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A B S T R A C T   

Graphene oxide is an emerging nanomaterial with diverse applications for energy storage, conversation (elec
trodes) and industrial wastewater treatment (adsorbent and photocatalysts) because of their outstanding elec
trical, thermal and chemical properties. In view of this background, this review paper examines the properties, 
preparation methods and characterization techniques for graphene oxide (GO) nanostructured materials. A brief 
strategy for improving GO efficiency such as doping/co-doping GO with selected heterogeneous semiconductor 
metal oxides was provided. The immobilisation of GO with a high bandgap material resulting to the shifting of 
absorption threshold to the visible region and enhancement of photoactivity performance were also discussed. 
The application of GO based nanomaterial in Fenton like reaction, ozonation, photocatalysis, photo-Fenton, 
photoelectrocatalysis and combination of photocatalysis and photon-Fenton for water treatment applications 
were provided. The presence of graphene oxide nanostructured materials in composite material enhanced the 
overall performance in their respective applications. Finally, the review provides insight into future perspectives 
and improvements especially the scaling up of graphene oxide based nanocomposites based technology for in
dustrial wastewater treatment.   

1. Introduction 

Graphene is a two dimensional (2D) hexagonal structure material 
covalently bonded to a single sheet of atomic thickness similar to chain 
of polycyclic aromatic hydrocarbon in a honey comb crystal lattice with 
a unit cell of two carbon atoms (Lingamdinne et al., 2019). Since 2004, 
graphene material has been utilized for lithium-ion batteries (LIBs) by 
researchers due to its unique electrochemical and physical properties. 
Additionally, Graphene possesses excellent thermal conductivity, sur
face to volume ratio, mechanical strength, transparency and quantum 
electro-dynamic among others, thus makes it one of the most studied 
and exciting nanomaterials to emerge in 21st century (Gupta, 2018). 
Graphene has found application in different fields of science and engi
neering such as; fuel cells, energy storage devices, sound transducers, 
electromagnetic shielding (Lingamdinne et al., 2019), Other application 
of graphene include; biosensors, aerospace, photonic, organic light 
emitting diodes, integrated circuits, protective coatings, biomedical 

decontamination devices (Ray, 2015). The relative electron in graphene 
can travel close to light speed and it is termed Dirac fermions (Li, 2018). 
According to Vidhya et al., (Vidhya, 2020) graphene is a pseudocapa
citive materials and a building block of the other graphitic allotropes 
owing to its excellent large surface area, high conductivity and good 
mechanical property. Thus, Graphene can be used to enhance the 
properties of the composite material. 

Various methods have been used to synthesis graphene, graphite, 
non-graphitic carbon and carbon-containing materials. These methods 
are classified into top-down and bottom-up approaches (Kumar, 2019) 
and include mechanical exfoliation, laser-assisted, phase chemical/ 
electrochemical exfoliation, plasma-enhanced arc discharge, sol
vothermal, unzipping carbon nanotubes, liquid phase chemical or 
electrochemical exfoliation and unzipping of carbon nanotubes chemi
cal vapour deposition and epitaxial growth (Kumar, 2019; Kumar, 
2021). Chemical, thermal, microwave and laser reduction methods have 
been applied to prepare graphene from graphene oxide/graphite oxide. 
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It should be noted that very few of these methods have been employed to 
obtain high quality and purity graphene. Besides, some other synthesis 
techniques have complex procedures, involving long chemical pro
cesses, and generate low quality amorphous graphene with structural 
defects and degradedness (Khan, 2016). Recent studies have identified 
chemical vapour deposition (CVD) technique as one of the very effective 
for the preparation of low-defect density and enhanced large area mono- 
layer or film-layer graphene films through various kinds of precursor 
such as; gaseous, liquid, and solid precursor (Kumar, 2018; Kumar, 
2017). On the contrary, CVD technique consumes time and uses large 
amounts of high purity gases and in addition demands high energy 
input. Plasma enhanced CVD utilized lower processing temperature 
however production of high quality graphene of enhanced surface area 
with less defects still remain a challenge. The choice of researchers to 
use different thermal and chemical methods to prepare large quantity of 
graphene flakes of different sizes and quality depend largely on the 
infrastructure availability and production cost. 

More so, the non-existence of graphene alone except with graphite 
was abolished in 2004 when it was discovered that graphene can only 
exist separately through the use of scotch tape to separate graphite 
layers and obtain graphene crystals (Skoda, 2014). It was also opined 
that graphene cannot be decomposed due to thermodynamic instability 
since there is an existence of strong inter-atomic bonds between the 
carbon atom which prevented the crystal dislocation and defects (Yu, 
2020). Due to these shortcomings of graphene, researchers have 
employed different strategy to improve the properties of graphene ma
terial through surface/structural modification, coupling with metal ox
ides or immobilisation with heteroatom depending on the mode of 
applications either as energy storage devices or as photocatalyst (Kumar, 
2019). For instance, recent studies found improvement on the perfor
mance of energy storage devices when graphene derivatives and hybrids 
nanocomposites were modified with metal oxides/mixed metal oxides 
and metal sulfides/mixed metal sulphides. 

In spite of widespread usage of graphene, it was demonstrated that 
graphene is not thermodynamically stable due to melting temperature 
which decreased with decreasing material thickness. Thus, oxidation of 
graphene to graphene oxide or graphene oxide based composite has 
been found to address the deficiencies of graphene alone (Li, 2018). GO 
contains oxygen functionalities (epoxy, hydroxyl, carboxyl and carbonyl 
groups) on its surfaces and edges which help in the attachment of metal 
oxide nanomaterials for energy-related applications. Graphene oxide 
(GO) can be easily synthesized in large scale via the chemical oxidation 
and exfoliation of graphite The efficiency vis-a-viz electronic structure 
and intrinsic properties of GO can be over tuned through chemical re
actions at the interfaces, resulting in a material of high electrochemical 
performance (Kumar, 2019). GO based composite with graphene 
organic polymer has three categories of arrangement such as: organic 
functionalized graphene nanosheets; graphene-filled organic composites 
and layered graphene-organic films (Wang, 2019). The modification of 
graphene oxide based material through the introduction of reactive 
functional groups such as carboxyl groups among others have been 
found to enhance the photocatalytic and adsorptive properties of GO 
(Pandey, 2017). The presence of oxygen functionalities in graphene 
oxide allow easy dispersion in water and organic solvents, and the 
presence of different matrices are considered more advantageous for 
combination of Graphene oxide and ceramic or polymer matrices (Khan, 
2016). In recent times, GO based nanomaterial has been employed as 
energy storage device and as photocatalyst modifier. For instance, 
several researchers have reported electrode potentials of GO. Kumar 
et al., (Kumar, 2013), employed plasma-enhanced arc discharge method 
to produce high-quality thermally stable few-layer graphene (FLG) 
sheets (*4 layers) under argon atmosphere, using pure graphite rods as 
the electrodes with optimum Ar pressure of 500 Torr. Kumar et al., 
(Kumar, 2017), provided recent progress on the laser-assisted synthesis 
of graphene and established the production of graphene of high quality 
and purity at low temperature and shorter reaction times. In the same 

vein, Kumar et al., (Kumar, 2018), provided extensive review on recent 
advances on the synthesis and modification of carbon-based 2D mate
rials for application in energy conversion and storage. Kumar et al., 
(Kumar, 2019), provided information on the recent progress on the 
synthesis of graphene and derived materials for next generation elec
trodes of high performance lithium ion batteries and found that 
attachment of metal oxide/sulfide onto graphene improved its overall 
performance as anodes and cathodes for LIBs. Kumar et al., (Kumar, 
2020), summarised controlled synthetic approaches and heteroatom- 
doping mechanism strategy for various kinds of graphene-based mate
rials for devices in energy-related applications using various chemical 
and physical routes. The authors found doping strategies suitable for 
tailoring the structure/properties of graphene materials in the area of 
energy applications. Kumar et al., (Kumar, 2020), synthesised Mn3O4- 
Fe2O3/Fe2O3@rGO through simple and low cost microwave approach 
and the material was found to have specific surface area of 322 m2/g 
with specific capacitance of 590.7F/g at 5 mV/s and cyclic stability as 
capacitance retention of 64.5 % after 1000 cycles at scan rate of 50 mV/ 
s. Also, NiO/Co2O4 was synthesis by microwave approach and have 
surface area of 570 m2/g which was very high due to high exfoliated GO 
nanostructure comprise of open edges (Kumar, 2020). A simple two-step 
microwave was used for the preparation of GO-Fe2O3 nanocomposites 
which resulted to 1693 and 1227 mAh/g of displayed discharge and 
charge capacities respectively. Hsu and Chen (Hsu and Chen, 2014) 
prepared reduced Graphene oxide-Ag nanocomposites through irradia
tion of microwave and was used as surface-improved Raman scattering 
substrate with high homogeneity and sensitivity. Kumar et al., (Kumar, 
2017); synthesized three dimensional (3D) reduced graphene oxide 
nanosheets (rGO NSs) containing iron oxide nanoparticles (Fe3O4 NPs) 
hybrids (3D Fe3O4/rGO) by one-pot microwave approach. They re
ported that the 3D hybrid materials has specific capacitances of 455F 
g− 1 at the scan rate of 8 mV s− 1, which was superior to that of bare Fe3O4 
NPs. Additionally, the 3D hybrid showed good cycling stability with a 
retention ratio of 91.4 after starting from ~190 cycles up to 9600 cycles. 
Kumar et al., (Kumar, 2017), reported the controlled density of defects 
assisted perforated structure in reduced graphene oxide nanosheets- 
palladium hybrids for enhanced ethanol electro-oxidation and found 
that the synthesized hybrid material used as catalysts has improved 
sensitivity and current density of 10 mA/cm2 for ethanol electro- 
oxidation. Kumar et al., (Kumar, 2020), reported the synthesis of 
honeycomb-like open-edged reduced-graphene-oxide-enclosed transi
tion metal oxides (TMO) (NiO/Co3O4) as improved electrode materials 
for high performance supercapacitor. It was established that the 
HOrGO/TMOs hybrids delivered high specific capacitance of 910F g− 1 

and high robust cycling stability with capacitance retention as 89.9% 
after continuous 2000 cycles than TMO (NiO/Co3O4) nanoparticles 
alone. Kumar et al., (Kumar, 2021), utilized microwave-assisted method 
to prepare hybrid thin reduced graphene oxide-cobalt oxide nano
particles for electrode materials in supercapacitor and revealed that 
rGO@Co3O4/CoO hybrids electrode materials as supercapacitor showed 
specific capacitance of 276.1F g− 1 (scan rate of 5 mV s− 1) and long-term 
cycling stability as 82.37% capacitance retention after 10,000 cycles 
(scan rate of 60 mV s− 1) in 0.1 M KOH electrolyte solution. 

