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Abstract

Water is an essential element for day to day activities like agriculture, industries and
domestic uses etc for human beings. Now-a-days, water pollution by heavy metal is one of
the major environmental problems. Various methods like chemical precipitation, ion
exchange, membrane filtration, coagulation-flocculation, flotation and adsorption have been
adopted for the removal of heavy metal ions from the water. Among all these methods
adsorption process has been widely used for the removal of heavy metals due to its low cost,
environment friendly nature and easy availability. The commercial adsorbents, bio-
adsorbents and nano-sorbents possess high removal capacity, thus used for the removal of
heavy metals from waste water treatment. In recent years nanosorbents used in environmental
remediation as it possess large surface area and high substance specificity. The present
review aims to assemble the role of functionalized graphene oxide for heavy metal removal
from waste water. The presence of various functional groups on graphene oxide provides
abundant sites and increase surface area which improves the adsorption efficiency of
pollutants. Thus an attempt is made to emphasis on low cost adsorbent and search for the
parameters that affects the adsorption of heavy metals on various adsorbents.
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1. INTRODUCTION

Water is an essential natural resource.
Rapid industrialization and urbanization
have caused contamination of water by the
heavy metals [1]. Heavy metal
contamination is one of the most important
environmental issues. The industrial waste
water often contains cadmium, zinc,
copper, nickel, lead, mercury and
chromium etc[2]. Heavy metal ions
released from electroplating[3] and metal-
finishing industries[4] have accumulated
in organisms through food chain and cause
serious  impacts on  environmental
ecosystem and human health by the
physicochemical properties[5]. Heavy
metals are non-biodegradable [6], their
bioaccumulation in living organisms
resulted in various diseases and disorders
in human beings [7]. The long term
exposure of heavy metals may lead
damage of nucleic acids, cause mutation,
mimic hormones by disrupting the
endocrine and  reproductive  system
ultimately lead cancer [8,9]. There are
various conventional methods used for the
removal of these toxic pollutants from the
environment. Adsorption method has
proven one of the most widely preferable
used techniques for the removal of heavy
metals from wastewater [10,11]. The high
cost of efficient adsorbents in adsorption
process increases the cost of wastewater
treatment [12]. It is important to find
efficient and cost-effective adsorbents for
the removal of heavy metals from
wastewater [13]. Thus, new technologies
which lower the cost and footprint of the
processes that purifies water resources are
always remain in desperate demand [14-
16]. Recently much research is focused on
grapheme for different water treatment
processes and nanotechnology also has
great potential for elimination of bacteria
and other contaminants [17,18]. Graphene
has recently attracted much interest in the
materials field due to its unique 2D
structure and outstanding properties [19].
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The  synthesis of  graphene-based
nanocomposites had become one of the
most important research frontiers in the
application of grapheme [20,21]. These
oxide-based nanoadsorbents considered as
one among the best adsorbents as it
possesses high surface area, less impact on
environment, easy availability and
nongeneration of secondary pollutants
[22,23]. The oxide-based eco-friendly and
high-cost nanoadsorbents have been
employed for the degradation of industrial
effluents as well as for the removal of
hazardous heavy metal pollutants present
in wastewaters[24,25]. Graphene
oxide, the functionalized graphene with
oxygen-containing chemical groups has
recently attracted many interests of
researchers due to its superior properties
such as large surface area, mechanical
stability, tunable electrical,and optical
properties[26,27]. Magnetic nanoparticles
is an emerging field of study and has
gained much attention among researchers
due to their widespread applications in
various  fields  like  catalysis
environmental remediation, data storage,
electronic communication, magnetic
fluids and biomedicine etc[27-33]. Among
different types of magnetic nanoparticles,
iron oxide nanoparticles are the most
popular and widely used in the field of
environmental remediation and
biomedicine due to their ease of surface
modification,  synthesis  and low
toxicity[34]. The currently attracting
magnetic  graphene oxide based
nanocomposites have been widely used as
an efficient adsorbent of dyes and heavy
metal ions from aqueous solution due to its
good dispersion in water, biocompatibility,
easy and cost effective preparation
methods[35]. Functionalized graphene is
regarded as a very promising nanomaterial
owing to its superior hydrophilicity,
mechanical stability, bacteriostasis, and
biocidal properties [36,37]. The
functionalization of graphene oxide with
molecules containing strong chelating
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groups significantly enhances the removal
efficiency of graphene oxide based
materials [38,39]. Citric acid is frequently
used to deal with various pollutants as it is
an excellent chelating agent,
environmental friendly and low cost
compound [40,41]. Citric acid act as
immobilized insoluble catalysts and can be
easily separated and reused. It is used to
remove and discourage the buildup of lime
scale from boilers and evaporators.
Modification with Citric acid is used for
elimination of various dyes and heavy
metal ions from industrial effluent [42,43].
Thus, in the present review attempts have
been made to provide the brief view on
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graphene based nanocomposites as
nanosorbents, surface modification of
magnetic graphene oxide, its synthesis and
its application in removal of heavy metal
ions from waste water.

