the energy band
diagram that includes valence energy band (VB), conduc-
tion energy band (CB), and their separation. The photo-
generated charge carrier (electron and hole) movement and
its life time are determined through the separation of the
energy band known as the energy band gap. The degrada-
tion of organic contaminants by photocatalytic process
under the action of visible light by GOSFs excitation
depends upon types of GNSFs and contaminates explained
in Fig. 38.5. The extensive movement of the photo-
generated electron from valence energy band to conduction
energy band on the GOSFs attributed to O2
_2
and OH_ for-
mation which under visible-light illumination brings
noticeable enhancement in photocatalytic activity. The
organic contaminant MB is adsorbed on the rGO/NiFe2O4
surface through electrostatic interaction and π-π stacking.
The visible-light irradiation results in MB degradation due
to OH2
ion generation arises due to reaction with H2O
(Liang et al., 2018). Due to the presence of the graphene
layer, in the visible light region, GOSFs depict an upsurge
in light-harvesting properties with wide absorption. The
capacity of the absorption of light is enhanced by increas-
ing the amount of graphene. Therefore, it is possible to tai-
lor the harvesting capability driven by visible light by
varying the amount of graphene. The optimized GOSF
photocatalyst for degradation of organic molecules could
be utilized in an effective way under visible light.
Additionally, in GOSF, the graphene also plays the
role of photo-generated electron acceptor and mediator,
FIGURE 38.4 Schematic diagram of the adsorption mechanism of inorganic and organic contaminants on spinel ferrite decorated graphene oxide.
Reprinted with permission from Park, C.N., Kim, Y.M., Kim, K.Y., Wang, D., Su, C., Yoon, Y., 2019. Potential utility of graphene based nano spinel
ferrites as adsorbent and photocatalyst for removing organic/inorganic contaminants from aqueous solution: a mini review. Chemosphere 221,
392402.
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	9. so that there  is a delay in the transfer process of electron-
hole pairs recombination (Moussa et al., 2016). In the
case of zinc ferrite decorated reduced graphene oxide, it
is observed that in irradiating with visible-light, an ener-
getically favorable condition arises due to transfer of a
photo-generated electron from VB to CB that is from zinc
ferrite to reduced graphene. The reduced graphene oxide
served like a sink for the photo-generated electron
because of the lowering of Fermi energy of reduced gra-
phene oxide with comparison to the conduction energy
band of zinc ferrite. As a result, reduced graphene oxide
inhibited the recombination process of electron-hole pairs
on zinc ferrite and enabled the interface separation of
charge. A notable upsurge in photo-Fenton activity has
been observed in the case of chitosan/GO/CoFe2O4. The
following reactions are involved in the process (Park
et al., 2019; Al-Kahtani and Abou Taleb 2016).
CoFe2O4 1 hν - CoFe2O4 h1
1 e2
 
(38.1)
CoFe2O4 e2
ð Þ 1 graphene-CoFe2O4 1 graphene e2
ð Þ
(38.2)
CoFe2O4 e2
ð Þ 1 H2O2 - CoFe2O4 1 OH2
1 1 OH:
(38.3)
Graphene 1 e2
ð Þ 1 O2 - O:2
2 1 graphene (38.4)
CoFe2O4 h1
 
1 OH2
- CoFe2O4 1 OH:
(38.5)
38.5 Magnetic recovery and reuse of
graphene oxide-based spinel ferrite
nanocomposite
For commercial applications, the reusability of novel GO
spinel ferrite nanocomposite materials is essential.
Subsequently in the elimination of several organic, inor-
ganic, and metallic contaminants from wastewater, the
GOSF nanocomposite materials could be parted without
filtration by an externally applied magnetic field that can
easily penetrate the container typically made of plastic
and glassy materials.