Furthermore, a review on heteroatom-doped graphene materials 
such as reduced graphene oxide, graphene oxide, graphene quantum 
dots and graphene nanoribbons in energy storage/conversion devices 
(supercapacitors, batteries, fuel cells, water splitting and solar cells have 
been reported. In spite of intense research efforts on GO, a review arti
cles focused on the applications of hybrid graphene oxide based nano
materials as photocatalyst and photo-fenton agent is rare. In view of this, 
the review provides insight on the properties, method of synthesis, and 
doping mechanism strategy of GO with heterogeneous semiconductor 
metal oxides, recent advances on graphene oxide based nanocomposites 
for the treatment of wastewater using photocatalytic, photo-Fenton and 
combination of photocatalysis and photo-fenton technologies. 
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2. Properties of graphene oxide 

In this section, different properties of graphene oxide are discussed. 
This will help the reader to understand some important features of 
graphene oxide based nanostructured as an ideal material for photo
catalytic technology. Graphene and graphene oxide often exhibit similar 
performance in water treatment. However, the synthesis of graphene 
oxide can easily be performed in large quantity compared to graphene or 
graphite and can be used as composites material, electronic, energy 
storage, biomedicine and biosensors to mentions but few. Some prop
erties of graphene oxide are explained as follow (Khan, 2016). 

2.1. Electrical properties 

Graphene oxide usually has low electrical conductivity and poor 
thermal stability due to the disturbance of sp2 bonds caused by the large 
defection and oxygen functionalities present. On the other hand, Loh 
et al., (Loh, 2010) illustrated that graphene oxide exhibits excellent 
photo-luminescence which varies in wavelength from near-UV to near 
infrared. This becomes advantageous for bio-sensing and photo- 
electronics. The present of oxygen functionalities and defections has 
highly contributed to the chemical activity of GO which helps the 
reduction efficiency. Kashif et al., (Kashif, 2021), compared electrical 
property of rGO and GO thin films and it was stated that the electrical 
property of reduced GO (6.32 × 10-4 A) was higher than the electrical 
properties of graphene oxide (6.86 × 10-7 A). This was attributed to the 
presence of low functional group of oxygen in the reduced graphene 
oxide. It was further established that the presence of many oxygen 
functional group in graphene oxide make it a suitable insulator material 
(Kashif, 2021). 

2.2. Mechanical properties 

Mechanical properties are referred to the mechanical characteristics 
of graphene oxide under different environments and various factors. 
These characteristics include Intrinsic Strength, Plasticity, Toughness, 
Hardness, Brittleness, Ductility, Rigidity, Elasticity, and Yield stress 
among others. Researchers have reported that the lowering of the en
ergetic stability and breaking of sp2 carbon network in graphene oxide 
contributed to decrease in the intrinsic strength and young’s modulus 
monotonically which was further narrow its band gap under uniaxial 
tensile strain (Kashif, 2021). Gupta (Gupta, 2018), observed homoge
neous stress distribution within graphene oxide with stiffness and 
strength of 40 GPa and 120 Mpa respectively. Xu et al., (Xu, 2013), 
studied the use of wet spinning technique for production of GO fibres, 
where the dispersion of GO occurred in a liquid crystalline fibers and the 
coagulation bath were drawn via a rotating drum. Several of the articles 
on the study of the properties of mechanical of GO employed conven
tional mechanical measurement via tension to analyse the strength and 
modulus of the substance. However, Gómez-Navarro et al., (Gómez- 
Navarro et al., 2008) employed Atomic Force Microscopy (AFM) for the 
examination of rGO sheets via deformation of tip-induced. The authors 
experimentally calculated the graphene oxide sheets Young’s modulus 
to be 250 GPa (Robinson, 2008). Following this approach, Hu et al., (Hu 
et al., 2010), also revealed graphene oxide (GO) Young’s modulus with 
contact mode of finite element method (FEM) and atomic force micro
scopy (AFM) and to be 208 ± 23 GPa (Robinson, 2008). Several re
searchers have reported the characteristics, properties and formation of 
hybrid GO and GO (Xu, 2013) for application of aerogels (Xu, 2012), 
super capacitors (Zhao, 2015), stretchable conductor (Xu, 2013) and 
functional fabrics (Li, 2016) among others. 

2.3. Thermal properties. 

Thermal properties of GO are referred to its thermal conductivity 
associated with a material-dependent response when heated. This 

response may include a phase transition, a temperature increase, a 
change of volume or length, an initiation of reaction or the change of 
other chemical or physical quantities. Considering the thermal con
ductivity of synthesized graphene oxide using graphite as a precursor, 
Fang et al., (Fang et al., 2016) reported low thermal conductivity of GO 
in the range of 0.5 – 1Wm-1K− 1. This result was not ideal for good 
thermal properties application because Graphene is one of the highest 
in-plane thermal conductivities materials in the range of 3000 – 5000 
Wm-1K− 1, hence there is need to enhance the thermal conductivity of 
synthesised GO using polymer incorporated reduced GO. Fang et al., 
(Fang et al., 2016), explained further that rGO films production through 
annealing of GO at high temperature of 1000 ◦C showed thermal con
ductivity from 3 to 61 Wm-1K− 1 which is an improvement of in-plane 
thermal conductivity. Studies have proved that the incorporation of 
rGO into the polymers can lead to significant improvement of thermal 
conductivity property of material. Divya et al., (Divya et al., 2019) 
incorporated poly (vinylidene fluorideco-hexafluoropropylene) into 
rGO and found that the synthesized nanocomposites had 19.5 Wm-1K− 1 

thermal conductivity which is of profound improvement over the ther
mal conductivity of graphene oxide. Apart from the rGO, there are many 
other factors that can enhance the thermal conductivity of GO. For 
instance, coupling of oxide of metal nanoparticle such as TiO2, WO3, 
ZnO with GO. Also, high orientation of the large sheet size that limited 
the thermal transfer along boundaries have been established to enhance 
the thermal property of reduced GO. Fig. 1 show the general method of 
synthesizing graphene oxide nanoparticles (Husnah, 2017). 

3. Mechanisms of graphene oxide based nanocomposites 

In this section, three nanocomposites such as titania-graphene oxide, 
tungsten oxide – graphene oxide and iron oxide – graphene oxide are 
discussed. This will help the reader to understand the chemistry 
approach behind the application of these nanocomposites in photo
catalytic performance. Graphene oxide based nanocomposites often 
exhibit similar performance in water treatment. The mechanisms are 
explained as follow;. 

3.1. Mechanism of Titania-Graphene oxide based nanocomposites. 

In water and wastewater treatment, Titanium dioxide photocatalyst 
has experienced continuous application due to its stability, high effi
ciency, and low cost (Prasad et al., 2020). However, it has some limi
tations such as large band gap energy with Anatase, Brookiite and Rutile, 
having the following band gap energy 3.2 eV, 3.4 eV, and 3.0 eV 
respectively. This makes it to only absorb UV light and as such exhibit 
recombination of photo-generated electrons and positive holes at fast 
rate (Kumar and Rao, 2017). Research data have shown that 

Fig. 1. General method of synthesizing graphene oxide nanoparticles (Hus
nah, 2017). 
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incorporation of titanium oxide onto the lattice layer of graphene oxide 
would lower the recombination charge and the band gap energy of the 
two materials (Lingamdinne et al., 2019). The reduction of band gap 
energy was linked to the 2D profile of graphene oxide, which enables it 
to effectively separate the charges of TiO2. Additionally, the unpaired p 
electrons of graphene oxide could fix with atom of Ti present in TiO2 to 
generate Ti-O-C bonding which extend the range of absorption light of 
TiO2. Under visible light radiation, studies have established that nano
composites of Titania-graphene oxide possessed good photochemical 
responses which can be used in formation of H2 in photon energy from 
decomposition of water (Sharma, 2018). Titania-graphene oxide based 
nanoarchitecture is made of shell - core such as shell of graphene oxide 
and core of TiO2 which allowed close contact between the two compo
nents (Yuan, 2018). The electrons were extracted through the shell of 
Graphene oxide from the core of TiO2 and evolved into evolution of H2 
from water under light irradiation (l > 320 nm). Sharma et al., (Sharma, 
2018), reported that the photosensitize crystal violet dye molecule 
absorbed visible light and produced a high state of energy from which a 
photoexcited electron was transferred into the conduction band of TiO2 
and then to GO. Due to the electron acceptor behaviour of GO having 2- 
D π-conjugation structure, the charge carriers recombination was sup
pressed. The oxygen react with these photo-excited electrons and form 
superoxide radical (O2

◦

) and thereafter, the valence band hole reacts 
with water and generates hydroxyl radical (OH◦). These reactive oxygen 
species (OH◦ and O2

◦

) oxidized crystal violet to generate water, carbon 
dioxide, and intermediates. Ahmed et al., (Ahmed, 2019), reported on 
the formation of GO-TiO2 nanocomposite where GO was introduced 
onto TiO2 lattice which enhanced the specific surface area, pore struc
ture of the nanocomposites and prevent formation of agglomeration 
from TiO2 nanoparticles. Furthermore, the authors reported that modi
fication of Ti(IV) through GO in TiO2 nanostructure increased the 
positively charged surface of the nanoparticles. It was also found that the 
composite material has fascinating optical properties. Joshi et al., (Joshi 
et al., 2020) synthesised GO-TiO2 nanocomposite for the mitigation of 
Rhodamine B and 94.59 % degradation efficiency was achieved after 
120 min in the presence of electromagnetic radiation due to electron 
shift via band gap coupled with reactive oxygen species formation. The 
mechanism of degradation of crystal violet is expressed in equation (1) 
to (6) and Fig. 2 respectively:. 

CV+ hv→CV
(
e−CB

)
+CV

(
h+

VB

)
(1)  

CV
(
e−CB

)
+TiO2→TiO2

(
e−CB

)
+TiO2

(
h+

VB

)
(2)  

TiO2
(
e−CB

)
+GO→TiO2 +GO(e− ) (3)  

GO(e− ) +O2→GO+OÂº−
2 (4)  

TiO2
(
h+

VB

)
+H2O→TiO2 +OHÂº (5)  

CV +OÂº−
2 +OHÂº→CO2 +H2O+ intermediates (6)  

3.2. Mechanism of tungsten oxide - graphene oxide nanocomposites 

Tungsten oxide photocatalyst has experienced continuous applica
tion due to its narrow band gap (2.4 – 2.8 eV), low cost, thermostability, 
low toxicity, physicochemical stability, and high oxidative power (Isari, 
2020). Tungsten oxide (WO3) has been widely used as a visible light 
active photocatalyst which has several crystal forms, among which the 
monoclinic phase is known as the most stable form and exhibits the 
highest photocatalytic activity compared to others (Murillo-Sierra, 
2021). Other forms of crystal are; tetragonal phase, orthorhombic phase 
and triclinic phase. Due to its narrow band gap, it is easy to absorb UV 
light and as such exhibit recombination of photo-generated electrons 
and positive holes at fast rate (Afify, 2019). The conduction band (CB) 
electrons in WO3 are incapable of reducing dioxygen with a single 
electron transfer; surface modification approaches are required to effi
ciently separate photogenerated electrons and boost WO3 photocatalytic 
activity (Basumatary, 2022). 