Synthesis of graphene oxide by
oxidation of graphite: The preparation
graphene oxide was firstly reported by
Brodie in 1859 [44] by performing
reaction between graphite and KCIOs in
fuming HNOs. In 1898 Staudenmaier[45]
modified this method by adding the
chlorate and increasing the acidity of
mixture by concentrated H.SOs as
oxidizing agent as shown in Figurel.

KCIO; &
Fuming HNO;

Brodie's Method

Conc. H,;50,, KCIO; &

Fuming HNO,
HOOC

Staudenmaier’s Method

KMnO,, NaNO, &
Conc. H,S0,

Graphene Oxide

Hummer’s Methods

Graphite

Figure 1: Schematic illustration of graphene oxide synthesis [46] by chemical oxidation using
Brodie’s, Staudenmaier’s and Hummer’s methods (For interpretation of the reference to color
in this figure legend, the reader is referred to the Web version of this article).

The most popular Hummers-Offeman previous methods and easier to produce
method [47] uses a water free mixture of large quantities of graphene oxide.
concentrated H2SO4, NaNOgz, and KMnOsa. Researchers have been focused to improve
This method remains a key point of Hummers' method so that it becomes more
interest as it provides a good yield, carried efficient and environmental friendly as
out safely, requires less time than other mentioned in Tablel.

Tablel: The summarized reported modified Hummers' methods.

Carbon Oxidant Temperatur | Reactio | Features Referenc
Source e (in °C) n Time e
Require
d
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Graphite H2SO04, K2S20s, P20s. | RT 6 h. Diode like | 48
powder behavior,
highly
conductive
Graphite KMnQyg, H2S0s, | 50 12h Greater vyield, | 49
flakes H3PO4 not release
toxic gases
Expanded KMnOg4, H2S04 90 1h 30| Safe, massive | 50
graphite min production
diameter
~15 um
Graphite Conc.H2S04/HsPOg, 40-60 6-24 green, safe , |51
flakes KMnOg4, H202 simple , and
fully-oxidized
GO preparation
method
Graphite H2S0Os4, KMnQOyg, | 5-10 16 h High quality, | 52
flakes NaNOs size  confined
upto 10 nm
Graphite H2S04, KMnOg4 20,40,95 1h High yield, | 53
flakes (3-20 good quality,
um) safe
Graphite HNO3-H2S0s, 50 3h Tri component | 54
flakes KMnOg4 acids, high
yield
Graphite>10 | K2FeSO4 100 1h Ultra less cost, | 55
um less pollution,
recycling  of
H2SO4
Defective HNO3 RT 20 h Nano sized GO | 56
arc-
discharge
carbon
Graphite KMnQOyg, ,5-35-95 5H Less impurity, | 57
44um H2SO4, H3BOs3, less acid, high
(NH.)2S208 yield
graphite 98%H2SO4,  fuming | RT 3-4h Lightly 58
H2SO4 oxidized, 25
nm thick,
100%
conversion
Graphite foil | H2SO4 RT ,5min Electrochemica | 59

| support, high
efficiency and
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high yield

H2SO4 KMNQOg,
H3POq4

graphite

<RT-35-95 | >24h

Cool the exo-| 60
thermal
reaction,
completely
safe, no risk of
explosion

MWCNTs
(5 pm)

HNO3,H2S04,Ko2MnO | RT
4, NaNOs,

2 h 30 | Excellent 61
min durability,
effective
adsorption

Graphene PVDF, 80
oxide

24h Self  healing | 62
property, good
antifouling
performance,
high rejection
ratio

Dried GO |EDC
powder

RT, 150

1h Suitable for | 63
microporous
membranes

2D H2S04,HNO3, RT
nanochannel | laponite
S

24 h High 64
permeability,
high rejection
rate

Preparation of Magnetic graphene
oxide:  Magnetite  nanoparticle  and
graphene  oxide  were promising
nanoparticles that can be used in variety of
field due to their exceptional characteristic
[65]. Graphene oxide has a unique 2-D
structure and excellent chemical and
physical  characteristics [66]  while
magnetite nanoparticle has its
superparamagnetic properties[67] which
enable it to be controlled by external
magnetic field. The extensive survey of
literature reveals three general methods for
the synthesis of magnetic nanoparticle
functionalities with graphene oxide [68]
were  hydrothermal  method, direct
pyrolysis and co-precipitation. Several

reported methods have been discussed
following for the synthesis of magnetic
graphene oxide.

Pyrolysis: The MP/GO nanocomposites
were synthesized [69] by mixing GO water
suspension with Fe(NO)s in different
precursor amounts at 70 °C with 300 rpm
magnetic stirring. GO: Fe(NO)s =10:1,
5:1, 1:1, and 1:5, products labeled as
MP/GO10, MP/GO5, MP/GO1 and
MP/G00.2, respectively. The synthesized
MP/GO nanocomposites as shown in
Figure 2 were filtered and washed with
distilled water. After that the annealing
process was performed by heating GO up
to 800 °C for 2 hrs under H> atmosphere
balanced with 95% argon.
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"won o * Growth of -
magnetic NPs , Q 0
: 8% —> Y A ] .

5

@ Magnetic NPs

Figure 2: The diagrammatic presentation for synthesis of magnetic Nano particles (For
interpretation of the reference to color in this figure legend, the reader is referred to the Web
version of this article).

