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With the paramount development of industry and agriculture sector, levels of different pollutants like, heavy
metal ions, pharmaceuticals, organic dyes, biological waste and other pollutants are becoming serious. The
ecosystem and human health suffered greatly from the adverse effects of these pollutants. The disposal of
these pollutants has become an urgent issue for the human society. Graphene oxide base nanocomposites
have generated an excellent extent of focus as desirable alternatives for the adsorptive elimination of
contaminants from aqueous systems owing to their enhanced surface area and multiple functional groups
for adsorption. Graphene oxide (GO) as a graphene derivative exhibited superior features as obtainable
in a graphene sheet. Moreover, the addition of oxygen functional group at the edges and basal plane of
graphene further enhanced the efficiency of the graphene by providing sites for the attachment of differ-
ent metals on the surface. On the underlying adsorption processes, graphene-based nanocomposites for
specific contaminants are designed and currently employed for wastewater treatment. This review presents
the ongoing development of GO base nanocomposites and their useful applications, understanding how
well graphene-based nanocomposites adsorb pollutants and how that relates to the ways in which pollutants
interact with adsorbents is crucial. This study highlights newly developed trends in the creation of graphene
oxide based nanocomposites to eliminate different heavy metal ions, dyes, pharmaceuticals, and oils spills
from effluent water. The focus is on various graphene oxides nanocomposites application for the removal
of different pollutants and regeneration of graphene oxide base nanocomposites after several adsorption
cycles. Other challenges and potential directions for designing efficient GO based nanocomposites as ad-
sorbents are also presented along with the problems of current studies.
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INTRODUCTION Heavy metal pollution in textile effluent has grown

to be a serious environmental issue on a global scale.

Significant advancement in the industrial sector over
the past few decades has caused the rate of processing
to rise at the cost of environmental pollution'. Waste-
water treatment and drinkable water purification are
the needs of the time to support the rapid growth of
human population and reduce environmental pollution
and health risks®. Millions of people have experienced
health issues because of harmful chemicals polluting the
ecosystem and subsequently becoming contaminated. Fi-
gure 1 depicts a conceptual illustration of how industries

cause water contamination3.
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Figure 1. Analysis of the outflow of dye from different sectors

Coloration is produced by the bathochromic shift caused
by the inclusion of metal ions in dye molecules, which
produces darker colors. As the textile industry uses a lot
of water and because these substances are unable to
completely combine with fibers during the dyeing process,
a significant amount of wastewater comprising heavy
metal ions used for coloration, including Cr, Pb, Cd, and
Zn, as well as dyes is added to the freshwater streams
without prior treatment?. The natural water resources are
harmed by these effluents, which have severe negative
consequences for the ecosystem and adverse effects on
human health. Dyes are mutagenic, and carcinogenic and
their exposure can result in allergic reactions like contact
rashes, respiratory conditions, eye and respiratory system
irritation, and even kidney, bladder, and skin cancer’.
The extremely harmful dye substances can reduce the
passage of light through water, hence lowering the overall
purity of water. They can also impact the progress of
photosynthesis in the plants present in water and can
result in an oxygen shortage in the water increasing the
BOD (biological oxygen demand) and COD (chemical
oxygen demand)®.

The term “pharmaceutical wastewater” describes the
wastewater produced by pharmaceutical manufacturing
processes, pharmaceutical research centers, hospitals,



and private residences where medications are utilized
or disposed of. Various pharmaceutical substances, such
as active pharmaceutical ingredients (APIs), antibiotics,
hormones, and other chemicals utilized in the manu-
facture and consumption of pharmaceutical goods are
present in this type of wastewater. Due to the possible
negative impact that pharmaceutical chemicals may have
on aquatic ecosystems and human health, pharmaceuti-
cal wastewater poses a serious environmental concern.
These emergent organic contaminants (EOCs), which
are extremely difficult for conventional wastewater tre-
atment facilities (WWTPs) to adequately remove from
the effluent, end up being released into water bodies.
Even at low concentrations, these EOCs can have harmful
effects on living things’. Along with carbon nanotubes
(CNTs) and other nanoparticles (NPs) made of carbon,
graphene with a one molecule wide nano-sheets has
recently came into focus as an efficient alternative with
an array of intriguing significant characteristics, such
as the energy conversion, preservation, and catalytic
reactions. According to research on water purification
and distillation, graphitic carbon strengthens the flow of
photoelectrons and greatly improves the photo-conversion
efficiency of the system because there are many electrons
that are delocalized and connected in the sp? geometry
of carbon network. Additionally, graphene oxide (GO)
demonstrates a high capacity for the absorption of or-
ganic compounds in an aqueous environment®, In order
to eliminate heavy metals from effluent water methods
including chemical coagulation, membrane separation,
precipitation, electro-kinetics, electroplating, and ion
exchange are commonly used’. Since GO is a potential
nanomaterial with useful characteristics, heavy metal
eradication by using materials made of GO can also
be taken into consideration. Subsequently, GO can be
functionalized with other composites more easily and
effectively than graphene. GO is applied for the removal
of heavy metals* dyes'® hydrocarbons' oils'* and pharma-
ceuticals™ from the wastewater. Adsorption is the most
commonly used method to remove the contaminants
from the wastewater using GO™. Previously reported
work on graphene oxide nanocomposites for pollutant
removal has demonstrated several key advantages. Fir-
stly, these nanocomposites typically exhibit exceptional
adsorption capacity due to the large surface area and
abundant functional groups on graphene oxide sheets.
This high adsorption capacity allows for the efficient
removal of various pollutants, including heavy metals,
organic compounds, and dyes, from wastewater. More-
over, the tunable surface chemistry of graphene oxide
allows for easy functionalization, enabling the design
of tailored nanocomposites for specific pollutant types.
This adaptability enhances the selectivity of the material,
making it suitable for a wide range of contaminants.
Additionally, the potential for nanocomposite regenera-
tion and reuse can contribute to cost-effectiveness and
sustainability in wastewater treatment processes. Despite
their numerous advantages, previously reported work on
graphene oxide nanocomposites for pollutant removal is
not without its limitations. One significant challenge is
the potential saturation of adsorption sites, particularly
when dealing with high concentrations of pollutants.
Once these sites are filled, the nanocomposite’s efficiency

Pol. J. Chem. Tech., Vol. 26, No. 1, 2024 65

may decrease. Furthermore, the practical scalability of
graphene oxide-based nanocomposites remains a concern,
as large-scale production can be costly. Additionally,
issues related to the release of graphene-based materials
into the environment and potential long-term effects
require careful consideration. Finally, the stability of
nanocomposites in complex wastewater matrices with
varying pH, ionic strength, and competing ions can be
a challenge, necessitating further research and optimiza-
tion for real-world applications. In summary, aim of this
study is to provide a valuable resource for researchers,
engineers, policymakers, and industry professionals by
summarizing the current state of knowledge, evaluating
the performance of GO base nanocomposite, and guiding
future research and development efforts in the field of
wastewater treatment for environmental remediation.
Figure 2 shows the publications on GO-based composites
in recent years. Although publications are relatively limi-
ted, it is still a field worthy of development. As can be
seen from Fig. 2, the research on GO-based composites
shows a gradually increasing trend, indicating that it is
attracting more and more attention.
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Figure 2. Number of the publications on GO composites

GRAPHENE OXIDE AND ITS PROPERTIES

An altered version of Hummers’ method can be utili-
zed to oxidize chemically and disintegrate the graphite
flakes to produce graphene oxide(GO)', which has
epoxy and carbonyl (-CO) groups on its fundamental
plane, carboxylic group (-COOH) on the margins, and
empty spaces while still retaining some of the pure sp?
structure of graphite'. Graphene and its derivatives are
two-dimensional substances with significant surface area
as well as outstanding electrical and heat conductivity,
and adsorption capability'’®. GO nanosheets turns out
to be more hydrophilic than graphene owing to the
abundance of functional groups incorporating oxygen
(e.g., hydroxyl and carboxylic and epoxide) making it
uniformly disperse in clean water and other hydrophilic
organic solvents, and readily accessible for interacting
chemically with other compounds'’. The honeycomb lat-
tice of graphene'® have a distributed system of electrons
that is created by the orbital that every carbon molecule
in the framework has st orbitals. In all other dimensions,
graphene serves as the fundamental building component
for all graphitic materials. It can be layered into graphite
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(3D), wrapped in graphene nanotubes (1D) or rolled
into fullerenes (0D)®. Consequently, due to its superior
thermal, electrical, mechanical, and optical characteristics,
graphene has drawn a lot of interest from researchers,
academics, and industries. The exterior surface domain,
chemical resistance, resistance to gases, pore size, opti-
cal transparency, elastic properties, adjustable bandgap,
high mechanical strength and biological compatibility of
graphene are also high".

In addition to -OH, -OR, -CO, -COOH and other
functional groups requiring oxygen', the hexagonal car-
bon arrangement of GO is similar to that of graphene.
Beside this easier synthesis, these compounds have several
advantages over graphene because of their oxygen-rich
groups, such as enhanced soluble capacity and the po-
tential for interface modification, which together have
made a wide range of uses for hybrid materials possible.
Additionally, GO being analyzed using a range of techni-
ques to create reduced graphene oxide (rGO), which has
properties that are comparable to those of pure graphene
and reduces the amount of oxygen groups®. The tensile
force of single layer GO is 207.6 * 23.4 GPa based on
Young’s modulus®'. The sufficient absorbing capacity of
hybrid structure and its division of charges in space are
made possible by superior electron transporting charac-
teristics, improved catalytic performance, lower density,
big surface area, and good mechanical strength of GO.
In order to improve photocatalytic activity (PCA), GO
also functions as an a powerful electron collector to
increase electron transfer by light?. In the process of
creating GO, disruptions occur in sp? covalent orbitals
of graphene with the addition of many surface groups,
which reduces the electrical conductivity of material and
makes GO electrically less conductive. Due to this high
impedance, scientists have investigated ways to reduce
GO to create reduced graphene oxide(rGO). The elec-
trical conductivity of GO can improved to more than
one level of magnitude and can be significantly improved
upon reduction, with conduction range varying from
~0.1-298 x 10*Sm™! =,

Despite the GO membranes have improved separation
capability because of the significant bonding among
functional groups and pollutants the penetration of water
molecules is hindered by hydrogen bonds that form with
molecules of water and the functional groups on GO.
Therefore, utilizing membranes that are only dependent
on GO makes it challenging to attain an acceptable
choice among permeability and selectivity. Since GO
nanosheets are strongly electrostatically attracted to one
another, GO membranes have an important intrinsic
limitation that they are unstable and can break down
in aqueous media. The production of a stable mem-
branes of GO with enhanced flux typically requires the
addition of molecules for ionic cross-linking, functional
group substances, or reducing GO by using chemicals
to reduce the functional groups having oxygen®. For
example, Vacuum filtration was used by Fan et al. to
produce the rGO membranes on the PVDF substrate.
The hydrothermal reduction duration can be adjusted
to alter the extent of reduction of the rGO membranes.
The prepared membrane exhibits high-water diffusion and
elimination for methylene blue (MB), Congo red (CR),
and crystal violet (CV) dyes under the ideal fabrication

conditions. As a result, by regulating the hydrothermal
time, It is feasible to create the reduced GO membrane
with good dye elimination efficiency®.

Graphene oxide-based nanocomposites

Owing to its superior thermal, mechanical, and optical
properties, graphene has drawn attention. Its two ma-
jor forms are graphene oxide (GO) and reduced GO
(r-GO). The traditional way to produce products based
on graphene is to first oxidize graphite powder to GO
and then reduce it to r-GO?. The advanced materials are
made by the immense surface areas of graphene and its
composites. The process of handling effluent comprising
dyes and heavy metal ions has drawn a lot of attention
to nanocomposite of GO and r-GO with metal or metal
oxide (MO), polymers, SiO,, sodium alumino silicates,
and other inorganic materials, including metal organic
framework (MOFs). These hybrid materials can be used
as photo-catalytic or adsorbent agents?” 2%, The GO/r-GO
composites show decreased gaps in their energy levels
and reduced frequencies of electron-hole pairs, which
results in superb radiation adsorption and improved
photo-degradation potential®’. As can be seen from the
adsorption capabilities, the nanocomposites made of GO
has been extensively studied for the adsorption of dyes
and pharmaceuticals. Some research has been collected
to promote the utilization of materials made on GO
as adsorbents and demonstrate their effectiveness in
order to gain insight into batch processes. Biopolymers
in conjunction with graphene materials have also been
studied due to the growing demand for green chemistry.
The adsorption of organic molecules is perfect for the
employing of graphene materials due to their biocom-
patibility, biodegradability, availability, high reactivity,
and ease of separation?.