Research data have shown that incorporation of tungsten oxide onto 
the lattice layer of graphene oxide would lower the recombination 
charge and the band gap energy of the two materials (Yadav et al., 
2021). The oxidation of band gap energy was linked to the 2D profile of 
graphene oxide, which enables it to effectively separate the charges of 
WO3 (Malefane, 2019). Additionally, the unpaired p electrons of gra
phene oxide could fix with atom of W present in WO3 to generate W-O-C 
bonding which extend the range of absorption light of WO3 (Zhao et al., 
2020). Under visible light radiation, studies have established that 
nanocomposites of Tungsten oxide-graphene oxide revealed good 
photochemical responses which can be used in formation of H2 in 
photon energy from decomposition of water (Marlinda, 2020). The 
mechanism of degradation of crystal violet is expressed in equation (7) 
to (12). 

hv→CV
(
e−CB

)
+CV

(
h+

VB

)
(7)  

CV
(
e−CB

)
+WO3→WO3

(
e−CB

)
+WO3

(
h+

VB

)
(8)  

WO3
(
e−CB

)
+GO→WO3 +GO(e− ) (9)  

GO(e− ) +O2→GO+OÂº−
2 (10)  

WO3
(
h+

VB

)
+H2O→WO3 +OHÂº (11)  

CV +OÂº−
2 +OHÂº→CO2 +H2O+ intermediates (12)  

3.3. Mechanism of iron oxide-Graphene oxide Nanocomposites. 

According to Equations (13) and (14), the reaction takes place pri
marily at the solid–liquid interface, where the active sites (Fe2+/Fe3+) of 
Fe3O4 NPs attached to the surface of GO sheets catalytically breakdown 
the adsorbed H2O2 into HO• radicals and hydroperoxyl radicals (HOO•). 
H2O2 was also activated and degraded on the GO surfaces to create HO•

radicals, in addition to the Fe3O4 active sites (Geraldino, 2020). The 
intrinsic donor–acceptor surface features of carbon materials are 
attributed to this phenomena via an electron transfer reaction (Song, 
2020) similar to the photo-Fenton mechanism, with GOC=C, sp2 and GOC- 

C, sp3 being the reduced and oxidized carbon active sites, respectively 
(Equation (15) and (16)). 

Furthermore, the existence of numerous semiconducting conjugated 
sp2 carbon domains on GO’s basal planes results in unpaired electrons, 

Fig. 2. Photoctalytic degradation mechanism of CV dye using TiO2-GO nano
composites under visible light (Saravanan et al., 2017). 
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which can enable electron transfer between GO and iron centers via 
Fe–O–C bonds (Zhuang, 2019). This electron transfer could be linked to 
the GO (–0.19 V) reduction potential vs. saturated calomel electrode 
(SCE), which is lower than the usual Fe3+/Fe2+ reduction potential 
(+0.771 V) (Li, 2020). The electron may be given from the GO basal 
planes to the oxidized active sites, spontaneous reduction of Fe3+ to Fe2+

was feasible (Morant Giner, 2020). Since, the reduction of Fe3+ by H2O2 
to Fe2+ was relatively slow, such synergistic interaction between the GO 
and Fe3O4 NPs is beneficial in accelerating the Fe3+/Fe2+ redox cycles 
(Equation (17)) for the fast reduction of Fe3+ to Fe2+, which is actively 
participating in the decomposition of adsorbed H2O2 into HO• radicals 
during catalysis (Morant Giner, 2020). As a result, the efficient cyclical 
electron transfer between GO and Fe3O4 NPs in GO–Fe3O4 nano
composites plays a key role in the modification of the surface redox 
processes that allowed for high pollutants elimination in the heteroge
neous photo-Fenton reaction. 

Cv+ hv→Cv
(
e−CB

)
+Cv(h+

VB) (13)  

Fe2+ +H2O2→Fe3+ +OH∙ +OH− (14)  

Fe3+ +H2O2→Fe2+ +HOO∙+H+ (15)  

GOC− C,sp3 +H2O2→GOC=C,sp2 +HOO∙ +H+ (16)  

GOC=C,sp2 + Fe3+→GOC− C,sp3 + Fe2+ (17)  

4. Methods of synthesizing graphene oxide nanostructured 
material 

In this section, different approaches for the synthesis of GO nano
structured materials were explained. This will help to give an insight on 
importance and comparative merit of one method over the other 
methods. 

4.1. Hydrothermal method 

This is a technique used for the synthesis of nanoparticles through an 
aqueous media at high pressure and temperature. Several researchers 
have investigated the application of hydrothermal technique for the 

preparation of GO nanostructured material (Lingamdinne et al., 2019). 
The precursors of hydrothermal technique are organic molecules in the 
alkaline media. Although, hydrothermal technique is considered 
economical and eco-friendly, it usually involves high temperature (Jose, 
2018). The temperature range between 160 and 180 ◦C in an autoclave 
(Jose, 2018). However, there are some limitations such as; inability to 
monitor the growth of the crystal material in the autoclave and the cost 
of the equipment. Nawaz et al., (Nawaz, 2017), evaluated the synthesis 
of rGO-TiO2 using hydrothermal method for photo-degradation of car
bamazepine. It was observed that the nanostructured material (rGO- 
TiO2) exhibited high rate of adsorption and photo-degradation than 
TiO2 as>99 % carbamazepine removal was achieved within 90 min 
(Adeyanju, 2022). This was attributed to the effectiveness of rGO during 
the preparation of rGO-TiO2. Zhang et al., (Zhang, 2020), also carried 
out study on synthesis of CuO-Cu2O/GO nanocomposites using hydro
thermal method for degradation of tetracycline and organic dye. It was 
reported that the designed nanocomposite have excellent dual function 
for catalytic oxidation of methyl orange with 95 % degradation and 
tetracycline with 90 % degradation after 120 min. Pant et al., (Pant et al., 
2020) evaluated the preparation of Ag2CO3-TiO2 nanomaterial through 
hydrothermal technique at 130 ◦C for 4 h and found that adsorptivity 
enhanced charge separation, transportation properties and extend 
photo-responding range among others. It was further revealed that the 
photocatalytic degradation of Methylene blue dye and the nano
composites restrained the recombination rate of photo-generated elec
tron-hole pairs and greatly extends the lifetime of charge carriers. Fig. 3 
summarized hydrothermal synthesis method of graphene oxide based 
nanocomposites. 

4.2. Solvothermal method 

This technique is used for preparation of different nanoparticles via 
non-aqueous media at high pressure and temperature. Solvothermal 
technique can be classified into two categories such as; synthesis in the 
media of alkaline media and in the presence of precursors of organic 
molecules (Yuan, 2021). This route of synthesis is considered innova
tive, because few published papers on the production of graphene oxide 
were found in the literature. Solvothermal approach for producing 
graphene oxide has several advantages such as; non-toxic, cost effec
tiveness, and with almost no by-products in the process of the reaction 

Fig. 3. Synthesis of Graphene oxide based Nanocomposites using Hydrothermal Method (Lee, 2015).  
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(Chin, 2019). For instance, Yuan et al., (Yuan et al., 2012) investigated 
the fabrication of graphene-Ag nanocomposites through deposition of 
synthesized silver on graphene using solvothermal techniques. The au
thors established an excellent electro-conductibility through deionized 
water/hydrazine or ethylene glycol. The size and morphology of silver 
nanoparticle was controlled by hydrazine used as a reducing agent. Lin- 
jun et al., (Lin-jun 2012), also employed solvothermal technique to 
synthesise graphene-Ag nanocomposites and found that the composite 
material have electro-conductibility of 2.94 scm− 1. Lin-jun et al., (Lin- 
jun 2012) synthesized graphene-Mn3O4 nanocomposites through sol
vothermal method in ethanol solution and it was reported that the 
grown material is a potential material for super-capacitor with the mass 
percent of Mn2+ and graphene oxide as 10 and 90 respectively which 
also revealed capacitance with high specific of ~245F/g at 5 mV/s. Yuan 
et al., (Yuan, 2021) also developed three dimensional graphene-CoO 
nanocomposites through solvothermal route with enhanced electro
chemical performance as lithium battery. Generally, combination of 
ultra and sono-chemical method was applied to develop the dispersion 
and prevent re-aggregation. Fig. 4 summarized solvothermal synthesis 
method of graphene oxide based nanocomposites. 

4.3. Co-precipitation method 

This involves co-precipitation of metal cations from oxalates, 

carbonates, formats or citrates, hydroxides among others (Pu, 2018). 
These precipitates are converted into powders at suitable temperatures. 
This method has shortcoming such as presence of undesirable impurities 
which also co-precipitate with the analyte (Pu, 2018). This shortcoming 
can be alleviated by re-precipitating the analyte which bring about in
clusion (when contaminant causes a frame site in the crystal structure of 
the transporter which is about a fault crystallographic) and occlusion 
(when an adsorbed contamination becomes physically surrounded in
side the crystal). Many nanocomposites have been synthesized using co- 
precipitation method such as; CeO2-ZnO-ZnAl2O4 and even among 
graphene oxide based nanocomposites. Ranjith et al., (Ranjith, 2019), 
evaluated the photocatalytic efficiency of rGO-TiO2/Co3O4 nano
composites prepared through co-precipitation technique on dyes. The 
synthesized materials were characterized using field emission scanning 
electron microscopy (FESEM) and the analysis revealed the existence of 
TiO2/Co3O4 adsorbed on rGO surface while UV–visible spectropho
tometer (UV–vis) and the spectra of photoluminescence (PL) showed 
that emission and absorbance occurred at visible regions which support 
the degradation process via the separation of the electron-hole. The rGO- 
TiO2/Co3O showed highest degradation performance of dyes under 
visible light irradiation. However, this requires improvement through 
combination of methods such as co-precipitation and intercalation 
polymerization techniques. For instance, Mu et al., (Mu, 2017), inves
tigated magnetic graphene/polyaniline nanocomposites prepared via in 

Fig. 4. Synthesis of Graphene oxide based Nanocomposites using Solvothermal Method (Yadav and Kim, 2016).  

Fig. 5. Synthesis of Graphene oxide based Nanocomposites using Co-precipitation Method (Pu, 2018).  