Co-Precipitation: In this technique [70]
graphene oxide is dispersed in deionized
water, using ultrasonic irradiation for 5
min in the presence of nitrogen
atmosphere. Then, mixture of FeCl3.6H20
and FeS04.7H20 in distilled water was

Graphen Oxide

Fe®, Fe®
{molar ratio 2:1)

b -
2O PO S PG NH,OH
7 G 8

added to the graphene oxide solution and
irradiated ultrasonically for 30 min.
Addition of 25% NH4OH aqueous solution
in the above mixture GO-Fe304
nanocomposite was readily separated.

GOIFe;0;

Figure 3: A schematic diagram for the synthesis of modifying FesOs-graphene oxide
nanocomposite[71] (For interpretation of the reference to color in this figure legend, the
reader is referred to the Web version of this article).

Magnetite nanoparticles were synthesized
[72] by mixing of iron (I1) and iron (1)
salts in the molar ratio of 1.1 to 2 and
filtered into fresh water using a microfilter
of 0.2 um pore size. Then addition of
NaOH solution was in 10% excess to the
doubly diluted iron salt solution in two
portions, the first half slowly and the
second half rapidly under rigorous stirring.
After washing with water acidified the

mixture  with  HCI  solution and
hydrothermal ageing of stable suspension
in an ultrasonic bath at 80°C for 30
minutes was done. The mixing of
suspensions of the magnetic iron oxide and
the graphite oxide were used for the
formation of composite materials. These
suspensions were sonicated for 30 s before
rapidly mixing them in appropriate
volumes.

Eur. Chem. Bull. 2023, 12 (Special issue 8), 6464— 6485 6469
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Emulsion Method: Magnetic graphene
oxide was synthesized by the reported [74]
simple emulsion method in which
graphene oxide was mixed with different
amount of iron oxides. Firstly graphene
oxide was mixed with chloroform and
oleylamine for about 1h through
sonication process. Then, iron oxides were
sonicated in chloroform solution for about
half an hour. After that these two solutions
were mixed together by using probe
sonicator for 30 min in an ice bath for
forming a homogenous solution. The final
product was obtained after drying
homogenous solution in an open air for 2 h
and it was stored inside the dessicator.
Hydrothermal Treatment: Functionalized
magnetic graphene oxide nanoribbons
composite material was synthesized [75]
by hydrothermal treatment method using
graphene oxide nanoribbons as raw
material, which was added into ethylene
glycol and sonicated for 6 h. FeCls-6H.O
and sodium acetate were added to the
above mixture and stirred for 30 min. The
mixture was transferred to a Tefon lined
stainless steel reactor at 200 °C for 6 h
which was placed in a controlled box
furnace. Then, this mixture cooled to room
temperature. The reaction product was
washed repeatedly with deionized water
and ethanol, and dried under vacuum at
60 °C for 12 h.

In situ synthesis: In situ synthesis [76] of
the hybrid nanomaterial GO-yFe by
dispersion of graphene oxide and
[Fe(Nitrate)] in ethanol separately. Then
these two solutions were mixed with
stirring for 30 min. After that the mixture
was heated at 100°C under continuous
stirring for 1 h. Now cool this mixture at
room temperature, so that hybrid
nanoparticles were centrifuged and washed
with ethanol several times, to clean the
nanoparticles from any impurities.
Solvothermal Method: In this system [77]
ferric trichloride hexahydrate
(FeCl3.6H20) was added into ethylene
glycol under magnetic stirring for
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complete  dissolution. The aqueous
suspension of graphene oxide was
dispersed into the above solution with
continuous  magnetic  stirring.  The
ammonium hydroxide was added to the
solution by continuous dipping method.
Polyvinylpyrrolidone was added slowly as
the wuniform mixture of the solution
formed. The above mixture was pour into
six teflon reactors for 20 h at 180 °C. After
that, the reactors were cooled naturally and
then the prepared mGO was separated by
magnetic separation method and washing
by mixture of ultrapure water and ethanol.

Another procedure followed to
synthesized magnetic graphene oxide by
solvothermal method [78] which involved
mixture of FeCl3:6H.0, PEG and
anhydrous sodium acetate in ethylene
glycol and allowed to stirring for 30.
Graphene oxide was added into this
solution after that transferred into a
stainless steel autoclave at 180 °C
temperature for 8 h. Finally prepared
magnetic graphene oxide based material
was washed with ethanol for three times
and dried in vacuum at 40 °C.
Synthesis of citric acid functionalized
magnetic graphene oxide: The presence
of oxygen functionalities at graphene
oxide surface is very important since they
provide reactive sites for chemical
modification using known carbon surface
chemistry  [79]. In this  frame
functionalized magnetic graphene oxide
emerging as a versatile material for
applications in nanoscience  and
nanotechnology [66].