Singh et al used the solvothermal method to create
ornamented ZnO NPs on GO NP. The Cr(VI) adsorption
kinetics of prepared nanocomposites and their elimination
capability are enhanced by the coating of ZnO NPs on
graphene oxide(ZnO-GO). The efficiency of removal
decreases under alkaline circumstances while increasing
from a high acidic to a neutral pH. The created nano-
composites show great promise for removing Cr(VI) from
natural wastewater networks and water bodies®. Kaur
et al used simple sonication to create graphene oxide
(GO) and MgFe,0, nanoparticles (NPs). Its potential
for removing the particles Ni(II) and Pb(II) from water
was examined. Ni(II) and Pb(II) ions each have a maxi-
mal adsorption potential of 100.0 mg/g and 143.0 mg/g,
respectively. Along with having a greater capacity for
adsorption, magnetic characteristics of nanofabricated
composites make it possible to reuse nanocomposite
incorporating metals for adsorption and release of pol-
lutants®'. Choi et al prepared a mixture of chitosan (CS),
graphene oxide (GO), and gadolinium oxide (CGO-Gd)
to remove As(V) from water through adsorption. At pH
6.0 and for concentrations of 0.1 and 0.3 g/L of prepared
nanocomposite, respectively, the elimination capacities
of As(V) were 252.12 and 128.20 mg/g. Additionally,
the CGO-Gd can be used to remove As(V) up to five
times, proving the material’s viability and affordability*.
Marjani et al prepared samples of GO were created
by the Hummer method and used to create composite



membranes. Water was used as a non-solvent in the wet
phase inversion method to create PES NC membranes.
Purified water flow, salt elimination, dye preservation,
and elimination of heavy metals were evaluated in order
to gauge the effectiveness of the prepared membranes
that had been created and can be used in cleaning of
polluted water" *,

Synthesis Methods of GO

Graphene oxide can be made by various methods, each
of which has benefits and restrictions of its own. Altho-
ugh appealing for creating high-quality GO, mechanical
exfoliation® has limitations in relation to the viability of
fabrication on pilot scale. Low yields have been observed
for both epitaxial growths on silicon carbide (SiC) wafer
techniques and mechanical exfoliation (by ultrasonica-
tion or stirring). British chemist B. C. Brodie made the
initial effort to fabricate graphite oxide in 1859 while
researching the reactivity of flake graphite. This method
uses KCIO; as an oxidizing agent and is known as the
chlorate pathway. Staudenmaier®® made improvements
to the procedure in 1898 by using concentrated sulfuric
acid in addition to boiling nitric acid. With this change,
the method was made simpler while the quantity of
produced oxidized graphene oxide increased®.

Graphite oxide can be created by oxidizing graphi-
te, and then this graphite oxide can be exfoliated to
create GO. The technique of synthesis, which affects
the number and kind of groups having oxygen in the
formed GO, has an immense impact on the properties
of the substance’. The Hummers method developed
by Hummers and Offeman, is the most popular and
efficient approach ever. The conventional technique for
the synthesis of GO is comparatively quick. This process
involves adding excessive potassium permanganate, sul-
furic acid, and very little sodium nitrate to the reaction
combination. The reaction period varies from 8§ to 12
hours. Due to the fact that this method prevents the
production of explosive ClO,, it is much safer®®. At the
end of the process, a dilute solution of H,0, is used
to neutralize the excess potassium permanganate. The
creation of potentially explosive gases was prevented in
this process. Ice baths were used to closely regulate the
temperature, ensuring that it stayed as low as possible
throughout the reaction®”. Figure 3 shows the chemical
oxidation processes used by Brodie, Staudenmaier, and
Hummer to create graphene oxide.
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Synthesis Method of GO Nanomaterials

There are different techniques to produce graphene
oxide nanomaterials. Some of them are explained briefly:

Hydrothermal Technique

This method involves creating nanoparticles in a liquid
medium at high pressure and temperature*’. Many scho-
lars have looked into using the hydrothermal method
to prepare GO nanostructured materials*’. Organic
molecules in alkaline environments are the constituents
of the hydrothermal process. Despite being regarded as
cost-effective and environmentally friendly, hydrother-
mal technology typically entails high temperatures. The
autoclave’s temperature range varies between 160 and
180 °C. There are some restrictions, though, including
the inability to observe the crystal material’s growth in
the autoclave and the high expense of the apparatus®**.

Solvothermal Technique

This method uses non-aqueous fluids at high pressure
and temperature to prepare various nanoparticles. Two
types of solvothermal processes can be distinguished:
production in basic environments and in with the inclusion
of organic molecule precursors®. There are many bene-
fits to using a solvothermal method to make graphene
oxide, including the fact that it is safe, economical, and
produces almost no byproducts during the reaction*.

Co-precipitation Technique

Co-precipitation of metal cations from C,0,7, CO;7,
C¢H;0,7, and OH’, among other materials, is involved
in this. At an appropriate temperature, these precipitates
are transformed into granules. The use of unfavorable
impurities that also co-precipitate with the analyte is
one drawback of this technique. By re-precipitating the
analyte, which causes inclusion and occlusion, this flaw
can be fixed®™ *. Figure 4 shows the different methods
for the GO synthesis.

Sol-gel Technique

This is a straightforward and cost-effective wet-chemical
technique used to create composite materials with out-
standing control over size. In this method, the solution
(sol) progressively develops into gel-like material that is
composed of both a solid and a liquid phase. Aqueous
and non-aqueous sol-gel synthesis are the two types of
sol-gel methods. The first stage in creating a rational

Graphene

Staudenmaier’s Method

EMn0, NaNOy &
Cone H,80,
G i /R
Hummer®s Method

Graphene oxide

Figure 3. Diagrammatic representation of the chemical oxidation processes used by Brodie, Staudenmaier, and Hummer to create

graphene oxide3® %
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*Non-aqueous medium at high temperature and

pressure

«Safe, economical with no by-products

Hydrothermal

Co-precipitaion

Solution mixing

Figure 4. Different GO Synthesis Methods with some properties

synthesis for non-aqueous sol-gel preparation of metal
oxide (MO) NPs is to elaborate the chemical formation
mechanism alongside studies on the crystallization pro-
cess. Conversely, to guarantee that this method yields
comprehensive results, it is necessary to investigate
various characterizations, including microscopy and cry-
stallography, among others. It has been found that using
common methods like NMR and GC-MS, among others,
allows for simple to investigate the changes that occur
in organic entities in a chemical reaction®.

Solution Mixing Technique

This method is frequently used to create GO/metal
oxide nanomaterials because of its modest temperature,
quick de-aggregation, and equal reinforcement distri-
bution of the composite it produces. The fundamental
method for combining solutions is in a solvent system.
This method uses electrospinning to combine two di-
stinct nanoparticles in a solution. The primary drawback,
however, is the possibility for extra material to leak
because there is no chemical bond between it and the
base®. Table 1 shows some of the method used for the
synthesis of GO nanocomposites.

FACTORS AFFECTING THE REMOVAL OF POLLU-
TANTS

The use of graphene oxide (GO) based nanocompo-
sites for wastewater treatment is a promising approach
due to the unique properties of graphene oxide, such
as its high surface area, strong adsorption capacity, and
the ability to functionalize its surface. Several factors
can affect the removal of pollutants using graphene
oxide-based nanocomposites for wastewater treatment*.
The properties of graphene oxide, including its surface
area, functional groups, and sheet size, can influence its
adsorption capacity and reactivity towards pollutants. 1)
the choice of materials used in the nanocomposite, such
as other nanoparticles or polymers, can greatly affect
the composite’s pollutant removal efficiency. ii) the pH
of the wastewater can significantly impact the removal
of pollutants. The surface charge of graphene oxide

¢ Liquid medium at high temperature and pressure
* Cost-effective and enviromental friendly

* Precipitaion of metal cations with other materials
» Temperature requirments to obtain granules

* Cost-effective with size controlled parameters
» Wet chemical technique

«Efficient method in terms of quick de-aggregation
*Solvent system

can change with pH, affecting its adsorption capacity
for different types of pollutants. iii) the duration of
contact between the nanocomposite and the wastewater
is important. Longer contact times often lead to better
pollutant removal, but this may not always be feasible in
practical applications. iv) temperature can influence the
adsorption and desorption kinetics. Higher temperatures
can generally enhance the removal of pollutants due to
increased molecular mobility. v) the initial concentration
of pollutants in the wastewater can affect the removal
efficiency. At higher initial pollutant concentrations, the
nanocomposite may become saturated more quickly. vi)
The amount of graphene oxide-based nanocomposite
added to the wastewater is crucial. Using an appropria-
te dose is essential to ensure efficient removal while
avoiding unnecessary waste. vii) the composition of the
wastewater, including its chemical and physical properties,
can vary widely. Different types of pollutants and water
matrices may require specific considerations for optimal
removal. viii) the ability to regenerate and reuse the
graphene oxide-based nanocomposite can be important
for cost-effectiveness and sustainability®®. It’s important
to note that the effectiveness of graphene oxide-based
nanocomposites can vary depending on the specific
pollutants and wastewater characteristics. Optimization
and customization of these factors are often required
for each wastewater treatment application.

METHODS FOR POLLUTANT REMOVAL

The water bodies are heavily contaminated by envi-
ronmental contaminants like dyes, organic pollutants,
and heavy metals. However, because of their high cost
and poor economic viability, these techniques are not
widely employed. The most adaptable and frequently
used method of water treatment is adsorption®. Some
other methods for pollutant removal are ion exchange,
chemical precipitation, coagulation, bioremediation,
and membrane filtration. The adsorption procedure,
among the methods mentioned above, is a practical
way to treat discharge from factories wastewater having
low running expenses, few pollution problems, and the
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Table 1. Different GO nanocomposite with their synthesis methods
Nanocomposite Synthesis Method Adsorption Capacity Type of pollutant References
mg/g removed
PCN-222/GO-COOH Solvothermal technique 426 U(vl) 53
149.253 MO 4
GO-MnO;, Hdrothermal 178.953 MB
GO-MnFe,0, Hydrothermal 621.11 Pb(ll) 55
] 296.5 MB 56
CTS/PAA/GO Sol-gel 280.3 FY3
SGA/ODA/GO Sol-gel 52-178 g/g Oil 57
GO/Fe;0, coprecipitation 279.62 Cr(lll) 58
Ag/rGO coprecipitation - Dyes 59
= Facile one-step chemical 27.54 MG 60
rGO-ZnS approach 20.04 EV
MCSGO nanocomposite ultrasound agitation 66.15 Safrgnln © (S.AF) 61
112.6 Indigo carmine
CdO-GO nanocomposites electrochemical exfoliation 430 Cr (VI) 62

most economical method to take heavy metals out of
the industrial waste. Adsorption is the process by which
a liquid material binds to a solid surface. The reversible
desorption method used in this adsorption procedure
allows for the regeneration of absorbents, which can
then be used repeatedly™. Adsorption is a prominent
technique in the industrial water discharge treatment
methods owing to its easier use, flexible to handle, and
has a small footprint. The effectiveness of the adsorp-
tion technique is influenced by the adsorbent’s polarity,
appropriate functionalities or functional groups, pore
volume or pore size distribution and increased surface
area®!. Adsorbent dosage, initial concentration, and
temperature are just a few of the variables that affect
how well effluent pollutants are eliminated™.