O.J. Ajala et al.                                                                                                                                                                                                                                 



Environmental Nanotechnology, Monitoring & Management 18 (2022) 100673

7

situ or one pot co-precipitation and intercalation polymerization tech
nique and applied the material for the degradation of dyes. Chinna
thambi and Alahmadi (Chinnathambi and Alahmadi, 2021), reported 
the synthesis of Fe3O4 /polyaniline/GO through the combination of 
processes of intercalation polymerization and co-precipitation tech
niques. Its adsorption capacity was found to have high presence of 
anionic ions such as phosphate ions through selectivity and recyclability 
tests from wastewater. It was illustrated through Fig. 5. 

4.4. Sol-gel method 

This is a simple and inexpensive wet-chemical method used in the 
preparation of composite materials of an excellent control size. In this 
technique, the solution (sol) evolves gradually towards the production 
of a gel - like formation which consists of solid and liquid phase. There 
are two categories of sol–gel techniques which are aqueous and non- 
aqueous sol–gel synthesis. In non-aqueous sol–gel preparation of metal 
oxide nanoparticles, the first step towards development of rational 
synthesis is elaboration of chemical formation mechanism along with 
the studies on the crystallization process However, to ensure 

Fig. 6. Synthesis of Graphene oxide based Nanocomposites using Sol-gel Method (Guo, 2018).  

Fig. 7. Synthesis of Graphene oxide based Nanocomposites using Solution Mixing Method (Kausar, 2016).  
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comprehensive result of this technique, there is need to investigate 
different characterizations properties such as; microscopy and crystal
lographic among others. It has been discovered that this method makes 
the study of organic species transformation in the reaction mixture easy 
through standard techniques such as: Nuclear Magnetic Resonance 
(NMR) and Gas Chromatography-Mass spectrometry (GC–MS) among 
others. 

In contrast, hydrolysis of metal alkoxides rate is fast in aqueous 
media of sol–gel method which complicates the control rate of reactions. 
In non-aqueous sol–gel method, the application of moderate reactivity of 
the carbon–oxygen bond is possible at low reaction temperature and this 
makes the nanoparticle to exhibit high crystallinity. Although, there are 
different reports on non-aqueous procedures in the synthesis of metal 
oxide nanoparticles (Lee et al., 2017), the organic reactions can be 
classified into seven mechanisms; (1) thermal decomposition, (2) alkyl 
halide elimination, (4) oxidation of metal nanoparticles, (5) ether for
mation, (6) ketimine and aldo-like condensation and (7) C–C bond for
mation. There are three different categories of organic solvents applied 
in non-aqueous sol–gel reactions: (i) non-reacting or inert solvents such 
as mesitylene or toluene, (ii) oxygen-containing solvents like ketones or 
aldehydes, alcohols, and (iii) other reactive functional group with 

oxygen-free solvents such as amines or nitriles. The appropriate choice 
of the solvent is essential, because mechanism formation of the nano
particles is highly influence. For instance, Ma et al., (Ma, 2018), applied 
GO and tetrabutyl titanate as the precursor to synthesis GO-TiO2 
nanocomposites and revealed that the activity of photocatalytic of the 
composite was influenced by both the content of graphene oxide and the 
atmosphere of calcinations. Ultra-disperse titania nanoparticle on gra
phene was synthesised using sol–gel and achieved the specific capacity 
twice as that of mechanical mixed composite (Pan, 2020). Fabrication of 
controlled carbon phase based rGO-SiO2 via sol–gel technique improved 
the conductivity capacity of the composites compared to SiO2 alone 
(Sengupta, 1911). Fig. 6 summarized sol–gel synthesis method of gra
phene oxide based nanocomposites. 

4.5. Solution mixing method 

This is a widely applied technique in the synthesis of GO/metal oxide 
nanomaterials due to its low temperature, fast de-aggregation and uni
form reinforcement dispersion of the produced composite. The basic of 
solution mixing technique is in a solvent system. This technique involves 
mixing of two different nanoparticles in a solution via electrospinning. 

Fig. 8. Synthesis of Graphene oxide based Nanocomposites using Microwave irradiation Method (Seekaew, 2019).  
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However, the major drawback is the potential leaching of the additional 
material since no chemical bonding between added material and the 
base. For instance, Suneetha et al., (Suneetha et al., 2019) investigated 
the preparation of ternary nanocomposites of Zinc doped Iron oxide/ 
GO/Polymer by solution mixing technique. The impedance analysis 
revealed that the nanocomposites modified electrode have good 
capacitance with bode phase angle 87◦ and considered a good candidate 
for super capacitor application. In addition, Zeng et al., (Zeng, 2018) 
synthesized Al-graphene oxide composites using ultrasonic techniques 
and the authors found that the graphene oxide-Al nanocomposites had 
255 MPa tensile strength. It has been proved that fabrication of gra
phene oxide metal oxide/metal nanocomposites have enhanced 

mechanical properties and also addressed different energy and envi
ronmental related issues. Also, Nawaz et al., (Nawaz, 2018) evaluated 
efficient way for the preparation of graphene-TiO2 nanomaterials 
through UV-assisted photocatalytic reduction of graphene oxide in so
lution phase. Galpaya et al., (Galpaya, 2014), fabricated epoxy nano
composites with graphene oxide loading via solution mixing and found 
that the small quantities of graphene oxide incorporated into the epoxy 
matrix contributed significantly to epoxy mechanical properties. The 
authors further explained that the elastic modulus increase steady with 
the addition of graphene oxide from 0.1 wt% to 0.5 wt% whereas there 
was no significant effect on graphene oxide incorporated on tensile 
strength. Prabhu et al., (Prabhu, 2019), utilized solution mixing 

Table 1 
A brief summary of research studies on the methods of preparation of graphene oxide based nanocomposites.  

Method Nanocomposites Synthesis conditions or Parameters 
varied 

Significant findings Research Gap References 

Microwave 
irradiation 

CuS-reduced 
graphene oxide 

Ultrasonication for about 2 h, at room 
temperature, magnetic stirring for 1 h, 
microwave irradiation at 120 ◦C for 30 
min, precursors: 50 mL of GO (1 mg/mL) 
and 25 mL of CuSO4⋅5H2O solution (10 
mM).  

The synthesized nanocomposite was 
efficient photocatalyst for the 
degradation of diazo congo red 
molecule under natural sun light 
irradiation. the degradation 
efficiency is 98.76 % compare to the 
88.98% of TiO2 only. 

The study revealed that effect 
of stirring speed, time and 
solution pH was not 
investigated on the particle size 
formed 

(Borthakur, 
2016)      

Solvothermal TiO2-graphene oxide Sonication: 30 min, Teflon-lined autocave 
at 130 ◦C, 4 h 
Precursors: 1.0 g anatase TiO2 and 
graphite powder.  

TiO2-GO exhibited better 
photocatalytic performance than pure 
TiO2 nanoparticles. 

The band gap energy was not 
study. Green synthesis was not 
employed in the synthesis of 
TiO2 and GO nanoparticles. 

(Yadav and 
Kim, 2016)   

Hydrothermal TiO2/RGO 1 h, 170 ◦C, pH 7, under a constant N2 flow 
for 2 h. precursors: 1.0 g natural graphite, 
2.8 mmol of sodium dodecyl benzene 
sulfonate, 2.8 mmol Triton X-100 and 2.8 
mmol cetyl trimethyl ammonium 
bromide.  

- TiO2/RGO exhibited a significant 
photocatalytic efficiency on 
Methylene blue with 97.5 % in 120 
min. 

-The authors did not optimize 
the synthesis parameters. 

(Hu, 2017)   

Co- 
precipitation 

Graphene 
oxide/Fe3O4 

-Under N2 atmosphere. 
- Low pH (pH = 1.89) to prevent 
aggregation, the pH was adjusted. 
− 333.15 K 
-vacuum conditions 
− 8h. Precursors: 2.0 g graphite powder, 
1.2 g sodium nitrate, 1.3 mmol 
FeCl2⋅4H2O and 2.6 mmol FeCl3⋅6H2O.  

The Nanocomposite showed a high 
adsorption efficiency relevant to the 
purification 
of dye-contaminated wastewater and 
readily separated due to its magnetic 
behaviour. The maximum adsorption 
capacity was 
546.45 mgg− 1 for the methylene blue 
and 628.93 mgg− 1 for the Congo red. 

- No optimization of synthesis 
parameters such as reaction 
time, stirring speed, solution 
pH among others. 

(Pu, 2018)      

Sol –gel TiO-rGO-Fe2O3 Sonication: 1 h, autocave at 180 ◦C for 10 
h, dried for 60 ◦C for 12 h, precursors: 
graphite powder of 5 g, 140 mL H2SO4 

NaNO3 of 2.5 g, 683 mg of FeCl3 and 584 
mg of FeSO4.   

99% removal of the dye within 6 min 
under irradiation of UV, 94 % was 
removed under visible light. 

-The synthesized nanoparticles 
were not synthesis using green 
synthesis. The photocatalytic 
activity was not studied under 
ultraviolet light. 

(Banerjee, 
2018)      

Sol- gel GO-TiO2 Sonication: 45 min, 
Annealing at 450 ◦C, precursors: 1 g of 
titanium dioxide, 1 g of graphite. 

The Photocatalytic activity showed a 
significant increment with the 
addition of GO. The film exhibited 
potential application in the 
photoreduction of CO2. 

There was no optimization 
study on reaction time, stirring 
speed on the particle. 

(Hernández- 
Majalca, 
2019)     

Co- 
precipitation 

GO-ZrO2 Ultrasonication 30 min, 
Sonication: 30 min, maintaining the pH 
above 10.5 under stirring. Precursor: 1 
mmol zirconium oxychloride salt, 0.5 g of 
GO. 

90 % and 99.23 % photocatalytic 
degradation of Rhodamine B dye and 
Methylene blue was observed in 105 
min and 60 min respectively.  

Real effluent was not use in 
degradation analysis. 

(Das, 2019)     

Solution 
mixing 

GO/Polyacrylamide 90 ◦C, 2 h for stirring. Precursors: 25 mg of 
GO, 25 µL hydrazine hydrate solution, 5 
mg Polyacrylamide.  

The GO/PAM membrane has the best 
comprehensive separation 
performance since its proper 
interlayer spacing. 

The band gap energy was not 
investigated and different light 
source was not investigated on 
photocatalytic activities   

(Cheng, 
2019)    

Solution 
mixing 

RGO/acrylonitrile 
butadiene styrene 
(ABS) 

Thermally exfoliation of GO in a 
microwave oven, sonication in ethanol, 
solution mixing inside ball mill for 6 h. 
precursors: graphite oxide and 6-amino-4- 
hydroxy-2-naphthalenesulfonic acid  

61 % increment in elastic modulus 
compared to ABS. better interaction 
with ABS matrix which improved the 
mechanical properties of the 
composites 

The study revealed that effect 
of stirring speed, time and 
solution pH was not 
investigated on the particle size 
formed   

(Mustapha 
et al., 2019)    
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technique for the fabrication of ZnO Dumbbell/rGO nanocomposites 
used for degradation of methylene blue and methyl orange under the 
irradiation of UV–Visible light. The data showed that ZnO/rGO nano
strutured materials have higher degradation efficiency than rGO and 
ZnO dumbbell. Fig. 7 summarized solution mixing synthesis method of 
graphene oxide based nanocomposites. 