The preparation of GO-g-PCA via
a radical polymerization followed by a
reported [80] procedure (Figure 4), in
which three different amounts of graphene
oxide were mixed with monohydrate citric
acid to obtain a gray colored powder and
transferred it into a double neck round
bottom flask. The obtained mixture was
heated up to 120 °C for 30 min under
vigorous stirring, then the temperature was
raised to 150 °C, at which the product was

Eur. Chem. Bull. 2023, 12 (Special issue 8), 6464— 6485 6470
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obtained product was dissolved in small
amount of THF and precipitated in
minimum amount of cyclohexane.

melted. After 60 min, the temperature was
raised to 160 °C and further stirred for 90
min to finish the reaction. Finally, the

| FeCly.6H,0
1 FeCl,.4H,0

Figure 4: The diagramatic synthesis of highly magnetic nanocomposites consists of magnetite
nanoparticles, graphene oxide and hyper-branched poly citric acid (For interpretation of the
reference to color in this figure legend, the reader is referred to the Web version of this
article).

Heyi Ge et al have been reported [81] the straw to  synthesize citric  acid

synthesis of citric acid functionalized
magnetic graphene oxide coated corn
straw (CA-mGOCS) as a new adsorbent.
The magnetic graphene oxide was
synthesized by solvothermal method.
Then, citric acid has been added in
magnetic graphene oxide coated corn

functionalized magnetic graphene oxide
coated corn straw (CA-mGOCS). The
magnetic graphene oxide in addition with
5 g and 10 g corn straw (CS) fiber was
used to synthesize mGO5CS and
mGO10CS.

Eur. Chem. Bull. 2023, 12 (Special issue 8), 6464— 6485 6471
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Solvothermal
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| Magnetic
| G\ separation

Pulepy

CA-mGOCS

Figure 5: The schematic illustration of preparing CA-mGOCS and adsorption Methylene
Blue process (For interpretation of the reference to color in this figure legend, the reader is
referred to the Web version of this article).

Citric acid functionalized graphene
oxide was synthesized [82] through an
esterification reaction between GO-COCI
and citric acid. To prepare acyl chloride-
functionalized GO (GO-COCI), graphene
oxide was dispersed in dry N,N'-
dimethylformamide for 1 hour and then
treated with SOCIl, at 80°C for 3 days.

After that under argon atmosphere citric
acid in THF and EtsN were added to GO-
COCI at 0°C temperature with continuous
stirring for 1 hour. At room temperature 6h
refluxing give GO- citric acid hybrid
which was magnetized by co-precipitation
method as shown in Figure 6.

- A S
w2 SO0, ~ S o
WP Refluy , 3 Do Co®o® @
- oy &, & . A O - TV 7 g
COOH
1 m»~{unm
~COOM
2) NEt
’Q-.
"“, (X
e 1) Stirring in NaOH 1 M oo
~N T >
S S e Pt AU 2) Dislvsls T
RO € 5O @ TR £ oo
2 D N Fe Fe 7’ Cool
4) NILOH , Heat

Figure 6: The procedure for preparation of magnetic citric acid grafted graphene oxide (For
interpretation of the reference to color in this figure legend, the reader is referred to the Web
version of this article).

The reported method[83] for
modification of surface of graphene oxide
by citric acid as shown in figure 7. This
surface modified graphene oxide by citric

Eur. Chem. Bull. 2023, 12 (Special issue 8), 6464— 6485

acid used as a heterogeneous nanocatalyst in
organic condensation reaction between alkyl
substituted benzaldehyde and 0-
phenylenediamine to synthesize imidazole

6472



Surface Modified and Functionalized Magnetic Graphene

Oxide for Purification of Water: Review and Analysis Section A-Research paper

derivatives in high yields and short reaction
time at room temperature. The catalyst
exhibits high catalytic activity and can be
reusable. The efficient immobilizing of

citrate groups on the surface of graphene
oxide sheets was shown by the easy
purification of catalyst for at least six cycles
without significant loss of activity.

H,0,/H,S0,

v

H._0
g _GOICA N
el R
HzN EtOH, 10 min, r.t.
1 2 3
Figure 7: The schematic diagram for surface modification of graphene oxide by citric acid and
its application as a heterogeneous nanocatalyst in organic condensation reaction (For

interpretation of the reference to color in this figure legend, the reader is referred to the Web
version of this article).

Characterization: The morphology and
structure of citric acid functionalized
magnetic graphene oxide were

characterized by transmission electron
microscopy (TEM) and scanning electron
microscopy (SEM) as shown in Figure8.
The average size determined from SEM
images is 25 nm[82]. TEM morphology
and size distribution of GO-CA-Fes304
nanocomposite

were observed from

The structures were measured by
Fourier-transform infrared spectra analyzer
and X-ray diffraction (XRD). XRD

Eur. Chem. Bull. 2023, 12 (Special issue 8), 6464— 6485

micrographs (Figure8 (b)). The magnetic
particles were well shaped spherical and
not much agglomeration seen which
implies that GO-CA can efficiently
stabilize the magnetic nanoparticles. The
TEM image indicates the mean size of the
magnetic nanoparticles was found to be 25
nm which is consistent with the average
particle size calculated from the Scherrer’s
relation in the XRD pattern [82].