APPLICATIONS OF GO IN WASTEWATER TREAT-
MENTS

Lately, graphene and its functionalized composite ma-
terials are effectively utilized for wastewater treatment.
Graphene and its modified substances such as GO are
highly effective for eliminating hazardous heavy metals
from polluted water because of their substantial surface
area, a significant amount of intrinsic functional groups.
In addition, GO can provide wastewater treatment tech-
nology at a lower expense than other approaches. As
a result, it can be used to treat wastewater that contains
organic effluents more than allowed levels. Since GO can
be employed to eliminate all kinds of impurities from
wastewater, it can be an effective alternative for activa-
ted carbon-based water filters. The outcomes are very
effective at eliminating metal ions, organic pollutants, and
PAHs among other toxins®®. The inclusion of graphene
oxide (GO) in wastewater treatment systems has shown
promising effects on improving efficiency. However, the
specific impact of GO on wastewater treatment efficiency
can vary depending on the specific application and con-
text. Here are a few potential effects of including GO
in wastewater treatment systems: Enhanced adsorption
capacity: Graphene oxide has a large surface area and
high adsorption capacity, making it effective for remo-
ving various pollutants from wastewater. Its presence in
the system can enhance the adsorption process, leading
to more efficient removal of contaminants®. Improved
membrane performance: Graphene oxide can be incorpo-
rated into membranes used in filtration processes. The
addition of GO can enhance the membrane’s selectivity,

permeability, and fouling resistance, resulting in impro-
ved separation efficiency during wastewater treatment®.
Catalytic activity: Graphene oxide-based materials exhibit
high catalytic properties, allowing them to facilitate the
degradation of organic pollutants through advanced oxi-
dation processes. The breakdown of contaminants can
be increased by adding GO-based catalysts to wastewater
treatment systems, increasing treatment effectiveness .

Removal of Dyes

Organic dyes are introduced to the water bodies by
petroleum leaks, agricultural waste, and industrial waste.
Regulatory agencies and communities around the world
have been very concerned about the acute harmful effects,
environmental safety, and perseverance for a long time.
Lots of water is needed for the dyeing process, and water
is continually discharged into the environment. The aqu-
atic ecosystem is destroyed as a result of the wastewater
from the dyeing industries, which contains dangerous and
cancer-causing dyes which are harmful for fish, marine
animals, and mammals as well as pose significant risks
to aquatic plants’ ability to photosynthesize'®. GO, which
is synthesized by chemically altering graphene to give it
functional groups that contain oxygen and a high surface
area, can be a powerful adsorbent for dye adsorption®.
Ikram et al prepared reduced graphene oxide (rGO)
using a heat-treatment technique, and GO was syn-
thesized by a modified Hummers process. By utilizing
a hydrothermal technique, various concentrations of silver
were incorporated into the nanosheets of GO. Ag/rGO
induces photocatalytic activity, which destroys the MB
content. These results imply that produced nano catalyst
exhibits no hazardous behavior during water treatment
and works superbly to eliminate various toxins from ef-
fluent water®. Das et al prepared GO-CS-PVA hydrogel
nano polymer to eliminate CR dye from a mixture. The
adsorption of dye onto the polymer made from GO was
done in a batch setup. By examining FTIR and SEM data,
prepared Graphene oxide reinforced hydrogel polymer
(GORHP) was described. The efficiency of dye adsorption
for 20 mg/L of dye solution at pH 2 was determined to
be 88.17% 7. Khadim et al examined the removal of
methylene blue (MB) and rhodamine B (RhB), from
wastewater using the synthesized GO. SEM were used to
describe the surface shape of the adsorbents. The studies
show the hydrophilic character of the GO. The migra-
tion of GO to the membrane surface will increase the
membrane’s hydrophilicity since it contains hydrophilic
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Table 2. Different GO nanocomposites for the removal of dyes

Adsorption Removal
GO Nanomaterials Dye Removed Capacity Efficienc Degradation Time References
(mg/g) Y
Ag/rGO MB 100 120 min 8
GO/Chitosan—PVA polymer CR - 88.17 90 min 67
TiO,-NW-GO MB — 98 120 min 16
GO/TiO, composite MB - 99 4h 69
GO/MXene membrane NR, MB, CV, BB - 99.5 1h 24
F-GO MB 403 912 1h 7
IC-rGO RhB 686 10.3 2h
BaTiOs/GO composite MB - 95 3h n
. MV 243 96
MMGO composite ARSS 303 73 2h 72

functional groups. The highest adsorption capability of
MB and RhB on GO was determined to be 403.3 and
686.6 mg/g, respectively®. Adsorption of dye onto the
polymer made from GO was done in a batch setup. By
examining FTIR and SEM data, prepared GORHP was
described. The efficiency of dye adsorption for 20 mg/L
of dye solution at pH 2 was determined to be 88.17%%.
Table 2 represents some GO nanomaterials used for the
removal of dyes.

Removal of Heavy Metals

Two different electrostatic and Van der Waals inte-
ractions are considered responsible for removing metal
ions from water-based systems. The charged surfaces
generated on the absorbent surface correspond to the
electrostatic interaction, and the combination of functio-
nal groups with metal ions is correlated to the van der
Waals interaction. The -COOH group are located on the
corners of the highly disrupted graphite carbon network
with sp? hybridization in GO. The coordination of the
metal ions is made possible by the presence of -OH and
-COOH in GO. Metal ions engage in competition with
one another to produce these interactions, and they func-
tion differently when interacting with nanocomposites.
Metal ions are eventually eliminated through a 3-step
process that involves external metal ion diffusion, dif-
fusion into the nanocomposite, and absorption'. Farooq
et al used an easy technique for making magnetic GO
(MGO) which involved synthesizing the GO surface with
Fe(IlI). MGO was characterized using UV-VIS, FTIR,
SEM, XRD, and VSM. Using Atomic Absorption Spec-
troscopy, the effective removal of harmful heavy metal
ions was investigated. Pb(II), Cr(IlI), Cu(Il), Zn(II),
and Ni(II) ions had the greatest adsorption capacities,
with values of 200, 24.330, 62.893, 63.694, and 51.020
mg/g, respectively”. Le et al created a hybrid adsorbent
called MGOCS, which is made of magnetite, chitosan,
and graphene oxide. For RB19 and Ni (II), the highest
adsorption capability of prepared composite was 102.06
and 80.48 mg/g, respectively. The experimental findings
showed that the beads’ high capacity for adsorption,
ease of recovery, and ability to be reused make them
potentially useful as an extremely operative and envi-
ronmentally favorable adsorbent to eradicate organic
dyes and heavy metals from water’®. Table 3 represents
some of the GO nanocomposites used for the removal
of heavy metals. Modi et al created ZIF-67/rGO to
improve the removal efficiency of PES-HFMs. The
results showed that lead has an absorption capacity of
86.4 mg/g and copper has a capacity of 66.4 mg/g. The

nanocomposite HFMs could be readily renewed and
used for an additional five filtration cycles”. Wu et al
prepared and used CMC/SA/GO-Fe;0, and removed Cu
(II), Cd(II), and Pb(II) from the polluted water. Due
to the addition of GO/ Fe,O,, the prepared magnetic
gel beads displayed greater stability and could readily
separate from the wastewater. Cu (II), Cd (II), and
Pb(II) were determined to have maximum adsorption
capacities of 55.96, 86.28, and 189.04 mg/g, respectively.
After 5 rounds, the prepared beads still retained 90%
of the adsorption rates™.

Removal of Pharmaceuticals

The use of numerous new pollutants has grown because
of modern lifestyle and related economic growth. These
pollutants are organic compounds, such as polymers, ad-
ditives, beauty products, detergents, and medicated items.
Pharmaceuticals and personal care products (PPCPs)
have gained attention from these pollutants owing to
their importance in daily living, extensive fabrication, and
high demand””. Long-term bioaccumulation of PPCPs on
the environment’s flora and fauna can result in antibiotic
resistance as well as serve as carcinogenic agents’®. Due
to its cheap expense, benign operating conditions, low
energy consumption, and other factors, adsorption with
a solid material may be the best option in this situation
for handling PPCPs in a water setting”’. Activated car-
bon (AC)®, clays”, graphene-based materials®, metal
nanoparticles®?, and metalorganic frameworks (MOFs)®
are just a few of the many solid sorbents that has been
tried and even used at the pilot scale. Nanocomposites
based on graphene oxide have demonstrated promise
in the elimination of active pharmaceutical ingredients
(APIs). The removal of APIs using graphene oxide-
-based nanocomposites has been explored in different
applications like, removal of APIs from water: Graphene
oxide—agar—agar hydrogel has been prepared and used
for the efficient removal of methyl orange dye from wa-
ter®. The hydrogel exhibited adsorption properties that
allowed for the effective removal of the dye. Hemostatic
materials: In the field of hemostasis, the use of graphene
oxide-based nanocomposites has been investigated. For
example, hydrophilic chitosan/graphene oxide composite
sponges have been developed as hemostatic materials.
These materials promote blood clot formation and can
be stripped off without causing secondary bleeding or
infection risks®,

The use of numerous new pollutants has grown because
of modern lifestyle and related economic growth. These
pollutants are organic compounds, such as polymers, ad-
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Graphene Oxide Nanomaterial | Heavy metal Removed | PH | Maximum Adsorption Capacity (mg/g) | Removal Efficiency | Reference
MGO Pb 5.0 200 99.972 % 73
Cr 6 24.330 97.783 %
Cu 6 62.893 96.651 %
Zn 7 63.694 91.883 %
Ni 8 51.020 95.283 %
MGOCS Ni 6 80.48 62% 74
ZIF-67/cGO Pb - 86.4 95% 75
Cu 66.4
GONRs As 6 155.61 - 86
Hg 33.02
PAO/GO Pb 5 116.7 - 87
Ag 258.6
Cu 192.2
Fe 167.9
GO/CA Pb 5 602 99.6% 88
Hg 374 99.2%
Cd 181 98%
SA-PAM/GO Cu 5 68.76 80% 89
Pb 55 240.69 60%
Zn0O-GO Cu 4 33.5 92.9% 90
Al 19.9 95.6%
GO-SiO, Pb - 527 - o1
As 30 -
TFEN/FO/GO Pb 7.82 99.9% 92
Cd 6.99 99.7%
Cr 1.88 98.3%
CS-GO Cr 2.0 104.16 96% 93
GO/Fe;0, Cr - - 52% 94
Fes;0,.GO/SiO, Cr 182.98 94% 95
Co 116.35 96%
Ni 226.08 95%
Cu 149.59 92%
Cd 100.81 91%
Pb 168.55 84%
Ag 141.09 82%
GO-MnFe;0, Pb - 621.11 74% »

ditives, beauty products, detergents, and medicated items.
Pharmaceuticals and personal care products (PPCPs)
have gained attention from these pollutants owing to
their importance in daily living, extensive fabrication,
and high demand”’. Long-term bioaccumulation of
PPCPs on the environment’s flora and fauna can result
in antibiotic resistance as well as serve as carcinogenic
agents. As a result, there is an increasing need to com-
pletely remove these PPCPs from water and effluent’.
Due to its cheap expense, benign operating conditions,
low energy consumption, and other factors, adsorption
with a solid material may be the best option in this situ-
ation for handling PPCPs in a water setting”. Activated
carbon (AC)*, clays™, graphene-based materials®', metal
nanoparticles®’, and metalorganic frameworks (MOFs)*
are just a few of the many solid sorbents that has been
tried and even used at the pilot scale. Nanocomposites
based on graphene oxide have demonstrated promise
in the elimination of active pharmaceutical ingredients
(APIs). The removal of APIs using graphene oxide-
-based nanocomposites has been explored in different
applications. Here are a few examples: Removal of APIs
from water: Graphene oxide—agar—agar hydrogel has been
prepared and used for the efficient removal of methyl
orange dye from water®. The hydrogel exhibited adsorp-
tion properties that allowed for the effective removal of
the dye. Hemostatic materials: In the field of hemostasis,
the use of graphene oxide-based nanocomposites has
been investigated. For example, hydrophilic chitosan/
graphene oxide composite sponges have been developed
as hemostatic materials. These materials promote blood

clot formation and can be stripped off without causing
secondary bleeding or infection risks®.