The physical parameters like temperature, ionic
strength, and pH do not affect the process of magnetic
separation. Several desorption processes could lead to the
regeneration of GOSF that employs an ultra-sonication
process for the adsorbent consisting of arsenic along with
NaOH solution. High desorption efficiency could be
attained in the alkaline condition for recycling of adsor-
bents laden with anionic contaminants. Thus, GOSFs are
photocatalysts and cost-effective adsorbents that can be
easily recycled and reused. In addition, the GOSFs could
prevent the release of nanoparticle into the water
FIGURE 38.5 Schematic diagram of photocatalytic degradation mechanism of inorganic and organic contaminants on GOSF. Reprinted with permis-
sion from Park, C.N., Kim, Y.M., Kim, K.Y., Wang, D., Su, C., Yoon, Y., 2019. Potential utility of graphene based nano spinel ferrites as adsorbent
and photocatalyst for removing organic/inorganic contaminants from aqueous solution: a mini review. Chemosphere 221, 392402.
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	10. resource, which have  adverse environmental effects.
Various GOSF materials have been recycled and have
demonstrated no reduction in photocatalytic activity (Park
et al., 2019). The schematic diagram for the reuse and
recovery procedure of GOSF in water remediation is illus-
trated in Fig. 38.6.
38.6 Future prospective
The improved Hummer’s method is extensively applied
for the GO synthesis. However, the experimental process
for the synthesis of the graphene oxide is slow although
the experimental complexity has been reduced to a great
extent. Hence, removal or replacement of specific chemi-
cals is required, which could reduce the time period
involved in the synthesis process. Therefore, an appropri-
ate method for GO synthesis is required to produce high
yield and enhanced performance. Another major problem
for the application of these materials is the scalability of
these processes. Several literature investigations advocate
the limitations of experiments at laboratory level. For that
reason, the scalability of the above process from labora-
tory level to industrial level should be taken care properly
by the researchers. As the industries generate effluents
and wastewater on a large scale, the consumption of these
materials will be higher and thereby increase the opera-
tional cost many folds. Hence, the commercialization of
GOSF nanocomposites must be ensured in such a manner
so that it could be cost effective and reusable (Park et al.,
2019). Surface modification of these materials is required
to enhance its performance in wastewater treatment. It is
essential to control the leaching process of these materials
into the water to minimize health and environmental risk.
After treatment, these materials should be disposed of
properly which requires appropriate setup. In addition,
one has to take utmost care of the toxicity to avoid the
threat to any living beings (Ali et al., 2019).
38.7 Conclusion
At present, in waste water treatment the novel graphene
oxide-based spinel ferrite nanocomposites emerge as
promising material. The tunable magnetic behavior, cost-
efficacy, and viability are some of the major benefits of
these materials for use in water treatment. These materials
have excellent adsorption capacity in comparison to the
bare ones for removing inorganic and organic contami-
nants from polluted water. The adsorption efficiency is
FIGURE 38.6 Schematic diagram depicting reuse and recovery procedure of GOSF in aqueous contaminated solution. Reprinted with permission
from Park, C.N., Kim, Y.M., Kim, K.Y., Wang, D., Su, C., Yoon, Y., 2019. Potential utility of graphene based nano spinel ferrites as adsorbent and
photocatalyst for removing organic/inorganic contaminants from aqueous solution: a mini review. Chemosphere 221, 392402.
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	11. affected by factors  like surface charge, surface functional
group, and morphology of the surface. Under visible light
irradiation, these materials have exhibited superb photoca-
talytic performance. The surface modification of these
materials could be performed by coating them with natu-
rally occurring and synthetic organic materials to reduce
the toxicity and chance of agglomeration. Understanding
of the adsorption and photocatalytic degradation mecha-
nism might provide insight to effectively handle the
wastewater containing various organic, inorganic, and
metallic pollutants. After removing various pollutants
from aqueous solutions by applying external magnetic
fields, the GOSF nanocomposite materials can be easily
separated. It is believed that current research activities on
GOSF nanocomposite material are expected to provide
enough guidance to enhance the photocatalytic and
adsorptive activities so that these materials could be fully
utilized in water remediation technology for a sustainable
society.
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