(b)
Figure 8: SEM images for (a) GO-CA-FesO4 and (b) TEM images for GO-CA-Fe3O4 (For
interpretation of the reference to color in this figure legend, the reader is referred to the Web
version of this article).

analysis was used to determine the average
crystalline properties of the graphene
oxide. The graphene oxide sheet in XRD
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analysis showed a very strong peak at 260 =
10.2° as shown in Figure 9 (a) which
indicates the successful synthesis of GO
sheet. The characteristic peaks assigned at
20 values of 18.34° (1 1 1),29.93° (22 0),
35.49° (31 1),43.12° (4 0 0), 56.99° (4 2
2), and 62.52° (5 1 1) for GO-CA-Fe304
nanocomposite[82].

The FTIR spectra analysis was
used to investigate the structure and
presence of functional groups in citric acid
functionalized magnetic graphene oxide.
The graphene oxide sheet exhibited
adsorption bands for the carboxyl C=0

(@)

(1723 cm™), aromatic C=C (1621 cm™),
epoxy C-O (1220 cm™), alkoxy C-O
(1043 cm™), and hydroxy —OH (3391
cm™) groups (in Figure9 (b)) [82]. The
presence of oxygen-containing functional
groups like C=0O and C-O further
confirmed that the graphite indeed was
oxidized into graphene oxide which was
consistent with the literatures. The
appearance of C=C groups showed that
even graphite had been oxidized into
graphene oxide the main structure of layer
graphite was still retained.

(b)

Figure 9: The (a) XRD and (b) FTIR spectra of graphene oxide(GO), GO-CA, GO-CA-Fe304
and GO-CA-Fez04/MB- loaded (For interpretation of the reference to color in this figure
legend, the reader is referred to the Web version of this article).

The peak at 3391 cm™ in graphene
oxide spectrum assigned for hydroxy —OH
group was reduced in broadness and
shifted to 3431 cm™ due to esterifaction of
hydroxy groups of graphene oxide and the
carboxylic groups of citric acid. The
absorbtion band at 1740 cm™® may be
assigned for the ester and the new bands
present at 2927 cm™ were asigned to CH;
groups of citric acid. The signals of C=0
in carboxylic acids of citric acid were
appeared at 1694 and 1647 cm™. The
charactristic peak of Fe3O4 was observed at
580 cm™ in the FTIR spectrum of GO-CA-
Fe30s. The bands attributed to carboxylic
acid groups of citric acid were reduced in
intensity and  shifted to  lower
wavenumbers indicates the binding of a
citric acid radical to the surface of Fe3O4
nanoparticles by chemisorptions of citrate

ions [84]. The peak appeared at 3500 cm™
was significantly reduced in intensity as —
OH groups of graphene oxide and -COOH
groups of citric acid interact with magnetic
nanoparticles.

The UV-VIS analysis [85] of the
graphene oxide sheet and Magnetic
graphene oxide was used to measure the
optical absorption properties as shown in
Figure 10(a) which indicated that graphene
oxide possessed a good photoresponse not
only in ultraviolet range but also in visible
range (380-800 nm) which implied the
enormous potential for application of light.
The UV absorption peak of graphene
oxide appeared at 238 nm assigned for the
n — w* transition of aromatic C-C bonds.
In UV-vis absorption spectra of graphene
oxide there was a broad band observed at
300 nm corresponding to the n — =«*

Eur. Chem. Bull. 2023, 12 (Special issue 8), 6464— 6485 6474
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transition for carbonyl bonds. The
characteristic peak of Magnetic graphene
oxide present at 300 nm as shown in
Figure 10(b). This red shift of the peak
from 238 nm to 300 nm is due to the
introduction of Fe3O4 particles on the
surface of graphene oxide.

The results of thermogravimetric
analysis (TGA) and derivative
thermogravimetric (DTG) analysis of the
synthesized GO-g-PCA nanocomposites
[80] are mentioned in Figure 10. The
thermal properties of the nanoproducts and
their compositions can be investigated by
TGA analysis. The temperature range from
30 to 600°C Fe304 shows about 2.1% mass
loss and the decrease of mass can be
attributed to the evaporation of surface
water of magnetic particles. The weight
loss below 180 °C may be assigned to the

N (a)

Absorbance (a.u.)

Wavelength (nm)

— AN 00

1"
o
— AR
A5

“

spersiare (0]

()

The Raman  spectrum of
synthesized GO-g-PCA
nanocomposite[80] gives complementary

Section A-Research paper

evaporation of solvent adsorbed on the
surface due to hydrophilicity of graphene
oxide [86]. In the temperature range 180-
220°C there is a rapid weight loss of the
sample due to decomposition of the
polymeric chains as well as detachment of
the surface functional groups such as
hydroxyl and carboxyl from the surface. In
the temperature range 150-600 °C, the
weight loss of GO-g-PCA was about
68.7%, 74.0% and 74.6% respectively for
a, b and c curves in Figure 10(b), which
was more in comparision of the graphene
oxide sample (~34.2%) reported in the
literatures [87] confirming that PCA is
surely grafted on GO layers. [88]. The
results showed that by increasing the
amount of graphene oxide in the GO-g-
PCA nanocomposite increases thermal
stability.