In-depth research was made by Delhiraja et al on the
sorption of drugs using a composite adsorbent made of
graphene oxide (GO). Activated carbon and chitosan
had been incorporated, according to structural analysis,
onto the GO. The adsorption kinetics for both groups
of pollutants supported a pseudo-second-order kinetic
model. As opposed to the Freundlich isotherm, the
Langmuir isotherm demonstrated a superior fit. ACP,
CBZ, BPA, CAFFE, and TCS were found to have maxi-
mum adsorption capabilities of 13.7, 11.2, 13.2, 14.8, and
14.5 mg/g, respectively®. Liu et al prepared a composite
made of GC/MGO-SO;H and used as an absorbent
for pollutants in the atmosphere. The GC/MGO-SO,H
behaves in a superparamagnetic manner as is usual.
Through batch tests, the prepared composite’s adsorption
properties to pharmaceuticals were examined. Ibupro-
fen and tetracycline, respectively, have higher maximal
adsorption capacities upon increasing the temperature
from 298 to 313 K were 113.27 to 138.16 mg/g and
473.25 to 556.28 mg/g, respectively”. Balasubramani et
al investigated the adsorption-mediated elimination of
metformin from wastewater sample using GO. It was
discovered that metformin had a maximal adsorption
capacity of 122.61 mg/g. The data match the pseudo-first-
-order model well, according to the kinetics. According
to desorption experiments, the GO was regenerated for
six cycles using a 1 N NaOH solution®®. Some of the GO
base nanomaterials for the removal of pharmaceuticals
are covered in Table 4.
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Removal of Oil/ Hydrocarbons

Industrial wastewater treatment has elevated to the top
of the priority list due to the long-standing worldwide
issues of shortages of water and sustainable water use.
While traditional methods are not enough for purifying
produced water in order to meet the new rules, refineries
may get rid effluent water in many ways, including, in
the situation of remote areas, dumping it in the water
following purification to adhere to strict regulations
pertaining to the environment®. In cracks of the rese-
rvoir, oil droplets may aggregate with scale and sand,
lowering permeability'®. The cost of well interventions is
increased by both scale growth and greasy water'®!, Due
to the growing need for environmental and ecological
protection, the cleanup of oil spills in water and the cle-
aning of wastewater that contains oil have received a lot
of attention. Oils can currently be removed from water
networks using techniques like in-situ burning, skimming,
bioremediation, chemical dispersion, and adsorption'®?.

Graphene oxide can be used to remove oil droplets and
reduce growing the levels of ions to suitable values, which
will fix this issue. The benefits of using GO in produced
water treatment include superior permeation, reduced
space requirements, simple operation, and the lack of
chemical input. Water can be efficiently cleaned of oils
by using a graphene-based adsorbent with hydrophobic
and oleophilic characteristics'?. Javadian et al used oleic
acid (OA) to change the hydrophobicity characteristics
of Fe;O, nanoparticles to create Fe;O,-OA. After that,
new superhydrophobic nanosheets of Fe;O0,-OA/GO
were created by functionalizing GO nanosheets with
prepared nanocomposite. To eliminate oil from oily

effluent, a prepared synthetic nanocomposite was used
as a quick, easy to be recycled, efficient performance,
economical, and eco-friendly nano emulsifier. Testing for
demulsification showed that the prepared nanocomposite
had outstanding demulsification performance (99.99%)
and the capacity to demolish an water/oil mixture six
times'®. Ferrero et al synthesized rGO-coated microfibers
(GCMs). The resulting GCMs exhibit high oleophilicity
and hydrophobicity, which is suitable for recovering crude
gasoline from mixtures of oil and water. After 10 ad-
sorption-desorption cycles, the GCMs’ maximum uptake
capability is 6.78 g/g, with a reduction of 13.5%. After
a single application of GCMs, removals of 97.90% and
87.58% of petroleum oil were made'”. Other GO used
for the removal of hydrocarbons are given in Table 5.

MECHANISM OF REMOVAL

Adsorption techniques using graphene oxide-based
nanocomposites have shown promise in the removal
of dyes, medicines, and hydrocarbons. Because of their
high surface area, adjustable characteristics, and great
adsorption capacity, these nanocomposites are useful
in the treatment of wastewater and environmental re-
mediation. Several aspects contribute to the adsorption
mechanism of graphene oxide-based nanocomposites. For
instance, the enormous surface area of graphene oxide
gives multiple places for adsorption interactions with
the target pollutants. The oxygen-containing functional
groups on the surface of graphene oxide contribute to
its adsorption capability ''°. These functional groups can
form hydrogen bonds, electrostatic interactions, and wt-wt
stacking interactions with the pollutants, facilitating their

Table 4. Different GO nanomaterials for the removal of pharmaceutical

GO Nanomaterial Type of Pharmaceutical removed Adsorption Capacity (mg/g) Type of interaction References
ACP, 13.7
CBz 11.2 Hydrogen bonding
GO-AC-CS BPA 13.2 Electrostatic and 96
CAFF 14.8 =TT interactions
TCS 14.5
GC/MGO-SOzH Tlet#japcr;éﬁ:e ;gg;g Electrostatic interaction o7
GO Metformin 122.61 Vander Waals forces 98
SMZ 99.155
GO-IL CBz 87.875 Hydrophobic interactions 103
KET 61.875
Hydrogen bonding
GO Diclofenac 653.91 Hydrophobic attraction, 104
1T interactions
mGO-Si sulfamethoxazole 15.46 Hydrogen b°’.‘d'”9 105
-1 interactions
GO Norfloxacin 374.9 Vander Waals forces 106
B3-CD/rGO Naproxen 361.85 Hydrogen bonding 107

Table 5. Some GO nanomaterials/nanomaterials used for the removal hydrocarbon

GO Nanomaterials Hydrocarbon Removed Mammumral:z:gradatlon Maximum A((i;?/l\'stt;on Capacity References
n-alkane 70% 13
GO BTEX 77.8% -
CNF/GOAs Olls and organic - 20-286 e
PVA-co-PE nanofibrous Oils and organic _ 25-53.29 115
aerogels solvents )
Melamine sponge -ZIF-8 Various oils — 10-38 ™
PVDF/SiO,/GO Crude oil 99.65% 129-264 B
a-GPCCA Oils 88.8% 155-288 i
CNF/PVA/GO carbon aerogels Various oils - 97 ™
CNF/GO Various oils 100% 39-68 i
NR/rGO Crude oil 70% 17.04 ki




removal from the water’. In the case of dyes, the m-m
stacking interactions between the conjugated systems of
the dye molecules and the graphene oxide sheets play
a crucial role in their adsorption'"!. The presence of
aromatic rings in many dyes allows for favorable inte-
ractions with the graphene oxide surface. Additionally,
electrostatic attractions between the charged functional
groups of the dyes and the charged surface of graphene
oxide also contribute to their adsorption''?. The presence
of polar functional groups such as amines, hydroxyls,
and carboxyls on medicinal substances allows hydrogen
bonding with the graphene oxide surface, resulting in
adsorption’. The hydrophobic interactions between the
pharmaceutical compounds’ hydrophobic portions and the
graphene oxide sheets improve the adsorption process''.

In the case of hydrocarbons, the - interactions between
graphene oxide sheets and hydrophobic hydrocarbon
molecules are important in their adsorption'™. The hy-
drophobic properties of graphene oxide, as well as its
capacity to form clustered structures, make it an ideal
substrate for hydrocarbon adsorption. Adsorption of
hydrocarbons onto the graphene oxide surface can be
improved further by using other functional elements, such
as iron oxide nanoparticles, which promote adsorption
capacity and give magnetic separation capabilities'??.
Depending on the degree of contamination (heavy-metal
ion concentration), different techniques are used for eli-
minating heavy metal from water. Chemical precipitation
is efficient, with a removal rate of up to 99%, when the
initial contamination level is significant, as in industrial
wastewater. The subsequent pollution produced by this
technique, however, is sludge with mixed pollutants,
which requires additional extraction or cleaning. This
not only increases treatment intricacy but also lowers the
worth of any heavy metals retrieved from the wastewater.
On the contrary, chemical precipitation is impractical
when the pollution concentration is minimal, such as
in point-of-use water, because of the significant input
of precipitation chemicals'®.

Adsorption and ion exchange are two techniques for
removing traces of heavy metal contamination from
water. Nanomaterials with a large surface area have
been studied for the adsorption of heavy metal and its
elimination, and the elimination rate may exceed 90%.
Robust attaching ions predominate active sites of the
surface and significantly decrease the adsorption of heavy
metal ions with poor binding because when several ions
mix in the water that is polluted, the degree of binding
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Figure 5. Possible interacting forces for pollutants removal by GO®
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between the surface sites of sorbents and heavy-metal
ions determines the extent of adsorption. This makes it
challenging to treat numerous ions from contaminated
water at once. Additionally, some research has been
done on the electrochemical deionization technique for
removing heavy metal particles from water. Through a re-
dox-based pseudo capacitor mechanism, the potential of
heavy-metal reduction can be increased more than pure
adsorption, and kinetics is quicker than pure adsorption.
Nevertheless, it is still difficult to separate various heavy-
-metal atoms'* >, The development of highly effective
nanomaterials for the pollutant’s removal, an under-
standing of the contact process between adsorbents and
heavy metal ions is essential. The elimination of heavy
metal ions at solid-liquid boundaries may be significantly
influenced by a variety of interaction processes, including
ion exchange, surface complexation, and precipitation.
Multiple experiments at the macroscale, however, fail
to offer a complete grasp of the microscopic nature of
the interaction mechanism. In order to thoroughly study
the reaction mechanism, spectroscopic methods such
as FT-IR, XPS, and XAFS are suggested and used'?.
With exceptional spatial precision at the molecular level,
FT-IR and XPS spectroscopy are widely used surface
chemical analysis techniques that can provide structural
details about materials'?’. The functional groups which
are present on the GO adsorbents’ surface that serve
as the primary regions for surface complexation and
electrostatic interactions, are primarily responsible for
the heavy metal adsorption. The adsorption performance
will be greatly impacted because the interactions caused
by & electrons are strongly affected by the pH and ionic
strength of the solution. Additionally, through cation-/
anion-interactions, the scattered electrons on the graphe-
ne substrates can interact with both anions and cations
of heavy metal as shown in Figure 5. Electrostatic, and
hydrogen bonding interactions take place among dyes
and adsorbents made of graphene emphasizing the role
of the sp? carbon atoms and surface functional groups
of graphene®.

RECOVERY OF GO AFTER WATER TREATMENT

Regenerating adsorbents after adsorption reduces
the need to dispose of used adsorbents, making it an
important factor in practical uses. Depending on the
charge signatures of the heavy metal ions, different
contaminants may be utilized to get rid of them from
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graphene-based adsorbents. Because heavy metal cations
typically adsorb in slightly acidic or neutral solutions,
the process of stripping the cations is then carried out
in the opposite direction using powerful acids like HCI
and HNO, ', After regeneration, the adsorbent made
of graphene can be used again and again without suf-
fering a substantial loss in adsorption efficiency, though
a small decline in adsorption performance is observed
after every cycle. The effectiveness of the adsorbent made
of graphene in removing water after each use can have
a significant impact on how well they recycle. Enhanced
water dispersion of powder materials built on graphene
increases the attraction of adsorbents for heavy metal
ions but may reduce the effectiveness of their recovery
due to adsorbent material loss during recycling steps like
filtering and centrifugation. The substantial number of
widened and interlinked pores found in 3D-structured
adsorbents allow them to sustain a wide adsorption
surface area, while the macroscopic assembly protects
the adsorbent’s structure during subsequent adsorption-
-regeneration processes and minimizes material loss'* 1,

CONCLUSIONS AND FUTURE PERSPECTIVES

This study provided an overview of the various GO
nanostructured materials’ properties, processing, and
structural characterization for the breakdown of organic
contaminant in effluent water. To modify graphene planes,
materials such as nanoparticles, polymers, biomaterials,
and functional groups with oxygen and nitrogen have
been used. These materials provide a lot of binding
sites or a lot of adsorbent surface area, which improves
the performance of pollutant removal. The presence of
various functional groups on the GO molecules, they can
remove multiple kinds of pollutants at once. Electrostatic
interactions, complexation, interactions, hydrogen bonds,
hydrophobic interactions, and van der Waals interactions
have all been proposed as potential interaction processes
for the adsorptive removal of pollutants. Adsorption
is considered the best technique to remove both dyes
and heavy metals from wastewater system. However,
electrostatic interactions are more prominent in heavy
metal removal. Graphene oxide-based nanocomposites
hold significant promise for the future of wastewater
treatment because of their unique properties and ver-
satile applications.