4.6. Microwave irradiation method 

Another method used for the synthesis of inorganic nanomaterials is 
microwave irradiation method which does not consume much energy. It 
is environmental friendly, fast and generates homogenous heating pro
cess (Afzal et al., 2018). Microwave radiation technique offers several 
advantages such as reduction in time of reaction to generate cleaner 
reaction environment with energy saving through rapid and intense 
heating in the interior of the sample (Afzal et al., 2018). Researchers 
have applied microwave method to generate several graphene oxide 
based nanocomposites to mention but few; rGO-Ni0.4Zn0.4Co0.2Fe2O4 
nanocomposites (Liu et al., 2015) and Mn3O4-rGO nanocomposites 
(Varghese, 2019) among others. In the study of Liu et al., (Liu et al., 
2015), the authors investigated that the prepared nanocomposites 
exhibited an excellent broad absorption bandwidths and electromag
netic wave absorption properties compared with rGO and Ni0.4Zn0.4- 
Co0.2Fe2O4. The authors failed to use the prepared nanocomposites for 
any degradation process. Varghese et al., (Varghese, 2019), also reported 
that graphene oxide based electrode exhibits enhanced electrochemical 
properties. Though most graphene oxide based nanocomposites are 
prepared using hydrothermal method due to its ecological friendly and 
economic feasibility even at high temperature and pressure (Lingam
dinne et al., 2019). There are also few studies which combined hydro
thermal method with microwave or ultrasonic-sonochemical method. 
The fabrication of graphene oxide based nanocomposites via irradiation 
of microwave was done in multiple cycles to subside overheating. The 
dispersion of precursor was done inside ultra-sonication with stirring in 
period of time (Chook, 2012). The slurry was preserved in a microwave 
employing multiple cycle followed by filtration and moisture removal 
from the product (Chook, 2012). A simple two-step microwave was used 
for the preparation of GO-Fe2O3 nanocomposites which resulted to 1693 
and 1227 mAh/g of displayed discharge and charge capacities respec
tively. Hsu and Chen (Hsu and Chen, 2014), prepared rGraphene oxide- 
Ag nanocomposites through irradiation of microwave and was used as 
surface-improved Raman scattering substrate with high homogeneity 
and sensitivity. Fig. 8 summarized microwave irradiation synthesis 
method of graphene oxide based nanocomposites. Table 1 summarized 
different studies with different methods used in the fabrication of GO 
based nanocomposites. 

From table 1, microwave irradiation, solvothermal, hydrothermal, 
co-precipitation, sol–gel, and solution mixing have been used to prepare 
GO based nanocomposites. It was found that all the methods were 
suitable and effective for the synthesis of high yield graphene oxide 
based nanocomposites however there is no any approach without 
different advantages and disadvantages. Therefore, it is advisable to 
choose suitable approach based on the availability of materials, equip
ment and production of desire products. There are many aspects un
touched in those literatures such as optimization of parameters, 
investigation of band gap and their application to real environmental 
samples for pollutant removal. 

5. Structural characterization and properties of graphene oxide 
based Nanocomposites. 

The formation of GO nanostructured materials can be evaluated by 
the following spectroscopic techniques; X – Ray Photoelectron Spec
troscopy (XPS), X-Ray Diffraction (XRD) and Fourier Transform Infrared 
(FT-IR) for the identification of chemical composition, structure, for
mation, crystalline phase and functional group respectively. The 

porosity, size and surface morphology can be characterized via micro
scopic techniques namely; High Resolution Scanning Electron Micro
scope (HRSEM) and High Resolution Transmission Electron Microscope 
(HRTEM). Brunauer-Emmett-Teller (BET) N2 adsorption–desorption 
while magnetometer is used to determine the magnetic property of the 
nanocomposites. Thermagravimetry analysis (TGA) and Raman spec
troscopy were used to determine the thermal stability profile and mo
lecular bonding in GO based nanocomposites. 

5.1. XRD analysis of graphene oxide based nanocomposites 

XRD analysis is majorly used for the identification of the chemical 
structure, formation of any possible phase and nature of the of graphene 
oxide nanocomposites. XRD patterns have shown that strong diffraction 
peaks at (2θ) values from 8◦ to 12◦ confirming the presence of Graphene 
oxide (Vajedi and Dehghani, 2016). When ferrites was coupled with 
graphene oxide to form nanocomposites, the size of the graphene oxide 
based nanocomposites decreases, the porosity increases; thus, the 
diffraction peaks position shifted to lower diffraction angle (Lingam
dinne, 2016). Over the years, ferrites peaks have been detected in gra
phene oxide based nanocomposites through XRD analysis. Shan et al., 
(Shan, 2017) found that the diffraction peaks of GO nanoparticle was 
located at 2 thetha value of 10.6◦ while diffraction peaks belonging to 
graphene oxide-goethite based nanocomposites were located at 2 thetha 
values of 20.92◦, 32.66◦, 35.96◦ and 53.06◦ which correspond to 
goethite. This shows that goethite crystal structure did not change after 
modification with graphene oxide. However, there was no peak at 10.6◦

for graphene oxide and the disappearance indicates reduction of gra
phene oxide during synthesis. The graphene oxide-goethite based 
nanocomposites was utilized for the degradation of tylosin pollutant and 
84 % degradation efficiency was achieved compared to 47 % degrada
tion efficiency of graphene oxide nanoparticle in the presence of simu
lated sun light irradiation at 120 min. From different studies, it was 
observed that doping and coupling of graphene oxide nanoparticle 
goethite always resulted to higher degradation efficiency of organic 
pollutants in wastewater. Zhang et al., (Zhang, 2018), also reported the 
pattern of XRD for TiO2, GO and TiO2/GO nanocomposite shown in 
Fig. 9. There was successful oxidation of graphite to GO due to the strong 
peak at 2θ of 10.54◦ which correspond to (002) crystal plane. Also, the 
theoretical value of interlayer spacing of GO powder (0.34 nm) was 
lower than the experimental GO powder (0.84 nm) due to the presence 
of oxygen functional group. For TiO2, the following diffraction peaks 
were found at 2θ values of 62.63◦, 54.98◦, 47.99◦, 37.77◦, and 25.28◦

with the following crystal planes (204), (211), (200), (004) and (101) 
depicting anatase types of TiO2 while the diffraction peaks of TiO2/GO 
nanocomposites were similar with that of TiO2 and can be attributed to 

Fig. 9. XRD Pattern of GO, TiO2 and TiO2/GO Nanocomposites (Zhang, 2018).  
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the destruction of the regular stack of GO sheet through intercalation of 
TiO2 nanoparticles. This was illustrated in Fig. 9. 

5.2. Magnetometer analysis of graphene oxide based nanocomposites 

Graphene oxide has a magnetic characteristic that can be evaluated 
via the magnetic measurement system. When there is a reduction in size 
of graphene oxide based nanocomposites to nano-scale, the material 
usually exhibited super-paramagnetic behaviour (He, 2018). The super- 
paramagnetic property of GO based nanomaterials can be explained 
using magnetization vs. temperature (MT) curves since it is temperature 
dependent. For instance, Lingamdinne et al., (Lingamdinne, 2017) ob
tained magnetic field of 1000 Oe and the super paramagnetic nano
composites MT curves, field cooled and zero-field cooled curves were 
found to increase linearly with decrease in temperature. It was reported 
that nickel ferrite nanocomposites were super-paramagnetic at room 
temperature (Nejati and Zabihi, 2012). In magnetization, the presence 
of mesoporous carbonaceous material decreased the graphene oxide 
crystalline property due to the alternation of the original GO peak 
(Vajedi and Dehghani, 2016). When ferrite was coupled with graphene 
oxide to form nanocomposites, the size of the graphene oxide based 

Fig. 10. FTIR Spectra of TiO2, GO, TiO2/rGO and TiO2/GO and nanostructured 
materials (Zhang, 2018). 

Fig. 11. XPS Spectra of CS-PEI-GO (a). wide scan, (b) N 1 s, and (c) O 1 s (Perez, 2017).  
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nanocomposites decreases, the porosity increases; thus, its magnetiza
tion becomes super-paramagnetic. (Lingamdinne, 2016). Dues to super- 
magnetic property of graphene oxide based nanocomposites, it has 
helped in the recyclibility behaviour of graphene oxide based nano
composites to be reused for wastewater treatment thereby reducing the 
cost associated with treatment of wastewater. 

5.3. FT-IR analysis of graphene oxide based nanocomposites 

FT-IR spectrum represents the functional groups present in the gra
phene oxide based nanocomposites. Concerning the principle of FTIR, 
when a sample is being irradiated with infrared light, there always a 
reflected or transmitted light which is measured for structural analysis 
and quantification. This measured light is dependent on wavelength 
which is absorbed due to vibration and rotation of molecules. For 
instance, The wave number from 1100 to 1300 cm− 1 represent the 
presence of stretching vibration of C-O while the sharp peak ranges from 
1400 to 1600 cm− 1 correspond to epoxy group of graphene oxide in the 
graphene oxide based nanocomposites. The epoxy group was assigned to 
the rearranged structure such as D – band sp3 carbon atoms of disorders 
and defects and structure of graphite like G - band sp2 carbons atoms in 
graphitic sheets of graphene oxide. The wave number from 1650 to 
1750 cm− 1 represents carbonyl (C = O) stretching vibration while the 
broad peaks from 3000 to 3400 cm− 1 was assigned to carboxylic acid 
group of graphene oxide based nanocomposites (Lingamdinne et al., 
2019). The wave number from 600 to 500 cm− 1 indicates spinal mag
netic nanocomposites in octahedral/ tetrahedral O-M bonds 

(Lingamdinne et al., 2019). These primarily indicate the present of 
magnetic material such as ferrites among others in the graphene oxide 
based nanocomposites (Lingamdinne et al., 2019). Zhang et al., (Zhang, 
2018), reported the FTIR absorption bands for GO, GO/TiO2 and rGO/ 
TiO2 nanocomposites in the range of 3750 to 400 cm− 1. The GO spec
trum showed the presence of different number of functional groups 
containing oxygen. There is also strong wave numbers at 1070 and 576 
cm− 1 which represent stretching vibration of C-O-C while the band 
around 1384 cm− 1 represents bending vibration of C-OH. Also, the band 
of absorption around 1630 cm− 1 represent stretching vibration of C = C. 
When compare the three spectra, it was revealed that there is little 
presence of functional groups containing of oxygen on TiO2/GO and 
TiO2/rGO surfaces. There was adsorption band at 460.22 cm− 1 which 
indicate Ti-O-C bond stretching while band at 523 cm− 1 was assigned Ti- 
O vibration. The peak intensity of TiO2/GO nanocomposites was higher 
than that of TiO2/rGO nanocomposites. This was further illustration 
through Fig. 10. 