(b)

Ansoreance {A )
v v

0 w0
Viavelength ()

(d)

Figure 10: (a) The UV-VIS spectra of graphene oxide sheet (b) The UV-VIS spectra of
Magnetic graphene oxide (c) TGA analysis of synthesized GO-g-PCA with three different
amounts of GO (d)DTG analysis (For interpretation of the reference to color in this figure

legend, the reader is referred to the Web version of this article).

information on the quality of synthesized
graphene oxide. The characteristic G band
of sp? carbon atom vibrations of graphite is

Eur. Chem. Bull. 2023, 12 (Special issue 8), 6464— 6485 6475
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observed at 1581 cm?, in the case of
graphite oxide, the G-band becomes
broader and is shifted to 1594 cm™. The
reduction of sp? domains and level of
oxidation on the surface is indicated by D-
band at 1363 cm™ [86,89]. In Figure 11,
the D-band of the synthesized GO-g-PCA

Section A-Research paper

nanocomposite is at 1342 cm™ and the G-
band is at 1602 cm™. The ID/IG ratio,
larger than 1.098, indicates increased
amount of structural defects. Here, this
ratio is about 0.83, thus confirming the
good quality of synthesized graphene
oxide.

Iy 1=0.83

Intensity {(au.)

1342
D

1602

e PC AJ(0.020 Wt% GO)

1000 11'00 12'00 13'00 14'00 15'00 16.00 17.00 1800

Raman Shift (cm™)

Figure 11: Raman spectrum of GOi-g-PCA nanocomposite (For interpretation of the
reference to color in this figure legend, the reader is referred to the Web version of this

article).
Nuclear ~ magnetic  resonance related to protons of citric acid units in the
(NMR) spectroscopy H-NMR & *C- polymer. The *C-NMR spectra of GO-g-
NMR  spectra  provide  structural PCA (Figure 12(b)) the signals at 168.19-

imformation of GO-g-PCA nanocomposite
[80]. The *H-NMR spectra of GO-g-PCA
(Figure 12(a)) contain two signals at 4.68
and 3.49 ppm may be assigned for the
protons of —-COOH and —-OH groups,
respectively. The signals in the range of
2.59-2.80 ppm and 3.22-3.48 ppm are

(a)

176.44 ppm indicate the presence of
different carbonyl groups. The C=C
carbons of graphene oxide were present at
129.13 and 139.11 ppm in the form of
weaker signals. The signals of citric acid
were observed at 73.07, 67.67 and 43.07

ppm [90].

i)

(b)

Figure 12: (a) *H-NMR and (b) *C-NMR analysis of synthesized GO-g-PCA (For
interpretation of the reference to color in this figure legend, the reader is referred to the Web
version of this article).

XPS analysis was conducted to
demonstrate the presence of oxygen-

Eur. Chem. Bull. 2023, 12 (Special issue 8), 6464— 6485

containing  functional  groups. XPS
spectrum of the Magnetic graphene oxide
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composite[85] showed significant C 1s, O
1s, and Fe 2p siognals corresponding to
the binding energy of about 285, 530, and
711 eV. In the spectrum of Fe 2p (the inset
of Figure 13), the peaks of Fe 2p3/2 and
Fe 2p1/2 are shift at 711.27 and 724.74 eV
from 710.34 and 724.02 eV in
comparision of Fe-Os peaks. The
significant peak of C signal with a binding
energy of 285.0 eV, which can be

Section A-Research paper

attributed to the C=C, C-C and C-H
functional groups. The peak centered at the
binding energies of 532.1 eV can be
assigned to the C-O and C=0 bonds. This
result suggested that graphene oxide sheet
contains large numbers of functional
groups on its surface such as C-O and
C=0, which also was in accordance with
the XRD, FTIR, analyses.

n
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Figure 13: XPS spectrum of the M/GO composite (the inset illustrates the high-solution
spectrum of the Fe 2p peak of the composite) (For interpretation of the reference to color in
this figure legend, the reader is referred to the Web version of this article).

M-H curve was measured for the
GO-Fe (50:50) where magnetization (M)
as a function of applied field (H) with
milling times of 25, 35, 40 and 45 h at
room temperatures as shown in Figure 14.
M-H curves exhibited superparamagnetic
nature for GO-Fe. The saturation
magnetization for the 25 h milled sample
was the highest with a value of 78 emu/g.
The decrease in iron amount in the

resulting composition leads decrease of
saturation in  magnetization of the
nanocomposites with an increase in
milling time from 25-40 h. The decrease
in the magnetization from milling times of
40 and 45 h was due to the size effect
which can be attributed to the magnetically
disordered surface spins, higher milling
times makes the magnetic nanoparticles
finer.
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Figure 14: Magnetic hysteresis curves obtained for GO-Fe nanocomposite with a 50:50
composition milled for 25, 35, 40, and 45 h [91] (For interpretation of the reference to color
in this figure legend, the reader is referred to the Web version of this article).

Applications of Magnetite Nanoparticles
for Heavy Metal Removal from
Wastewater: The functionalization of
graphene oxide enhances its excellent
properties as well as its adsorption
capacity for the removal of heavy metal
ions from the wastewater [92]. The
carboxylates have important impact on the
growth of magnetic nano particles and
their magnetic properties, citric acid is one
of the most suitable and easily available
materials used to stabilize nano particles
by coordination of one or two of the
carboxylate functionalities. Citric acid
grafted graphene oxide has been easily
dispersed in water as it reduces the
hydrophobic nature of nano particles to
stablize them and adsorb the pollutants to
form stable complexes.