Graphene oxide nanocomposites have a high surface
area and abundant functional groups, making them highly
effective in adsorbing various contaminants from waste-
water, such as heavy metals, organic pollutants, and dyes.
Future research should likely focus on optimizing these
materials to achieve even greater adsorption capacities,
making them more efficient in treating a wide range of
pollutants. Researchers are exploring methods to modify
GO nanocomposites to exhibit selective adsorption for
specific contaminants. Moreover, this selectivity can re-
duce the need for multiple treatment steps, thus making
wastewater treatment more cost-effective and efficient. As
the understanding of GO and nanocomposites improves,
scientists will develop tailored nanocomposites designed
for specific wastewater treatment needs. By adjusting the
composition and structure of nanocomposites, they can

target particular pollutants and optimize the treatment
process.

Most importantly, graphene oxide-based nanocom-
posites can be regenerated and reused for multiple
treatment cycles, reducing waste and operational costs.
Future work should seek to improve the regeneration
techniques and assess the long-term performance and
stability of these materials. With the development of
new technologies, graphene oxide nanocomposites can
be integrated with other advanced technologies such as
membrane filtration, photocatalysis, and electrochemical
processes. Combining these technologies with graphene
oxide-based nanocomposites can enhance the overall
efficiency of wastewater treatment processes. For large
scale application, the cost of GO based nanocomposites
should be reduced over time as production methods
are refined and economies of scale are realized. This
reduction in cost can make these materials accessible
for larger range of wastewater treatment applications.
In conclusion, GO nanocomposites hold tremendous
potential for revolutionizing wastewater treatment by
offering a sustainable, efficient, and versatile solution for
water purification. As research and development efforts
continue, these materials are likely to play a pivotal
role in addressing the global challenge of wastewater
management.

LITERATURE CITED

1. Marjani, A., Nakhjiri, A.T., Adimi, M., Jirandehi, H.F. &
Shirazian, S. (2020). Effect of graphene oxide on modifying
polyethersulfone membrane performance and its application in
wastewater treatment. Sci. Reports, 10(1), 1-11. DOI: 10.1038/
$41598-020-58472-y.

2. Abdullah, TA., Juzsakova, T., Rasheed, R.T., Salman, A.D.,
Adelikhah, M., Le, P. & Cretescu, 1. (2021). V205 Nanopar-
ticles for Dyes Removal from Water. Chem. J. Moldova, 16(2),
102-111. DOI: 10.19261/cjm.2021.911.

3. Velusamy, S., Roy, A., Sundaram, S. & Mallick, TK.
(2021). A Review on Heavy Metal Ions and Containing Dyes
Removal Through Graphene Oxide-Based Adsorption Strategies
for Textile Wastewater Treatment. The Chem. Record, 21(7),
1570-1610. DOTI: 10.1002/tcr.202000153.

4. Lim, J.Y., Mubarak, N., Abdullah, E., Nizamuddin, S. &
Khalid, M. (2018). Recent trends in the synthesis of graphene
and graphene oxide based nanomaterials for removal of heavy
metals — A review. J. Ind. Engin. Chem. 66, 29-44. DOI:
10.1016/j.jiec.2018.05.028.

5. Salman, A.D., Juzsakova, T., Jalhoom, M.G., Le Phuoc,
C., Mohsen, S., Adnan Abdullah, T., Zsirka, B., Cretescu, 1.,
Domokos, E. & Stan, C.D. (2019). Novel Hybrid Nanoparticles:
Synthesis, Functionalization, Characterization, and Their Ap-
plication in the Uptake of Scandium (IlI)Ions from Aqueous
Media. Materials, 13(24), 5727. DOI: 10.3390/ma13245727.

6. Al Kausor, M. & Chakrabortty, D. (2021). Graphene oxide
based semiconductor photocatalysts for degradation of organic
dye in waste water: A review on fabrication, performance
enhancement and challenges. Inorganic Chem. Commun. 129,
108630. DOI: 10.1016/j.inoche.2021.108630.

7. Grape E.S., Chacon-Garcia AJ., Rojas S., Pérez Y., Ja-
worski A., Nero M., Ahlén M., Martinez-Ahumada E., Feindt
A.E. & Pepillo, M. (2023). Removal of pharmaceutical pollut-
ants from effluent by a plant-based metal-organic framework.
Nature Water 1, 1-10. DOI: 10.1038/s44221-023-00070-z.

8. Ikram, M., Raza, A., Imran, M., Ul-Hamid, A., Shahbaz,
A. & Ali, S. (2020). Hydrothermal Synthesis of Silver Decorated
Reduced Graphene Oxide (rGO) Nanoflakes with Effective



Photocatalytic Activity for Wastewater Treatment. Nanoscale
Res Lett, 15, 95. DOI: 10.1186/s11671-020-03323-y.

9. Salman, A.D., Juzsakova, T., Akos, R., Ibrahim, R.I., Al-
Mayyahi, M.A. Mohsen, S., Abdullah, TA. & Domokos, E.
(2021). Synthesis and surface modification of magnetic Fe304@
SiO2 core-shell nanoparticles and its application in uptake of
scandium (III) ions from aqueous media. Environ. Sci. Pollut.
Res. 28, 28428-28443. DOI: 10.1007/s11356-020-12170-4.

10. Adel, M., Ahmed, M. A,, Elabiad, M.A. & Mohamed,
A.A. (2022). Removal of heavy metals and dyes from waste-
water using graphene oxide-based nanomaterials: A critical
review. Environ. Nanotech. Monit. & Manag. 18, 100719. DOI:
10.1016/j.enmm.2022.100719.

11. Hussain, 1., Hussain, A., Ahmad, A., Rahman, H.,
Alajmi, M.F,, Ahmed, F. & Amir, S. (2018). New generation
graphene oxide for removal of polycyclic aromatic hydrocarbons.
Graphene-Based Nanotechnol. for Energy Environ. Applic.
241-266. DOI: 10.1016/B978-0-12-815811-1.00014-4.

12. Diraki, A., Mackey, H.R., McKay, G. & Abdala, A. (2019).
Removal of emulsified and dissolved diesel oil from high salin-
ity wastewater by adsorption onto graphene oxide. J. Environ.
Chem. Engin. 7(3), 103106. DOI: 10.1016/j.jece.2019.103106.

13. Cerro-Lopez, M. & Méndez-Rojas, M.A. (2019). Ap-
plication of nanomaterials for treatment of wastewater
containing pharmaceuticals. Ecopharmacovigilance: Multidisc.
Approaches to Environ. Safety of Medicines, 201-219, 2019.
DOI: 10.1007/698_2017_143.

14. Zhang, J., Lu, X., Shi, C,, Yan, B., Gong, L., Chen, J.,
Xiang, L., Xu, H., Liu, Q. & Zeng, H. (2019). Unraveling the
molecular interaction mechanism between graphene oxide and
aromatic organic compounds with implications on wastewater
treatment. Chem. Engin. J. 358, 842-849. DOI: 10.1016/j.
cej.2018.10.064.

15. Rabchinskii, M.K., Ryzhkov, S.A., Kirilenko, D.A., Ulin,
N.V,, Baidakova, M.V., Shnitov, V.V., Pavlov, S.I., Chumakov,
R.G., Stolyarova, D.Y., Besedina, N.A., Shvidchenko, A.V.,
Potorochin, D.V.,, Roth, F, Smirnov, D.A., Gudkov, M.V,
Brzhezinskaya, M., Lebedev, O.1., Melnikov, V.P. & Brunkov,
P. N. (2020). From graphene oxide towards aminated graphene:
Facile synthesis, its structure and electronic properties. Scien-
tific Reports, 10(1), 1-12. DOI: 10.1038/s41598-020-63935-3.

16. Yu, Z., Zeng, H., Min, X. & Zhu, X. (2020). High-
performance composite photocatalytic membrane based on
titanium dioxide nanowire/graphene oxide for water treatment.
J. Appl. Pol. Sci. 137(12), 48488. DOI: 10.1002/app.48488.

17. Wu, W, Shi, Y., Liu, G., Fan, X., & Yu, Y. (2020). Re-
cent development of graphene oxide based forward osmosis
membrane for water treatment: A critical review. Desalination,
491, 114452. DOI: 10.1016/j.desal.2020.114452.

18. Rasheed, M., Shihab, S. & Sabah, O.W. (2021). An in-
vestigation of the Structural, Electrical and Optical Properties
of Graphene-Oxide Thin Films Using Different Solvents. J.
Phys. 1795(1), 012052. DOI: 10.1088/1742-6596/1795/1/012052.

19. Wang, Y., Li, S., Yang, H. & Luo, J. (2020). Progress
in the functional modification of graphene/graphene oxide:
a review. RSC Advances, 10(26), 15328-15345. DOI: 10.1039/
dOra01068e.

20. Ajala, O., Tijani, J., Bankole, M. & Abdulkareem, A.
(2022). A critical review on graphene oxide nanostructured
material: Properties, Synthesis, characterization and application
in water and wastewater treatment. Environ. Nanotech. Monit.
& Manag. 18, 100673. DOI: 10.1016/j.enmm.2022.100673.

21. Brisebois, P. & Siaj, M. (2020). Harvesting graphene
oxide — years 1859 to 2019: a review of its structure, synthesis,
properties and exfoliation. J. Mater. Chem. C, 8(5), 1517-1547.
DOI: 10.1039/c9tc03251g.

22. Khan, F,, Khan, M.S., Kamal, S., Arshad, M., Ahmad, S.
& Nami, S.A. (2020). Recent advances in graphene oxide and
reduced graphene oxide based nanocomposites for the photo-

Pol. J. Chem. Tech., Vol. 26, No. 1, 2024 75

degradation of dyes. J. Mater. Chem. C, 8(45), 15940-15955.
DOI: 10.1039/d0tc03684f.

23. Smith, A.T., LaChance, A.M., Zeng, S., Liu, B. & Sun,
L. (2019). Synthesis, properties, and applications of graphene
oxide/reduced graphene oxide and their nanocomposites. Nano
Mater. Sci. 1(1), 31-47. DOI: 10.1016/j.nanoms.2019.02.004.

24. Liu, T, Liu, X., Graham, N., Yu, W. & Sun, K. (2020).
Two-dimensional MXene incorporated graphene oxide composi-
te membrane with enhanced water purification performance. J.
Membrane Sci. 593, 117431. DOI: 10.1016/j.memsci.2019.117431.

25. Fan, X., Cai, C, Gao, J., Han, X. & Li, J. (2020).
Hydrothermal reduced graphene oxide membranes for dyes
removing. Separ. Purific. Technol. 241, 116730. DOI: 10.1016/j.
seppur.2020.116730.

26. Ahmad, S.Z.N., Salleh, WN.W,, Ismail, A.E.,, Yusof, N.,
Yusop, M.Z.M. & Aziz, F. (2020). Adsorptive removal of he-
avy metal ions using graphene-based nanomaterials: Toxicity,
roles of functional groups and mechanisms. Chemosphere, 248,
126008. DOI: 10.1016/j.chemosphere.2020.126008.

27. Feng, J., Ye, Y., Xiao, M., Wu, G. & Ke, Y. (2020). Syn-
thetic routes of the reduced graphene oxide. Chemical Papers
74, 3767-3783. DOI: 10.1007/s11696-020-01196-0.

28. Abu-Nada, A., McKay, G. & Abdala, A. (2020). Recent
Advances in Applications of Hybrid Graphene Materials for
Metals Removal from Wastewater. Nanomaterials, 10(3), 595.
DOI: 10.3390/nano10030595.

29. Thakur, K. & Kandasubramanian, B. (2019). Graphene
and Graphene Oxide-Based Composites for Removal of Organic
Pollutants: A review. J. Chem. & Engin. Data, 64(3), 833-867.
DOI: 10.1021/acs.jced.8b01057.