5.4. XPS analysis of graphene oxide based nanocomposites 

The qualitative and quantitative chemical composition of graphene 
oxide nanocomposites are usually confirmed using XPS. XPS works 
when a sample is bombarded with an X-ray, some electrons in the 
sample become excited enough to escape the atom. These excited atoms 
determined the sample chemical composition (oxidation states and 
functional groups) of the samples. Liu et al., (Liu, 2017), reported XPS 
result of modified graphene oxide by goethite (GOF) and established 

Fig. 12. TEM image of graphene oxide (a & b), TiO2 with the SAED pattern (c & d) and TiO2/graphene oxide nanocomposite (e & f) (Zhang, 2018).  
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that graphene oxide had two main peaks at binding energies of 533 eV 
and 286 eV which correspond to the bands of O (1 s) and C (1 s) 
respectively. It was found that the modified GOF (S-type of GOF and C- 
type of GOF) also had the same peaks in addition to a third peak of Fe 2p 
at binding energy 726 eV. The peak at binding energy of 531 eV in the 
O1s spectrum corresponds to the oxygen double bond which confirmed 
the existence of carboxyl and carbonyl groups. The peak around 532.4 
eV was attributed to the single bond of oxygen, which confirmed the 
existence of epoxy and hydroxyl (Liu, 2017). The spectra of XPS of GO 
and C-type of GOF revealed three peaks at 286.7 eV, 284 eV, and 287.8 
eV, which were attributed to C–O bond, C = C bond, and C = O bond, 
respectively (Liu, 2017). Comparing with S type of GOF and C-type of 
GOF, the C-type of GOF has no peak at 287.8 eV, and also the C-type of 
GOF has no C = O bond, and this result is consistent with the FTIR 
spectra of C-type of GOF. The binding energy values of 711 and 724.5 eV 
found from the spectrum of XPS for S-type of GOF and C-type of GOF 
material for the two iron 2p 1/2 and iron 2p 3/2 are typical of goethite 
phase Fe(III) (Liu, 2017). Perez et al., (Perez, 2017), also investigated the 
XPS of CS-PEI-GO nanocomposites and it was shown in Fig. 11a has C 1 s 
(62.9%), O 1 s (30.5%), and N 1 s (6.6%) peaks at the following binding 
energies of 284.4 eV, 531.6 eV and 398.0 eV respectively. N (1 s) in 
Fig. 11b indicates two peaks at binding energies of 399.7 and 397.9 eV 
which is assigned to amine (–NH2) and imine (=N-) groups respectively 
while O (1 s) spectrum also indicates two strong peaks at binding en
ergies of 531.4 and 530.2 eV attributed to C-O or –OH and C-O-C groups 
respectively. Researchers have reported that peaks at binding energies in 
the range of 730 – 700 eV confirmed the presence of iron in the magnetic 
material. Lingamdinne et al., (Lingamdinne, 2017), reported that peaks 
at the binding energy of 724 eV, 711 eV, 861 eV, and 855 eV correspond 
to Fe − 2p1/2, Fe − 2p3/2, Ni – 2p1/2 Ni – 2p3/2 respectively. While C 
(1 s) and O (1 s) peaks suggested the presence of carbon and oxygen on 
the lattice layer of magnetic Nickel ferrite –Graphene oxide composites. 

5.5. High Resolution Transmission electron Microscope and high 
Resolution of Scanning electron Microscope analysis of graphene oxide 
nanstructured materials. 

The size and morphology of nanocomposites are measured via 
microscopic techniques such as; High Resolution of Scanning Electron 
Microscope (HRSEM) and High Resolution Transmission Electron Mi
croscope (HRTEM) (Nwosu, 2018). HRTEM is the combination of dark 

field, bright field, and derivatives of selected area diffraction techniques 
of analytical TEM. Crucial edge of electron diffraction of TEM over X-ray 
diffraction is that electron optics can be used to make intensity variation 
of emerging electrons from sample, which is known as diffraction 
contrast. This is useful for micro-structural characterization though the 
preciseness of electron diffraction is comparatively less than X-ray 
diffraction. Zhang et al., (Zhang, 2020) reported TEM micrograph of 
modified GO and found that the GO is in form of gauze like sheet 
structure with corrugated edges and the uniform distribution of Fe3O4 
nanoparticle was observed on the surface of GO while the Fe3O4 particle 
size ranges between 15 and 35 nm. The author further explained that the 
Ce-TiO2 deposited on the surface of GO had average diameter of 10 nm. 
Mohanta et al., (Mohanta et al., 2020) reported formation of spherical 
shaped ternary Co3O4/TiO2/GO composites of crystallite sizes around 
30 – 50 nm based on HRTEM analysis. Thangavel et al., (Thangavel, 
2016), reported HRTEM analysis of ZnS-rGO composites and found a 
clear ZnS nanospheres uniformly assembled on the surface of RGO. It 
was found that the ZnS nanospheres distribution was uniformed on 
reduced graphene oxide sheets maximized the reactive sites and mini
mize the aggregation of ZnS nanospheres which enhanced the photo
catalytic performance reaction. (Zhang, 2018) also reported the 
presence of multi-layer structures in the HRTEM image of TiO2/GO 
composites in Fig. 12. From Fig. 12a and 12b, there was a clear obser
vation of graphene oxide on the special layered surface. While in 
Fig. 12c, there is similar morphology and size between TiO2 and GO and 
in Fig. 12d, it was noticed that TiO2 has a poly-crystalline structure. The 
edge of GO sheets was occupied with most of TiO2 nanoparticles as 
shown in Fig. 12e-f. These revealed 0.35 nm as the lattice fringe, which 
corresponds to the anatase TiO2 lattice spacing of the (101) plane. It is 
obvious that graphene oxide barely affects the crystalline and 
morphology pattern of TiO2. 

Shan et al., (Shan, 2017) reported SEM micrograph of GO and 
modified GO and found that GO consists of randomly thin, aggregated 
and crumpled sheet while modified graphene oxide (S-type of GOF and 
C-type of GOF) clearly indicate surface alterations in the form of porous, 
rough, and irregular surface. However, compared with S-type of GOF, 
the surface of C-type of GOF was smooth and layered structure than the 
S-type of GOF surface. (Zhang, 2018) also investigated the HRSEM im
ages of TiO2/graphene oxide nanocomposites shown in Fig. 13. In 
Fig. 13a, it was observed that the shape of GO is irregular with a thin 
layered structure. While in Fig. 13c and 13c, it was revealed that the 

Fig. 13. SEM image of graphene oxide (a) TiO2 (b) and TiO2/graphene oxide nanocomposite (c & d) (Zhang, 2018).  
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layer of GO curled and the well dispersed TiO2 were anchored on the 
graphene oxide planes. 

5.6. BET analysis of graphene oxide based nanocomposites 

The porous structure and surface area of GO based nanocomposites 
can also be examined using BET technique. The specific surface area of 
the GO based nanocomposites which include irregular structure and 
pore wall of a particle is determined at an atomic level via adsorption of 
an unreactive gas. Most solid and gases (that is the catalyst) interaction 
is always weak where the solid material are cooled using a cryogenic 
liquid. The temperatures of the graphene oxide based nanocomposites 
are constantly kept or through the condition of isothermal while the 
concentration or pressure of the adsorbing gas is increased. Zhang et al., 
(Zhang, 2018), also reported the N2 adsorption/desorption isotherm and 
BJH pore size distribution of TiO2/graphene oxide nanocomposite and it 
was found to exhibit type IV characteristics of a mesoporous material. 
While the major pore size distribution ranges between 2 and 7 nm with a 
peak about 5.24 nm. Its surface area was also reported to be 128.41 
m2g− 1 which is greater than a pure TiO2 of 59.51 m2g1. Hence, the larger 
the surface area, the more the photogenerated electrons and holes and 
the greater the photocatalytic degradation efficiency. Kashinath et al., 
(Kashinath et al., 2017), observed type IV adsorption isotherm for gra
phene oxide and graphene oxide doped with ZnS possess micro-porous 
nature. The BET result of ZnS-RGO composite confirmed the formation 
of mesoporous materials. The distribution curve of pore-size from the 
isotherm reveals pores value less than 3 nm in the samples. These pores 
presumably arise from the spaces among the nanoparticles. The specific 
surface area of 20.92 m2/g was obtained for ZnS-rGO composites which 
was higher than 2.24 m2/g of the pure ZnS nanospheres. It was observed 
that the data can be attributed to the incorporation of reduced graphene 
oxide with large area of surface which increased adsorption of reactants 
through the provision more surface active sites. It was further explained 
through Fig. 14. 

5.7. Thermogravimetric analysis of graphene oxide based nanocomposites 

Thermogravimetry (TGA) is a widely used method for determining 
the thermal stability, composition of organic, inorganic, and synthetic 
materials (Gerassimidou, 2020). Thermogavimetric analysis refers to 
the measuring of weight loss during a temperature or heating process 
that is set by the user. The TGA Thermostep is a thermogravimetric 

analyzer that determines different parameters such as moisture, vola
tiles, and ash in a single examination at user-defined temperatures and 
atmospheres (see Fig. 15) (Alacoque, 2018). This can simultaneously 
analyze up to 19 samples with a sample weight of up to 5 g at temper
atures up to 1000 ◦C. The handling of crucible coverings is a unique 
feature of the TGA Thermostep. During analysis, the thermogravimetric 
analyzer can install and remove the crucible lids (Nikitin, 2021). This 
property, for example, enables for the precise assessment of coal’s vol
atile content. Several researchers have analysed graphene oxide based 
nanocomposites using thermogravimetric analysis. Fan (Fan, 2019) re
ported that the addition of the proper content of graphene oxide 
modified with fluorinated-diol (GOFO) enhanced the performance of 
epoxy resin. It was further explained that the epoxy composite tensile 
and flexural modulus increased by 12.52 % and 62. 85 % respectively 
with 0.5 wt% GOFO loading. Epoxy composite with 0.3 wt% GOFO 
shows high thermal stability. The T5%, T50%, and Tdec were 13 ◦C, 15 ◦C, 
and 13 ◦C, respectively, higher than pure epoxy. 