The GO-CA-Fe304 nanocomposite
[82] has great potential in removing

0

L 1 4 L] s

@

organic dyes and can be easily separated
by removal of dyes in the presence of an
external magnetic field. The GO-CA-
FesOs4 nanocomposite was employed as an
adsorbent of methylene blue from
contaminated water and take 30 min to
attain equilibrium. The adsorption capacity
of nanocomposite in the concentration
range studied was 112 mg g *as shown by
adsorption isotherm in Figure 15 (a). The
parameters like contact time, solution pH
and temperature affect the adsorption
isotherm  of Methylene blue. The
electrostatic interaction plays an important
role in comparision of m-m stacking in
adsorption of Methylene blue by
nanocomposite. GO-CA has additional
carboxylic groups that make the
electrostatic interaction between MB and
GO-CA more intense as mentioned in
Figurel5

(b)
Figurel5: (a) Adsorption isotherm of methylene blue on GO-CA-Fe304 (temperature25°C,
contact time:30 min) (b) The schematic showing possible interaction of GO-CA/MB (For
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interpretation of the reference to color in this figure legend, the reader is referred to the Web
version of this article).

The novel, cost-effective and high-
efficiency citric acid modified magnetic
graphene oxide coated corn straw (CA-
mMGOCS) has been reported by Ge et. al
[81]as an adsorbent for removal of
methylene blue. Here, mGOCS (magnetic
graphene  oxide corn straw) was
synthesized using a simple one-step
solvothermal method and then citric acid
was decorated on mGOCS by adjusting the
reaction pH, temperature and reaction
time. CA-mGO5CS had the Dbetter
adsorption  performance than  other
adsorbents. The maximum adsorption
capacities in initial Methylene Blue
concentration of 1000 mg L™ are 276.5 mg
gl 3003 mg g! and 3155 mg g?
according to CA-mGO, CA-mGO10CS
and CA-mGO5CS, which indicated that
CA-mGO5CS has the best adsorption
performance than others. The pseudo-
second-order model and the Freundlich
described the well adsorption behavior.
The equilibrium adsorption capacity was
3155 mg g ! for Methylene Blue at
pH=12 and 298 k. The electrostatic
incorporation as well as hydrophobic
interactions between CA-mGO5CS and
Methylene Blue determined the favourable
adsorption property.

Furthermore, facile and cost-
effective method has been reported [93]
which possess the electrostatically driven
co-assembly for the fabrication of a novel
functional hybrid composed of graphene
oxide wrapped FesOs nanoclusters. The
Fe304@GO nanohybrids reported in this
study are synthesized by making use of the
weak electrostatic interaction between
negatively charged graphene oxide
nanosheets and positively charged FezOs
nanoclusters. The thin and flexible
graphene oxide shells effectively infold the
FesOs nanocluster core and formed
FesO4s@GO hybrid. The adsorptive
removal efficiency of Fes0s @GO hybrid

composite was investigated by using two
model cationic dyes methylene blue (MB)
and rhodamine B (RhB) and one model
anionic dye methyl orange (MO) in
relation to pH, adsorbent dosage, contact
time, initial dye concentration and
temperature. The adsorption kinetics and
the equilibrium adsorptions were well-
fitted with pseudo-second order kinetic
model and Langmuir isotherm model,
respectively. The maximum adsorption
capacities of FesO4@GO nanohybrids for
MB, RhB and MO were found to be
131.10, 34.50 and 39.95 mg/g respectively
at 303K temperature. The Fe304@GO
adsorbent  exhibited rapid magnetic
separation,  excellent stability, easy
regeneration and good sustainability in
removal efficiency even after continued
recycling. It is found that the removal of
both cationic and anionic dye pollutants in
environmental remediation Fe30s@GO
composite possesses great potential as an
efficient and recyclable adsorbent.

The magnetic functionalization of
graphene  oxide  possesses  unique
properties like magnetic separation,
chemical stability and forming stable
complexes  with  pollutants.  Some
researchers have developed magnetic
graphene oxide composites for efficient
applications, including water treatment,
energy storage and drug delivery. The use
of magnetic materials for water
purification can overcome the difficulties
in  filtration and regeneration  of
adsorbents. A novel magnetic
nanocomposite Fes04/GO [94] has been
successfully synthesized through one-step
chemical coprecipitation method. The
nanocomposite possess many intriguing
properties such as chemical stability, high
adsorption capacity, and
superparamagnetic. =~ These  properties
evoked great interest of its exploration in
magnetic solid-phase extraction of heavy
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metal ions from complex samples. The
sample pH, amounts of adsorbent, sample
volumes, elution volumes, and coexisting
ions are several parameters which affect
the analytical performance of
nanocomposite. The adsorbed metal ions
were easy eluted by controlling the pH
condition and the materials could be
reused more than 20 times. The limits of
detection under the optimized conditions
were found to be 0.016, 0.046, 0.395,
0.038, 0.157 ug L! for Co2p, Ni2p, Cu2p,
Cd2p, and Pb2p, respectively. The intra-
day relative standard deviations were in
the range of 1.8-5.5% at 10 pg L. The
proposed method was successfully applied
to biological sample (urine and plasma)
analysis and got excellent recoveries in the
range of 81-113% even the matrix was
complex. The material displayed high
adsorption capacity for five heavy metal
ions and was stable even in acid solution.
The adsorbent ability increased in high pH,
which showed higher adsorption capacity
for Cu2p and Pb2p due to the strong
complexation ability with carboxylic
groups. It could be separated rapidly under
external magnet, reused at least 20 times,
and successfully applied to MSPE. The

Section A-Research paper

method was fast, precise, easy to operate,
and had low LODs.