30. Singh, S., Anil, A.G., Khasnabis, S., Kumar, V., Nath, B.,
Adiga, V,, ...... Singh, J. (2022). Sustainable removal of Cr(VI)
using graphene oxide-zinc oxide nanohybrid: Adsorption kine-
tics, isotherms and thermodynamics. Environ. Res. 203, 111891.
DOI: 10.1016/j.envres.2021.111891.

31. Kaur, N., Kaur, M. & Singh, D. (2019). Fabrication of
mesoporous nanocomposite of graphene oxide with magnesium
ferrite for efficient sequestration of Ni (II) and Pb (II) ions:
Adsorption, thermodynamic and kinetic studies. Environ. Pol.
253, 111-119. DOI: 10.1016/j.envpol.2019.05.145.

32. Choi, J., Lingamdinne, L.P, Yang, J.,, Chang, Y. &
Koduru, J.R. (2020). Fabrication of chitosan/graphene oxide-
-gadolinium nanorods as a novel nanocomposite for arsenic
removal from aqueous solutions. J. Molec. Liquids, 320, 114410.
DOI: 10.1016/j.molliq.2020.114410.

33. Nguyen, H.T.V,, Ngo, TH.A., Dinh, K., Nguyen, M.N.,
Dang, N.T.T,, Nguyen, T.T, ..... Vu, TA. (2019). Preparation
and characterization of a hydrophilic polysulfone mem-
brane using graphene oxide. J. Chem. 2019, 1-10. DOI:
10.1155/2019/3164373.

34. Liu, J., Lu, Z., Chen, Z., Rimoldi, M., Howarth, A.J,,
Chen, H., Hupp, J.T. (2021). Ammonia Capture within Zirco-
nium Metal-Organic Frameworks: Reversible and Irreversible
Uptake. ACS Appl. Mater. & Interf. 13(17), 20081-20093. DOI:
10.1021/acsami.1c02370.

35. Sali, S., Mackey, H.R. & Abdala, A. (2019). Effect of
Graphene Oxide Synthesis Method on properties and perfor-
mance of Polysulfone-Graphene oxide mixed matrix membranes.
Nanomater. 9(5), 769. DOI: 10.3390/nan09050769.

36. Adetayo, A. & Runsewe, D. (2019). Synthesis and Fa-
brication of graphene and graphene Oxide: a review. Open J.
Comp. Mater. 09(02), 207-229. DOI: 10.4236/0jcm.2019.92012.

37. Al-Gaashani, R., Najjar, A., Zakaria, Y., Mansour, S. &
Atieh, M.A. (2019). XPS and structural studies of high quality
graphene oxide and reduced graphene oxide prepared by dif-
ferent chemical oxidation methods. Ceramics Internat. 45(11),
14439-14448. DOI: 10.1016/j.ceramint.2019.04.165.

38. Alkhouzaam, A., Qiblawey, H., Khraisheh, M., Atieh,
M.A. & Al-Ghouti, M.A. (2020). Synthesis of graphene oxides
particle of high oxidation degree using a modified Hummers



76  Pol J. Chem. Tech., Vol. 26, No. 1, 2024

method. Ceramics Internat. 46(15), 23997-24007. DOI: 10.1016/j.
ceramint.2020.06.177.

39. Feicht, P, Biskupek, J., Gorelik, TE., Renner, J., Halbig,
C.E., Maranska, M., Puchtler, F, Kaiser, U., Eigler, S. (2019).
Brodie’s or Hummers’ method: oxidation conditions determine
the structure of graphene oxide. Chem. — a Europ. J. 25(38),
8955-8959. DOI: 10.1002/chem.201901499.

40. Rasheed, R.T., Mansoor H.S., Al-Shaikhly R.R., Abdul-
lah TA., Salman A.D. & Juzsakova T. (2020), “Synthesis and
catalytic activity studies of a-MnO2 nanorodes, rutile TiO2 and
its composite prepared by hydrothermal method. In AIP Con-
ference Proceedings 2213(1), 020122. DOI: 10.1063/5.0000228.

41. Lingamdinne, L.P, Koduru, J.R. & Karri, R.R. (2019).
A comprehensive review of applications of magnetic gra-
phene oxide based nanocomposites for sustainable water
purification. J. Environ. Manag. 231, 622-634. DOI: 10.1016/j.
jenvman.2018.10.063.

42. Jose, PPA., Kala, M.S., Kalarikkal, N. & Thomas, S.
(2018). Silver-attached reduced graphene oxide nanocomposite
as an eco-friendly photocatalyst for organic dye degradation.
Res. on Chem. Intermed. 44(9), 5597-5621. DOI: 10.1007/
s11164-018-3443-8.

43. Yuan, R., Wen, H., Zeng, L., Li, X., Liu, X. & Zhang,
C. (2021). Superecritical CO2 assisted solvothermal preparation
of COO/Graphene nanocomposites for high performance Li-
thium-Ion batteries. Nanomaterials, 11(3), 694. DOI: 10.3390/
nano11030694.

44. Chin, S.J., Doherty, M., Vempati, S., Dawson, P., Byrne,
C., Meenan, B.J., ... McNally, T. (2019). Solvothermal synthesis
of graphene oxide and its composites with poly(g-caprolactone).
Nanoscale, 11(40), 18672-18682. DOI: 10.1039/c9nr04202d.

45. Pu, S., Xue, S., Zeng, Y., Hou, Y., Zhu, R., & Chu, W.
(2018). In situ co-precipitation preparation of a superparama-
gnetic graphene oxide/Fe304 nanocomposite as an adsorbent
for wastewater purification: synthesis, characterization, kine-
tics, and isotherm studies. Environ. Sci. Pollut. Res. 25(18),
17310-17320. DOI: 10.1007/s11356-018-1872-y.

46. Hao, X., Zhu, M., Dong, L.L., Zhang, W., Sun, X,
Wang, Y., Yong Qing Fu, Zhang, Y. (2022). In-situ synthesis
of reduced graphene oxide/aluminium oxide nanopowders for
reinforcing Ti-6Al-4V composites. J. Alloys Compounds, 905,
164198. DOI: 10.1016/j.jallcom.2022.164198.

47. Joya-Cardenas, D.R., Rodriguez-Caicedo, J.P.,, Gallegos-
Muinoz, A., Zanor, G.A., Caycedo-Garcia, M.S., Damian, C.
& Saldana-Robles, A. (2022). Graphene-Based Adsorbents
for arsenic, fluoride, and chromium adsorption: Synthesis
Methods Review. Nanomaterials, 12(22), 3942. DOI: 10.3390/
nano12223942.

48. Rasuli, H. & Rasuli, R. (2023). Nanoparticle-decorated
graphene/graphene oxide: synthesis, properties and applications.
J. Mat. Sci. 58(7), 2971-2992. DOI: 10.1007/s10853-023-08183-2.

49. Suneetha, R.B., Selvi, PK. & Vedhi, C. (2019). Synthesis,
structural and electrochemical characterization of Zn doped
iron oxide/grapheneoxide/chitosan nanocomposite for super-
capacitor application. Vacuum, 164, 396-404. DOI: 10.1016/j.
vacuum.2019.03.051.

50. Chai, W.S., Cheun, J.Y., Kumar, P, Mubashir, M., Ma-
jeed, Z., Banat, F,, Ho, S.H., Show, PL. (2021). A review on
conventional and novel materials towards heavy metal adsorp-
tion in wastewater treatment application. J. Cleaner Prod. 296,
126589. DOI: 10.1016/j.jclepro.2021.126589.

51. Rashid, R., Shafiq, I., Akhter, P, Igbal, M. & Hussain,
M. (2021). A state-of-the-art review on wastewater treatment
techniques: the effectiveness of adsorption method. Environ. Sci.
Pollut. Res. 28(8), 9050-9066.DOI: 10.1007/s11356-021-12395-x.

52. Lentz, L., Mayer, D.A., Dogenski, M. & Ferreira, S.R.
(2022). Hybrid aerogels of sodium alginate/graphene oxide as
efficient adsorbents for wastewater treatment. Mater. Chem.
Phys. 283, 125981. DOI: 10.1016/j.matchemphys.2022.125981.

53. Bi, C., Zhang, C., Ma, F, Zhang, X., Yang, M., Nian,
J., ... Lv, Q. (2021). Growth of a mesoporous Zr-MOF on
functionalized graphene oxide as an efficient adsorbent for
recovering uranium (VI) from wastewater. Micro. Meso. Mat.
323, 111223. DOI: 10.1016/j.micromeso.2021.111223.

54. Verma, M., Tyagi, 1., Kumar, V., Goel, S., Vaya, D. &
Kim, H. (2021). Fabrication of GO-MnO2 nanocomposite using
hydrothermal process for cationic and anionic dyes adsorption:
Kinetics, isotherm, and reusability. J. Environ. Chem. Engin.
9(5), 106045. DOI: 10.1016/j.jece.2021.106045.

55. Verma, M., Kumar, A., Singh, K.P,, Kumar, R., Kumar,
V., Srivastava, C.M., Rawat, V., Rao, G., Kumari, S., Sharma,
P, Kim, H. (2020). Graphene oxide-manganese ferrite (GO-
-MnFe204) nanocomposite: One-pot hydrothermal synthesis
and its use for adsorptive removal of Pb2+ ions from aqu-
eous medium. J. Molec. Liquids, 315, 113769. DOI: 10.1016/j.
molliq.2020.113769.

56. Chang, Z., Chen, Y., Tang, S., Yang, J., Chen, Y., Chen,
S., ... Yang, Z. (2020). Construction of chitosan/polyacrylate/
graphene oxide composite physical hydrogel by semi-dissolution/
acidification/sol-gel transition method and its simultaneous ca-
tionic and anionic dye adsorption properties. Carbohydr. Polym.
229, 115431. DOI: 10.1016/j.carbpol.2019.115431.

57. Liu, L., Kong, G., Zhu, Y. & Che, C. (2021). Super-
hydrophobic graphene aerogel beads for adsorption of oil
and organic solvents via a convenient in situ sol-gel method.
Colloid and Interf. Sci. Commun. 45, 100518. DOI: 10.1016/;.
colcom.2021.100518.

58. Cheng, Y., Yang, S. & E, T. (2021). Magnetic graphene
oxide prepared via ammonia coprecipitation method: The
effects of preserved functional groups on adsorption proper-
ty. Inorganic Chem. Commun. 128, 108603. DOI: 10.1016/.
inoche.2021.108603.

59. Dat, N.M., Long, PN.B., Nhi, D.C.U., Minh, N.N., Duy,
L.M., Quan, L.N,, . . . Hieu, N.H. (2020). Synthesis of silver/
reduced graphene oxide for antibacterial activity and catalytic
reduction of organic dyes. Synthetic Metals, 260, 116260. DOI:
10.1016/j.synthmet.2019.116260.

60. Naeem, H., Tofil, H.M., Soliman, M.Y., Hai, A., Zaidi,
S.H.H., Kizilbash, N., . . . Siddiq, M. (2023). Reduced Gra-
phene Oxide-Zinc Sulfide Nanocomposite Decorated with
Silver Nanoparticles for Wastewater Treatment by Adsorption,
Photocatalysis and Antimicrobial Action. Molecules, 28(3), 926.
DOI: 10.3390/molecules28030926.

61. Ahmed, M.A., Ahmed, M. & Mohamed, A.A. (2023).
Synthesis, characterization and application of chitosan/graphene
oxide/copper ferrite nanocomposite for the adsorptive removal
of anionic and cationic dyes from wastewater. RSC Advances,
13(8), 5337-5352. DOI: 10.1039/d2ra07883;.

62. Bukhari, A., [jaz, 1., Zain, H., Mehmood, U., Igbal, M.,
Gilani, E. & Nazir, A. (2023). Introduction of CdO nanoparticles
into graphene and graphene oxide nanosheets for increasing
adsorption capacity of Cr from wastewater collected from
petroleum refinery. Arabian J. Chem. 16(2), 104445. 10.1016/j.
arabjc.2022.104445.