5.8. Raman spectroscopy analysis of graphene oxide based 
nanocomposites 

Raman spectroscopy is a tool for studying molecular bonding in 
materials that is extremely sensitive to structural changes (Shao and 
Zenobi, 2019). Another scattering approach is used, except the photons 
from a laser source, typically in the infrared to UV wavelengths (Kumar, 
2020). A small percentage of the incident photons undergo Raman 
scattering, loses energy when the sample’s vibrational modes are excited 
(Kumar, 2020). A spectrum is created by detecting scattered photons. In 
comparison to the other techniques discussed here, Raman spectroscopy 
often offers a significantly greater depth of investigation. However, the 
additional information received is particularly important for compre
hending both polymers and nanomaterials, such as graphene oxide and 
carbon nanotubes, where the depth scales correlate well. Several re
searchers have employed the application of Raman spectroscopy anal
ysis of graphene oxide based nanocomposites. Sharma et al., (Sharma, 
2019), discussed Raman spectroscopy analysis of graphene oxide and L- 
Glutathione-reduced graphene oxide to give information about the 
structural disorders, crystallization, defects and quality of carbon ma
terials during oxidation and then reduction of the samples. It was also 
reported that the D band of GO is at 1344 cm− 1 which associated with 
the disorder due to oxygen moieties and G band at 1595 cm− 1 due to C – 
C stretching while a peak of 2697 cm− 1 in L-glutathione-reduced 

Fig. 14. N2 adsorption/desorption of N2 gas (a). Graphene oxide. (b). ZnS- 
rGraphene oxide nanocomposites (Kashinath et al., 2017). Fig. 15. TGA curves of graphene oxide based nanocomposites under N2.  
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graphene oxide affirmed the presence of graphene oxide structure by 
corresponding to 2D band as shown in Fig. 16. 

6. Application of graphene oxide based nanocomposites in 
advanced oxidation process. 

The use of advanced oxidation processes (AOPs) have been widely 
employed for the treatment of water and wastewater based on the uti
lization of free reactive species like hydroxyl radicals, ozone, superoxide 
to degrade organic pollutants in the water system to less toxic minerals 
(Miklos, 2018). The radical commonly employed in advanced oxidation 
is hydroxyl which is one of the most powerful agents with oxidizing 
potential (E◦)(⋅OH/H2O) of 2.8 V after fluorine (Ighalo, 2021). Hydroxyls 
radical always attack the organic compound at the time of generation 
which causes the degradation of compounds through hydroxylation, 
dehydrogenation and redox reaction (Miklos, 2018). The following are 
the examples of advanced organic processes used for degradation of one 
or more organic compounds in aqueous medium; Fenton (Zhang, 2019), 
electro-Fenton (Akyol, 2019), photo- Fenton (Garcia-Muñoz, 2020), 
sono-Fenton (Xu, 2020), photoelectro-Fenton (Alcaide, 2020), 

ozonation (Tanatti, 2019), photocatalysis (Dutta, 2017) among others 
used for mineralization of various pollutants. This session will focus on 
photocatalysis and photo-Fenton. 

In recent time, due to the similarity of AOPs of sulfate radical and 
hydroxyl radical, sulfate radical has received much attention (Soltani 
and Lee, 2017). Sulfate radical has oxidation potential of 2.1 V which is 
of similar with that of hydroxyl radicals; common precursors are per
sulfate and peroxymonosulfate ions in aqueous medium which is soluble 
and stable in aqueous medium. These precursors generated sulfate when 
ultrasound, heat, UV light are present as activated agents (Nidheesh and 
Rajan, 2016). Recently, articles were published on graphene-oxide 
based materials application in AOPs for the treatment of water and 
wastewater (Zubir, 2015). Graphene oxide-supported AOPs application 
for the mineralization of organic pollutants is based on the fact that 
graphene oxide has a large surface area, higher mobility as charge car
rier and chemical stability among others which improved the efficiency 
of the AOPs (Deng and Zhao, 2015). Therefore, graphene oxide based 
nanocomposites has become a highly interested research area in AOPs 
for the treatment of water and wastewater. Fig. 17 shows various 
advanced oxidation process supported by GO based materials. 

6.1. Photocatalysis 

Fujishima and Honda had earlier published an article on splitting of 
water (Fujishima and Honda, 1972) and since then researchers have 
explored different semiconductor photocatalysts for wastewater treat
ment. For instance, TiO2 particularly (rutile and anatase phase) was 
utilized for cyanide ion photocatalysis (Frank and Bard, 1977). TiO2 has 
been widely used as photocatalyts due to its peculiar properties such as 
excellent photoactivity, good chemical and biological stability, non- 
toxic, low cost, super-hydrophilicity amongst others (Norhayati, 
2016). Other metal oxides such as Fe2O3, WO3, ZnO among others and 
their combination have been widely applied in the field of photo
catalysis for the treatment of water and wastewater (Solis-Casados, 
2018). However, there have been several challenges associated with 
metal oxide photocatalyst such as TiO2 with wide band gap of>3 eV 
which will require high energetic UV irradiation for activation (Zhang, 
2017). Other shortcomings include high agglomeration tendency, poor 
stability of the active charge carriers due to high rate of recombination, 

Fig. 16. Raman Spectra of GO and L-Glu-rGO.  

Fig. 17. Different types of advanced oxidation process (Gopal, 2020).  
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Table 2 
A brief summary of research studies on photocatalytic degradation using graphene oxide based nanocomposites.  

Nanocomposites Reaction conditions/Pollutants Research findings Research gaps References 

magnetic-GO/Ce/TiO2 

(MCT) 
Tetracycline (TC), 300 W Xe lamp, 25 mg/ 
L of initial concentration, 60 min, 
precursor: 50 
mL of Tetrabutyl titanate, Ce(NO3)3 and 
16 mL of isopropanol.  

− 82.9% removal of TC 
-facile method was used to prepare MCT 
hybridized composite. 
-It exhibited good adsorption capacity, 
magnetic separability and high visible-light 
photoactive photocatalyst in breaking down 
of TC. 

-Different light source was not 
investigated on the photocatalytic 
activities and the synthesis was not 
through green synthesis 

(Cao, 2016)  

Graphene/TiO2/ZSM-5 Oxytetracycline (OTC). 300 W visible 
lamps (light intensity: 1385 W/m2), 30 
min, precursors: Titanium dioxide, 
graphene and Zeolite. 

− 100% complete degradation was achieved 
at 180 min 
-The bio-toxicity of the degraded 
intermediates of OTC. 

-The recycleability of the 
nanocomposite was not studied 
synthesis 

(Hu, 2016)    

Graphene sand composite 
and chitosan supported 
BiOCl 

Ampicillin (AP) and Oxytetracycline 
(OTC) 
260 and 350 
nm respectively, 25–35 ◦C. precursors: 1.0 
g of sugar 
cubes, 0.5 g of sand, 1 g of BiCl3. 

− 90.0% degradation was removed at 120 
min. 
-simultaneous adsorption and photocatalysis 
has synergistic effect on process. 
-Complete photo-mineralization of antibiotics 
was attainted under solar light 

- Biotoxicity was not analysis.   (Priya, 2016)        

Bi2O3/BiOCl supported 
on graphene sand 
composite and chitosan 

Oxytetracycline (OTC) and Ampicillin 
(AP) 260 and 
350 nm respectively, 25–35 ◦C. precursors: 
1 g of BiCl3, 50 mL of KBH4 (5.0 × 10-3 

mol/dm3), 1.0 g of sugar 
cubes, 0.5 g of sand.   

− 95.0% of AP was removed in 60 min 
-Antibiotics were completely mineralized 
under solar light 

-Different light sources were not 
investigated on the photocatalytic 
activities.   

(Priya, 2016)    

Surface modification of 
graphene oxide by 
goethite (GOF) 

Tylosin (TYL) 
xenon long-arc lamp is 300–800 nm, 3 h, 
0.45 μm membrane filter, detection limit 
10 μg/L. precursors: 
5 M KOH, 0.5 M of Fe(NO3)3. 

-Graphene oxide and goethite complex were 
synthesized by hydrothermal and in situ 
synthesis method 
-The degradation efficiency of TYL achieved 
at 84 % for 120 mins.  

- Biotoxicity was not analysis. 
-recycle of the nanocomposite was 
not checked 

(Shan, 2017)   

Cobalt promoted TiO2/ 
GO (CTG) 

Oxytetracycline (OTC) and Congo Red 
(CR) 
300 W Xe solar simulator, 6000 rpm, 15 
min, 100 mW/cm2. Precursors: 0.4 mol 
cobalt 
Nitrate, 50 mL deionized H2O, 50 mL 
solution of 0.013 mol titanium 
isopropoxide. 

− 91.0 % of the pollutants were removed at 
90 min. 
-Titania derived nanocomposite prepared 
through hydrothermal and sol–gel routes 
revealed excellent performance for the 
photocatalytic degradation of two important 
exemplar water pollutants; OTC and CR 

-Synthesis procedure was not 
through green synthesis 
-recycle of the nanocomposite was 
not checked 

(Jo, 2017)     

3D ZnS-RGO Norfloxacin (NOR), 300 W Hg vapor lamp, 
4000 rpm for 5 min, wavelength of 272 
nm, 
0.22 μm membrane filter. Precursors: 2 g 
of graphite, 0.26 g ZnCl2 and 0.3 g 
thiourea,  

− 92.0% of the pollutant was removed in 4 h 
-The ZnS-rGO composites are synthesis via 
facile hydrothermal. 
-The ZnS-rGO composites revealed excellent 
photocatalytic performance for degradation 
of NOR degradation. 

- Biotoxicity was not analysis. 
-recycle of the nanocomposite was 
not checked 

(Bai, 2017)     

ZnO-GO/NC  Ciprofloxacin hydrochloride (CF), 100 
Mw/cm2, 90 min, 266 nm, precursors: 
0.01 M zinc 
acetate dehydrate, graphite powder, 
cellulose. 

− 98.0% of the pollutant was degraded 
-The reusability of ZnO-GO/NC after five 
consecutive cycles indicated it to be a 
potential candidate for the degradation and 
removal of CF. 

- Biotoxicity was not analysis. 
-recycle of the nanocomposite was 
not checked.  

(Anirudhan and 
Deepa, 2017)   

MOF/GO Amoxicillin 
300 W Xe lamp, 420 nm cut-off filter, 
25 ◦C, pH 3, flow rate of 1 mL/min. 
precursors: 1.92 mmol of In(NO3)3⋅xH2O 
and 0.645 mmol of BDC-NH2. 

-The MIL-68(In)–NH2/GrO composite 
photocatalyst was prepared via a sample 
solvothermal method 
− 80 % TOC removal and 93 % degradation 

-The author did not investigate 
band energy and effect of different 
light sources. 

(Yang, 2017)   

Graphene-based 
TiO2 composite 

Antibiotic-resistant bacteria, Antibiotics, 
pilot unit 10 m3d− 1 

, 100 m2, 0.4 μm, 9 h, range of pH 5.2–6.2, 
500 rpm. Precursors: Clarithromycin, 
erythromycin, sulfamethoxazole, 
tetrabutyl titanate and graphite powder. 