The potential adsorption
applications toward heavy metal ions and
organic dyes were evaluated for GO-
Fe3Os hybrids [95] due to remarkable
magnetic properties, great dispersibility
and large specific surface area. Cu?* is one
of common heavy metal ion contaminants
in wastewater and lead toxicity, slow
biological degradation and biological
accumulation. Methylene blue is another
most common colored chemical agent and
regarded as one of the considerable
pollutants cause massive environmental
problems and very poisonous to human
body. The effect of contact time for
removal of Cu?* (adsorbate) using GO-
Fe3O4 hybrid as adsorbent was evaluated
as shown in Figurel6(a) whereas the effect
of contact time for removal of Methylene
blue by GO- Fe3O0s was displayed in
Figurel6(b). The adsorption capacity of
GO-Fe304 hybrids gradually increased
with the increase of contact time. The
maximum adsorption capacity of GO-
FesO4 hybrids for Cu?* was found to be
18.1 mg/g and for Methylene blue it is
about 23.2 mg/g.

184
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Figure 16: Time profile of Cu?* adsorption onto GO-Fe304 hybrids (initial Cu?*
concentration 10 mg/L; solution pH 7; dose 10 mg and room temperature) (For interpretation
of the reference to color in this figure legend, the reader is referred to the Web version of this

article).

The synthesized Magnetic
graphene oxide composites [96] were used
as a versatile adsorbent for As (V) removal

from aqueous solutions. The adsorption of
As(V) on Magnetic graphene oxide is an
endothermic process and the adsorption
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kinetic well fitted for the pseudo-second-
order model. The Magnetic graphene
oxide composites shows good adsorption
capability for As(V) removal and the
adsorption isotherms were described by
the Langmuir model better than by the
Freundlich model. The adsorption of
As(V) on Magnetic graphene oxide
decreased with ascending pH due to the
electrostatic interaction. The nature and
concentration of coexisting cations and
anions greatly affected the adsorption of
As(V) on Magnetic graphene oxide. The
Magnetic graphene oxide-bound As(V)
can be quickly separated and recovered
from aqueous solution by an easy
magnetic separation method.

The one-pot synthesis of magnetic
porous hydrogel[97] showed the efficient
removal of arsenic and the superior
regeneration. The maximum sorption
capacities were estimated as 25.1 mg g*
for As (I11) and 74.2 mg g* for As (V)
under neutral circumstance, respectively.
Magnetic porous hydrogel maintained the
satisfied sorption properties for As (I1)
and As (V) if the concentrations of
competitive anions were 100 times as
higher as arsenic concentrations. The
presence of cations promotes the
immobilization of As (V) and inhibited the
sorption of As (Ill) on magnetic porous
hydrogel. The excellent stability of
magnetic porous hydrogel guaranteed its
multiple recycling. Magnetic porous
hydrogel was a potential candidate for the
application in arsenic decontamination and
incorporating assembly and chemical
bubble was demonstrated to be a reliable
strategy to facilely fabricate 3D porous
hydrogel.

Conclusions and future perspectives:
The review strongly defends citric acid
functionalized magnetic graphene oxide
and magnetic graphene oxide can be treat
as advance adsorbent materials for the
hazardous heavy metals and dyes present
in waste water. Graphene oxide based
materials have shown rapid and high

Section A-Research paper

hazardous pollutant organic molecules and
heavy metals removal capability. The
presence of remarkable mechanical,
electrical, thermal, and barrier properties,
graphene-based nanocomposites become a
hot area of research. It has strong affinity,
due surface complexation, electrostatic
attraction, and ion exchange mechanisms
which collectively improves its removal
capacity and make it suitable for waste
water treatment. Moreover, modifications
in graphene oxide with citric acid has
improve  its  adsorption  capacity,
selectivity, thermal and chemical stability
and also facilitate the magneto-responsive
separation of exhausted adsorbents from
water. There is plenty of oxygen atoms
present on surface of graphene oxide
which gives a negative charge and
Methylene Blue is a basic cationic dye and
heterocyclic aromatic chemical compound
thus it is likely to interact with negatively
charged compounds like graphene oxide.
The citric acid functionalized magnetic
graphene oxide has additional carboxylic
groups that make the electrostatic
interaction with Methylene Blue more
intense. In  future, more innovative
research works have to be explored in
reference to convenient separation and
regeneration of the magnetic graphene
oxide based adsorbents. Graphene-based
nanobiocatalyts are suitable for use in
various applications, such as
immobilization of enzymes in the field of
biotechnology and biomedicine.
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