63. Wang, J., Zhang, J., Han, L., Wang, J., Zhu, L. & Zeng,
H. (2021). Graphene-based materials for adsorptive removal
of pollutants from water and underlying interaction mecha-
nism. Adv. Colloid Interf. Sci. 289, 102360. DOI: 10.1016/j.
¢is.2021.102360.

64. Baig, N., Abdulazeez, I. & Aljundi, I.H. (2023). Low-pres-
sure-driven special wettable graphene oxide-based membrane
for efficient separation of water-in-oil emulsions. Npj Clean
Water, 6(1). DOI: 10.1038/s41545-023-00252-y.

65. Cao, K., Tian, Z., Zhang, X., Wang, Y., & Zhu, Q.
(2022). Facile preparation of graphite nanosheets with excellent
adsorption property. Research Square (Research Square). DOLI:
10.21203/rs.3.15-1936026/v1.

66. Yasir, A.T., Benamor, A., Hawari, A.H., & Mahmoudi, E.
(2023). Graphene oxide/chitosan doped polysulfone membrane



for the treatment of industrial wastewater. Emergent Mat.,
6(3), 899-910. DOI: 10.1007/542247-023-00504-0.

67. Das, L., Das, P, Bhowal, A. & Bhattachariee, C. (2020).
Synthesis of hybrid hydrogel nano-polymer composite using
Graphene oxide, Chitosan and PVA and its application in
waste water treatment. Environ. Technol. Innovation, 18, 100664.
DOI: 10.1016/;.eti.2020.100664.

68. Kadhim, R.J., Al-Ani, EH., Al-Shaeli, M., Alsalhy, Q.F,
& Figoli, A. (2020). Removal of dyes using graphene oxide
(GO) mixed matrix membranes. Membranes, 10(12), 366. DOI:
10.3390/membranes10120366.

69. Kurniawan, T.A., Zhu, M., Fu, D., Yeap, S.K., Othman,
M.H.D., Avtar, R., & Ouyang, T. (2020). Functionalizing TiO2
with graphene oxide for enhancing photocatalytic degradation
of methylene blue (MB) in contaminated wastewater. J. Envi-
ron. Manag. 270, 110871. DOI: 10.1016/j.jenvman.2020.110871.

70. Mao, B., Boopathi, S., Thiruppathi, A.R., Wood, P.C.
& Chen, A. (2020). Efficient dye removal and separation ba-
sed on graphene oxide nanomaterials. New J. Chem. 44(11),
4519-4528. DOI: 10.1039/c9nj05895h.

71. Zhu, M., Kurniawan, TA., Song, F, Ouyang, T., Othman,
M.H.D., Rezakazemi, M. & Shirazian, S. (2019). Applicability
of BaTiO3/graphene oxide (GO) composite for enhanced pho-
todegradation of methylene blue (MB) in synthetic wastewater
under UV-vis irradiation. Environ. Pollut. 255, 113182. DOI:
10.1016/j.envpol.2019.113182.

72. Abdi, G., Alizadeh, A., Amirian, J., Rezaei, S. & Sharma,
G. (2019). Polyamine-modified magnetic graphene oxide surface:
Feasible adsorbent for removal of dyes. J. Molec. Liquids, 289,
111118. DOI: 10.1016/j.molliq.2019.111118.

73. Ain, Q., Farooq, M.U., & Jalees, M.I. (2020). Application
of magnetic graphene oxide for water purification: heavy metals
removal and disinfection. J. Water Proc. Engin. 33, 101044.
DOI: 10.1016/j.jwpe.2019.101044.

74. Le, TTN., Le, VT, Dao, M.U., Nguyen, Q.V., Thu,
V.T.,, Nguyen, M.Q., . . . Le, H.S. (2019). Preparation of
magnetic graphene oxide/chitosan composite beads for ef-
fective removal of heavy metals and dyes from aqueous
solutions. Chem. Engin. Commun. 206(10), 1337-1352. DOL:
10.1080/00986445.2018.1558215.

75. Modi, A. & Bellare, J. (2020). Zeolitic imidazolate frame-
work-67/carboxylated graphene oxide nanosheets incorporated
polyethersulfone hollow fiber membranes for removal of toxic
heavy metals from contaminated water. Separat. Purific. Technol.
249, 117160. DOI: 10.1016/j.seppur.2020.117160.

76. Wu, Z., Deng, W., Zhou, W. & Luo, J. (2019). Novel
magnetic polysaccharide/graphene oxide @Fe304 gel beads for
adsorbing heavy metal ions. Carbohydr. Polym., 216, 119-128.
DOI: 10.1016/j.carbpol.2019.04.020.

77. Luo, Y., Huang, G., Li, Y., Yao, Y., Huang, J., Zhang,
P, . . . Zhang, Z. (2023). Removal of pharmaceutical and
personal care products (PPCPs) by MOF-derived carbons:
A review. Sci. of the Total Environ. 857, 159279. DOI: 10.1016/.
scitotenv.2022.159279.

78. Priya, A., Gnanasekaran, L., Rajendran, S., Qin, J., &
Vasseghian, Y. (2022). Occurrences and removal of pharma-
ceutical and personal care products from aquatic systems using
advanced treatment- A review. Environ. Res. 204, 112298. DOI:
10.1016/j.envres.2021.112298.

79. Liu, T, Aniagor, C.O., Ejimofor, M., Menkiti, M.C., Tang,
K.H.D., Chin, B.L.E, . . . Yap, P. (2023b). Technologies for
removing pharmaceuticals and personal care products (PPCPs)
from aqueous solutions: Recent advances, performances,
challenges and recommendations for improvements. J. Molec.
Liquids, 374, 121144. DOI: 10.1016/j.molliq.2022.121144.

80. Zhu, X., He, M., Sun, Y., Xu, Z., Wan, Z., Hou, D., . ..
Tsang, D.C. (2022). Insights into the adsorption of pharma-
ceuticals and personal care products (PPCPs) on biochar and
activated carbon with the aid of machine learning. J. Hazard.
Mat. 423, 127060. DOI: 10.1016/j.jhazmat.2021.127060.

Pol. J. Chem. Tech., Vol. 26, No. 1, 2024 77

81. Zou, Y., Wang, W., Wang, H., Pan, C., Xu, J., Pozdnyakov,
L. P,...LiJ. (2023). Interaction between graphene oxide and
acetaminophen in water under simulated sunlight: Implications
for environmental photochemistry of PPCPs. Water Res., 228,
119364. DOI: 10.1016/j.watres.2022.119364.

82. Chaudhary, P, Ahamad, L., Chaudhary, A., Kumar, G.,
Chen, W. & Chen, S. (2023). Nanoparticle-mediated bioreme-
diation as a powerful weapon in the removal of environmen-
tal pollutants. J. Environ. Chem. Engin. 11(2), 109591. DOI:
10.1016/j.jece.2023.109591.

83. Jiang, L., Li, Y., Chen, Y., Yao, B., Chen, X,, Yu, Y., ...
Zhou, Y. (2023). Pharmaceuticals and personal care products
(PPCPs) in the aquatic environment: Biotoxicity, determination
and electrochemical treatment. J. Cleaner Prod. 388, 135923.
DOI: 10.1016/j.jclepro.2023.135923.

84. Ghosh, T. (2023). Graphene Oxide—Agar-Agar Hydrogel
for Efficient Removal of Methyl Orange from Water. In Sprin-
ger Proc. in Mat. (9-19). DOI: 10.1007/978-981-99-1616-0_2.

85. Du, E, Wenjing, A., Liu, F, Wu, B., Liu, Y., Zheng, W,
. .. Wang, X. (2023). Hydrophilic chitosan/graphene oxide
composite sponge for rapid hemostasis and non-rebleeding
removal. Carbohydr. Polym. 316, 121058. DOI: 10.1016/j.carb-
pol.2023.121058.

86. Sadeghi, M.H., Tofighy, M.A. & Mohammadi, T. (2020).
One-dimensional graphene for efficient aqueous heavy metal
adsorption: Rapid removal of arsenic and mercury ions by
graphene oxide nanoribbons (GONRs). Chemosphere, 253,
126647. DOI: 10.1016/j.chemosphere.2020.126647.

87. Liu, D., Ding, C., Chi, E, Pan, N., Wen, J., Xiong, J. &
Hu, S. (2019). Polymer brushes on graphene oxide for efficient
adsorption of heavy metal ions from water. J. Appl. Polym. Sci.
136(43). DOI: 10.1002/app.48156.

88. Arshad, F, Munirasu, S., Zain, J.H., Banat, F. & Haija,
M.A. (2019). Polyethylenimine modified graphene oxide hydro-
gel composite as an efficient adsorbent for heavy metal ions. Sep.
Purif. Technol. 209, 870-880. DOI: 10.1016/j.seppur.2018.06.035.

89. Jiang, H., Yang, Y., Lin, Z., Zhao, B., Wang, J., Xie, J.
& Zhang, A. (2020). Preparation of a novel bio-adsorbent of
sodium alginate grafted polyacrylamide/graphene oxide hydrogel
for the adsorption of heavy metal ion. Sci. of the Total Environ.
744, 140653. DOI: 10.1016/j.scitotenv.2020.140653.

90. Rodriguez, C., Tapia, C., Leiva-Aravena, E. & Leiva, E.
(2020). Graphene Oxide-ZnO Nanocomposites for Removal
of Aluminum and Copper Ions from Acid Mine Drainage
Wastewater. Internat. J. Environ. Res. Public Health, 17(18),
6911. DOI: 10.3390/ijerph17186911.

91. Dan, S., Bagheri, H., Shahidizadeh, A. & Hashemipour,
H. (2023). Performance of graphene Oxide/SiO2 Nanocom-
posite-based: Antibacterial Activity, dye and heavy metal
removal. Arabian J. Chem. 16(2), 104450. hDOI: 10.1016/j.
arabjc.2022.104450.

92. Saeedi-Jurkuyeh, A., Jafari, A.J., Kalantary, R.R. &
Esrafili, A. (2020). A novel synthetic thin-film nanocomposite
forward osmosis membrane modified by graphene oxide and
polyethylene glycol for heavy metals removal from aqueous
solutions. Reactive and Func. Polym. 146, 104397. DOI: 10.1016/j.
reactfunctpolym.2019.104397.

93. Samuel, M.S., Bhattacharya, J., Raj, S., Needhidasan,
S., Singh, H. & Singh, N.D.P. (2019). Efficient removal of
Chromium(VI) from aqueous solution using chitosan grafted
graphene oxide (CS-GO) nanocomposite. Internat. J. Biol.
Macromol. 121, 285-292. DOI: 10.1016/j.ijbiomac.2018.09.170.

94. El-Shafai, N.M., Abdelfatah, M., El-Khouly, M.E., El-
-Mehasseb, I.M., El-Shaer, A., Ramadan, M., . . . El-Kemary,
M. (2020). Magnetite nano-spherical quantum dots decorated
graphene oxide nano sheet (GO@Fe304): Electrochemical
properties and applications for removal heavy metals, pesticide
and solar cell. Appl. Surf. Sci. 506, 144896. DOI: 10.1016/].
apsusc.2019.144896.



78  Pol J. Chem. Tech., Vol. 26, No. 1, 2024

95. Suo, L., Dong, X., Gao, X., Xu, J., Huang, Z.D., Ye, J.,
... Zhao, L. (2019). Silica-coated magnetic graphene oxide
nanocomposite based magnetic solid phase extraction of trace
amounts of heavy metals in water samples prior to determination
by inductively coupled plasma mass spectrometry. Microchem.
J., 149, 104039. DOI: 10.1016/j.microc.2019.104039.

96. Delhiraja, K., Vellingiri, K., Boukhvalov, D.W. & Phi-
lip, L. (2019). Development of highly water stable graphene
Oxide-Based composites for the removal of pharmaceuticals
and personal care products. Ind. Engin. Chem. Res. 58(8),
2899-2913. DOI: 10.1021/acs.iecr.8b02668.

97. Liu, Y., Liu, R,, Li, M., Yu, E & He, C. (2019). Remo-
val of pharmaceuticals by novel magnetic genipin-crosslinked
chitosan/graphene oxide-SO3H composite. Carbohydr. Polym.
220, 141-148. DOI: 10.1016/j.carbpol.2019.05.060.

98. Balasubramani, K., Sivarajasekar, N. & Naushad, M.
(2020). Effective adsorption of antidiabetic pharmaceutical
(metformin) from aqueous medium using graphene oxide
nanoparticles: Equilibrium and statistical modelling. J. Molec.
Liquids, 301, 112426. DOI: 10.1016/j.molliq.2019.112426.

99. Abdullah, T.A., Juzsakova, T., Hafad, S. a. A., Rasheed,
R.T,, Aljammal, N., Mallah, M.A., . . . Aldulaimi, M. (2021).
Functionalized multi-walled carbon nanotubes for oil spill
cleanup from water. Clean Technol. Environ. Policy, 24(2),
519-541. DOI: 10.1007/s10098-021-02104-0.

100. Abdullah, T.A., Nguyen, B., Juzsakova, T., Rasheed,
R.T, Hafad, S. a. A., Mansoor, H.S., . . . Nguyen, V. (2021).
Promotional effect of metal oxides (MxOy = TiO2, V205)
on multi-walled carbon nanotubes (MWCNTs) for kerosene
removal from contaminated water. Mat. Letters, 292, 129612.
DOI: 10.1016/j.matlet.2021.129612.

101. Ashraf, T., Alfryyan, N., Nasr, M., Ahmed, S.A. &
Shaban, M. (2022). Removal of Scale-Forming Ions and Oil
Traces from Oil Field Produced Water Using Graphene Oxide/
Polyethersulfone and TiO2 Nanoribbons/Polyethersulfone Na-
nofiltration Membranes. Polymers, 14(13), 2572. DOI: 10.3390/
polym14132572.

102. Queiroz, R.N., De Figueiredo Neves, T., Da Silva,
M.G.C., Mastelaro, V.R., Vieira, M.G.A. & Prediger, P. (2022).
Comparative efficiency of polycyclic aromatic hydrocarbon
removal by novel graphene oxide composites prepared from
conventional and green synthesis. J. Cleaner Prod. 361, 132244.
DOI: 10.1016/j.jclepro.2022.132244.

103. Lawal, I.A., Lawal, M.M., Akpotu, S.O., Okoro, H.K.,
Klink, M.J. & Ndungu, P. (2020). Noncovalent Graphene
Oxide Functionalized with Ionic Liquid: Theoretical, Isotherm,
Kinetics, and Regeneration Studies on the Adsorption of
Pharmaceuticals. Ind. Engin. Chem. Res. 59(11), 4945-4957.
DOI: 10.1021/acs.iecr.9b06634.

104. Hiew, B.Y.Z., Lee, L.Y., Lee, X.J., Gan, S., Thangalazhy-
-Gopakumar, S., Lim, S.S., . . . Yang, T.C. (2019). Adsorptive
removal of diclofenac by graphene oxide: Optimization, equ-
ilibrium, kinetic and thermodynamic studies. J. Taiwan Instit.
Chem. Engin. 98, 150-162. DOI: 10.1016/j.jtice.2018.07.034.

105. Ninwiwek, N., Hongsawat, P., Punyapalakul, P. & Prarat,
P. (2019). Removal of the antibiotic sulfamethoxazole from
environmental water by mesoporous silica-magnetic graphene
oxide nanocomposite technology: Adsorption characteristics,
coadsorption and uptake mechanism. Colloids and Surf. A:
Physicochem. Engin. Aspects, 580, 123716. DOI: 10.1016/j.
colsurfa.2019.123716.

106. Moreira, V.R., Lebron, Y. a. R., Da Silva, M.M., De
Souza Santos, L.V, Jacob, R.S., De Vasconcelos, C.K.B. &
Viana, M.M. (2020). Graphene oxide in the remediation of
norfloxacin from aqueous matrix: simultaneous adsorption
and degradation process. Environ. Sci. Pollut. Res. 27(27),
34513-34528. DOI: 10.1007/s11356-020-09656-6.

107. Feng, X., Qiu, B., Dang, Y. & Sun, D. (2021). Enhan-
ced adsorption of naproxen from aquatic environments by

B-cyclodextrin-immobilized reduced graphene oxide. Chem.
Engin. J. 412, 128710. DOI: 10.1016/j.cej.2021.128710.

108. Javadian, S., Khalilifard, M. & Sadrpoor, S.M. (2019).
Functionalized graphene oxide with core-shell of Fe304@
oliec acid nanospheres as a recyclable demulsifier for effective
removal of emulsified oil from oily wastewater. J. Water Process
Engin. 32, 100961. DOI: 10.1016/j.jwpe.2019.100961.

109. Ferrero, G., Bock, M.S., Stenby, E.H., Hou, C. &
Zhang, J. (2019). Reduced graphene oxide-coated microfibers
for oil-water separation. Environ. Sci. Nano, 6(11), 3215-3224.
DOI: 10.1039/c9en0054%h.

110. Hasanpour, M. (2023). Microcrystalline cellulose/
graphene oxide aerogel for adsorption of cationic dye
from aqueous solution. Mater. Sci. Technol. 1-13. DOI:
10.1080/02670836.2023.2216551.

111. Kumari, H., Suman, S., Ranga, R., Chahal, S., Devi, S.,
... Parmar, R. (2023). A Review on Photocatalysis Used For
Wastewater Treatment: Dye Degradation. Water, Air, & Soil
Pollut. 234(6). DOI: 10.1007/s11270-023-06359-9.

112. Sharkawy, H.M.E., Shawky, A.M., Elshypany, R. & Se-
lim, H. (2023). Efficient photocatalytic degradation of organic
pollutants over TiO2 nanoparticles modified with nitrogen and
MoS2 under visible light irradiation. Scientific Reports, 13(1).
DOI: 10.1038/s41598-023-35265-7.

113. Song, B., Tang, J., Zhen, M. & Liu, X. (2019). Influen-
ce of graphene oxide and biochar on anaerobic degradation
of petroleum hydrocarbons. J. Bioengin. 128(1), 72-79. DOI:
10.1016/j.jbiosc.2019.01.006.

114. Lin, Y., Zhong, L., Dou, S., Shao, Z., Liu, Q. & Zheng,
Y. (2019). Facile synthesis of electrospun carbon nanofiber/
graphene oxide composite aerogels for high efficiency oils
absorption. Environ. Internat. 128, 37-45. DOI: 10.1016/j.
envint.2019.04.0109.

115. Liu, Q., Chen, J., Mei, T.,, He, X., Zhong, W,, Liu, K.,
... Wang, D. (2018). A facile route to the production of po-
lymeric nanofibrous aerogels for environmentally sustainable
applications. J. Mat. Chem. A, Mat. for Energy and Sustainab.
6(8), 3692-3704. DOI: 10.1039/c7ta10107d.

116. Feng, Y. & Yao, J. (2018). Design of Melamine Spon-
ge-Based Three-Dimensional Porous Materials toward Appli-
cations. Ind. & Engin. Chem. Res. 57(22), 7322-7330. DOI:
10.1021/acs.iecr.8b01232.

117. Wang, X., Liu, Z., Liu, X., Su, Y., Wang, J., Fan, T, . . .
Long, Y. (2022). Ultralight and multifunctional PVDF/SiO2@
GO nanofibrous aerogel for efficient harsh environmental oil-
-water separation and crude oil absorption. Carbon, 193, 77-87.
DOI: 10.1016/j.carbon.2022.03.028.

118. Zhou, L. & Xu, Z. (2020). Ultralight, highly compres-
sible, hydrophobic and anisotropic lamellar carbon aerogels
from graphene/polyvinyl alcohol/cellulose nanofiber aerogel
as oil removing absorbents. J. Hazard. Mat. 388, 121804. DOI:
10.1016/j.jhazmat.2019.121804.

119. Xu, Z., Zhou, H., Tan, S., Jiang, X., Wu, W,, Shi, J. &
Chen, P. (2018). Ultralight super-hydrophobic carbon aerogels
based on cellulose nanofibers/poly(vinyl alcohol)/graphene oxi-
de (CNFs/PVA/GO) for highly effective oil-water separation.
Beilstein J. Nanotech. 9, 508-519. DOI: 10.3762/bjnano.9.49.

120. Mi, H., Jing, X., Huang, H., Peng, X. & Turng, L.
(2018). Superhydrophobic Graphene/Cellulose/Silica Aerogel
with Hierarchical Structure as Superabsorbers for High Effi-
ciency Selective Oil Absorption and Recovery. Ind. & Engin.
Chem. Res. 57(5), 1745-1755. DOI: 10.1021/acs.iecr.7b04388.

121. Songsaeng, S., Thamyongkit, P. & Poompradub, S. (2019).
Natural rubber/reduced-graphene oxide composite materials:
Morphological and oil adsorption properties for treatment of
oil spills. J. Adv. Res. 20, 79-89. DOI: 10.1016/j.jare.2019.05.007.

122. Obaid, H.S. & Halbus, A.F. (2023). Boosting iron oxide
nanoparticles activity for dyes removal and antifungal appli-
cations by modifying its surface with polyelectrolytes. Chem.
Phys. Impact, 6, 100244. DOI: 10.1016/j.chphi.2023.100244.



123. Liu, P, Yan, T.,, Zhang, J., Shi, L. & Zhang, D. (2017).
Separation and recovery of heavy metal ions and salt ions
from wastewater by 3D graphene-based asymmetric electrodes
via capacitive deionization. J. Mat. Chem.. A, Mat. for Energy
and Sustainab. 5(28), 14748-14757. DOI: 10.1039/c7ta03515b.

124. Liu, C., Wu, T,, Hsu, P, Xie, J., Zhao, J., Li, K,, . ..
Cui, Y. (2019). Direct/Alternating Current Electrochemical
Method for Removing and Recovering Heavy Metal from
Water Using Graphene Oxide Electrode. ACS Nano, 13(6),
6431-6437. DOI: 10.1021/acsnano.8b09301.

125. Mao, M., Yan, T, Shen, J., Zhang, J. & Zhang, D. (2021).
Capacitive Removal of Heavy Metal Ions from Wastewater via
an Electro-Adsorption and Electro-Reaction Coupling Process.
Environ. Sci. & Technol. 55(5), 3333-3340. DOI: 10.1021/acs.
est.0c07849.

126. Gao, Y., Ren, X., Wu, J., Hayat, T,, Alsaedi, A., Cheng,
C. & Chen, C. (2018). Graphene oxide interactions with co-
-existing heavy metal cations: adsorption, colloidal properties
and joint toxicity. Environ. Sci. Nano, 5(2), 362-371. DOI:
10.1039/c7en01012e.

Pol. J. Chem. Tech., Vol. 26, No. 1, 2024 79

127. Liu, X., Ma, R., Wang, X., Ma, Y., Yang, Y., Li, Z., . . .
Chen, J. (2019). Graphene oxide-based materials for efficient
removal of heavy metal ions from aqueous solution: A review.
Environ. Pollut. 252, 62-73. DOI: 10.1016/j.envpol.2019.05.050.

128. Varadwaj, G.B.B., Oyetade, O.A., Rana, S., Martincigh,
B.S., Jonnalagadda, S.B., & Nyamori, V.O. (2017). Facile
Synthesis of Three-Dimensional Mg-Al Layered Double Hy-
droxide/Partially Reduced Graphene Oxide Nanocomposites
for the Effective Removal of Pb2+ from Aqueous Solution.
ACS Appl. Mat. & Interf. 9(20), 17290-17305. DOI: 10.1021/
acsami.6b16528.

129. McCoy, TM., Brown, P, Eastoe, J. & Tabor, R.F. (2015).
Noncovalent magnetic control and reversible recovery of gra-
phene oxide using iron oxide and magnetic surfactants. ACS
Appl. Mat. & Interf. 7(3), 2124-2133. DOI: 10.1021/am508565d.

130. Lee, V., Dennis, R.V., Schultz, B.J., Jaye, C., Fischer,
D.A. & Banerjee, S. (2012). Soft X-ray Absorption Spectros-
copy Studies of the Electronic Structure Recovery of Graphene
Oxide upon Chemical Defunctionalization. J. Phys. Chem. C,
116(38), 20591-20599. DOTI: 10.1021/jp306497f.