-Complete bacterial inactivation was 
observed after 120 min of treatment. 
-There was no E. coli re-growth observed after 
180 min. 

- Real effluent was not use in 
degradation analysis and green 
synthesis was not use in synthesis 
of TiO2 

(Karaolia, 
2018)  

N-doped TiO2/reduced 
graphene oxide 

Tetracycline hydrochloride (TC), 300 W 
Xe-arc lamp with a 400 nm cutoff filter, 30 
min. precursors: 5 
ml acetic acid, 12 mL tetrabutyl titanate 
and graphite powder.  

− 98.0% removal of TC in 60 min. 
-photo-reduction method to prepared N-TiO2/ 
rGO 
-N-TiO2/rGO composite exhanced visible- 
light photocatalytic activity 

-Different light sources were not 
investigated on the photocatalytic 
activities.   

(Tang et al., 
2018)   

RGO-ZnTe Tetracycline (TC), AM 1.5, 100 mW/cm2, 
1 h, precursors: graphite powder, 
zinc acetate dehydrate and 
Sodium tellurite. 

-RGO-ZnTe was synthesis by a single pot one 
step solvothermal process 
− 65.0% removal of TC. 

-The author did not investigate 
band energy and different light 
sources 

(Chakraborty 
et al., 2018)  

(continued on next page) 
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difficulty of recovery process after utilization for wastewater treatment 
(Pan, 2020). In order to enhance the semiconductor efficiency, several 
approaches have been adopted such as doping with non-metal or metal 
ions, amalgamation of metal oxide with electron scavenging agents, 
coupling, composite formation and even modification of the surface by 
chemical or physical routes (Ighalo, 2021). These modification strate
gies will greatly reduce the band gap and extend the photocatalytic 
response in the visible region of the solar spectrum (Bhanvase et al., 
2017). Among these several routes, formation of composite using 
carbonaceous material have been majorly drawn attention in the recent 
time due to its semi metallic properties and ability to lower band gap of 
metal oxide (Ashouri, 2019). 

Additionally, Graphene oxide which belongs to carbonaceous ma
terial has been used a dopant due to its hydrophilic groups such as 
carboxylic, epoxide, and hydroxyl groups on its surface through gra
phene (Ray, 2015). Graphene oxide can absorb pollutants and form 
stable complexes, causing difficulties for the separation and recovery of 
due its hydrophilic nature (Kumar and Jiang, 2017). To control these 
separation difficulties, magnetic functionalization of GO has been pro
posed as an alternative solution (Pu, 2018). Some studies have been 
done on development of magnetic GO composites for effective applica
tions, such as treatment of water, drug delivery, and energy storage 
(Chowdhury and Balasubramanian, 2014). Therefore, Graphene oxide 
based nanocomposites is expected to have a high surface area and 
reduced agglomeration of metal oxide due to their weak van der Waals 
forces (Khan, 2015). Researchers have considered coupling of two or 
more metal oxides as a viable approach for the enhancement of catalytic 
activity during degradation of organic pollutants. For instance, Tayel 
et al., (Tayel et al., 2018), found that loading graphene oxide over ti
tanium dioxide, enhanced the titanium dioxide catalytic activity by 1.2 
factor (Tayel et al., 2018). The enhancement of titanium dioxide pho
tocatalytic activity was primarily due to the Graphene oxide electron 
accepting and transporting properties (Zheng, 2013). The electrons 
accepted by Graphene oxide was generated on the titanium dioxide 
surface in the presence of light and causes electron-hole recombination 
reduction which enhanced more active holes production (Ajala, 2022). 
The second reason behind the TiO2 photocatalytic activity enhancement 
was linked to the band gap width reduction of TiO2 upon graphene oxide 
addition. This band gap reduction enables the photocatalyst to produce 

the radicals even at longer wavelengths. For this enhancement, the 
graphene oxide concentration is also an important parameter. At lower 
GO concentrations, TiO2 were uniformly distributed over graphene 
oxide surface and enhanced the photocatalytic activity. On the contrary, 
at higher GO concentrations, aggregation of photocatalyst occurs, which 
reduced the catalyst efficiency due to increase in mass transfer re
strictions. Cao et al., (Cao, 2016) reported photocatalytic degradation of 
tetracycline using magnetic-GO/Ce/TiO2 and found that 82.9 % of 
tetracycline was degraded. Also, Priya et al., (Priya, 2016) reported 
photocatalytic degradation of ampicillin and oxytetracycline by Bi2O3/ 
BiOCl supported on chitosan and graphene sand composite and it was 
revealed that 95 % removal of ampicillin was achieved in 60 min 
through solar light. Other previous studies on the photocatalytic 
behaviour of GO based nanocomposites are summarized in Table 2. 

From table 2, different graphene oxide based nanomaterials has been 
synthesised via doping, coupling among other for formation of photo
catalyst. These photocatalyst has been reported to be highly efficient 
with minimum of 90 % degradation of any kind of organic compound 
pollutants. However, several parameters such as band gap energy, bio
toxicity analysis and recycle of the nanomaterials among others were 
not studied. Toxicity test of the treated water should be given utmost 
priority. 

6.2. Photo-Fenton process 

This is an AOPs which involves the combination of hydrogen 
peroxide and iron ions with ultraviolet radiation to generate hydroxyl 
radicals and further increase the rate of degradation of organic pollut
ants (Wu, 2021). It has been established that the presence of light 
improved the performance of the Fenton oxidation based on the increase 
concentration of hydroxyl radicals produced by hydrogen peroxide 
decomposition (Xavier, 2016). Graphene related based materials such as 
Graphene, GO, rGO categorized as heterogeneous catalyst have applied 
in photo-Fenton system to improve the overall performance of the 
catalyst (Xie, 2020). The following graphene related based materials 
have been employed in photo-Fenton process; α-FeOOH/rGO (Lin, 
2019), ZnFe2O4/rGO (Gopi, 2020), amorphous FePO4/graphene oxide 
(Lu, 2016) and α-Fe2O3/GO (Liu, 2017) among others to improve the 
performance in the catalysis mechanism. Apart of the performance in 

Table 2 (continued ) 

Nanocomposites Reaction conditions/Pollutants Research findings Research gaps References   

BiVO4 /N-rGO Metronidazole (MD), 500 W of tungsten 
lamp, 30 min, λ > 420 nm. Precursors: 50 
mg GO, Bi(NO3)3⋅5H2O and NH4VO3. 

-Nitrogen doped rGO/BiVO4 composite 
catalyst was synthesized in a single step. 
− 95.0% of MD was degraded within 240 min. 

- Biotoxicity was not analysis. 
-recycle of the nanocomposite was 
not checked 

(Appavu, 2018)    

BiOCl-Bi24O31Cl10/rGO Fluoroquinolone (FQ), 
400 W halogen lamp, wavelength 315 nm, 
120 min. precursors: flake graphite 
powder and bismuth nitrate pentahydrate  

-Sono-solvothermal method was used 
prepared the nanocomposites. 
− 90.0% removal of FQ 

-Different light sources were not 
investigated on the photocatalytic 
activities.   

(Shabani, 2019)   

TiO2/nitrogen doped 
holey graphene 

Cefixime (CF), wavelength range 200 to 
800 nm, 3500 rpm, 30 min, ʎmax 287.5 nm, 
precursor: 2g flake graphite and 1g 
NaNO3, 2g of urea. 

- The photocatalytic degradation was studied 
under sun light radiation. 
− 92.3% of CF was degraded for 90 min 

-proper optimization study to 
investigate the effect of stirring 
speed and different calcined 
temperature were not investigated 

(Shaniba, 2020)  

ZnO-CdO-RGO Bisphenol A (BPA), Thymol blue (ThB) and 
Ciprofloxacin (CFn). UV light irradiation, 

98.5 %, 98.38 % and 99.28 % of BPA, ThB and 
CFn were degraded for 180 min, 120 min and 
75 min respectively. The synthesis approach 
is simple refluxing method 

The band energy and different 
light sources were not examined 

(Kumar et al., 
2022) 

ZnO-CdS-RGO Hexavalent chromium (Cr (VI)). The 
nanocomposite was optimized. Room 
temperature. 

93.2 % of Cr(VI) was degraded after five 
cycles of uses. 

The synthesis approach is not 
green synthesis and different 
calcined temperature were not 
investigated 

(Zhao, 2022) 

ZnO-rGO Methylene blue (MB). The GO was 
synthesis by hammer and offeman process 
using 1:1. 

99 % degradation of MB in 60 min. 36.1 kJ/ 
mol and 13.1 kJ/mol were calculated as the 
apparent and true activation energy 
respectively. 

- Biotoxicity was not analysis. 
-recycle of the nanocomposite was 
not checked. 

(Nisar, 2022)  
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catalysis mechanism, graphene oxide also improves performance of the 
Photo-Fenton process by generation of hydroxyl radical. For instance, 
Gopi et al., (Gopi, 2020) established that hydroxyl radicals were 
generated by two ways either through Photo-Fenton or Photocatalytic 
reactions. The authors further explained that on the surface of ZnFe2O4, 
the light energy generated hole-electron pairs and the graphene oxide 
received the generated electrons and negative charge. Through this 
charge, graphene oxide activated the hydrogen peroxide to generate 
hydroxyl radicals in the photo-Fenton system. The generation of hy
droxyl radicals is referred to as photocatalytic method while electron 
photo-generation reacts with different type of ferrous ions and further 
with hydrogen peroxide to produce hydroxyl radicals. For instance, Yu 
et al., (Yu, 2016) investigated the photo-fenton potentials of Fe3O4-GO 
for degradation of phenol and found that the synthesized nano
composites exhibited high catalytic activity after five cycles. Also, Liu 
et al., (Liu, 2017) reported hydrothermal synthesis of α-fe2O3/GO for the 
photo-fenton breakdown of methylene blue and revealed 98 % removal 
of the Methylene blue. Other previous studies on the photo-fenton 
behaviour of GO based nanocomposites are summarized in Table 3. 

From table 3, different Fe ions have been coupled with graphene 
oxide as photo-fenton agents of higher efficiency in the degradation of 
several organic pollutants. There are others factors which were not 
examined in most research especially biotoxicity analysis, different light 
sources and recyclability potentials of the nanomaterials among others. 

7. Application of graphene oxide based nanocomposites in 
hybrid advanced oxidation process. 

Graphene oxide based nanocomposites have been widely studied due 
to its improvement in hybrid AOPs (Muruganandham, 2014). Hybrid 
AOPs is a technique which combined two types of advanced oxidation 
process for degradation of inorganic and organic pollutants in water and 
wastewater treatment (Kumar et al., 2020). The following are the types 
of hybrid advanced oxidation process with graphene oxide based 
nanocomposites; Photoelectrocatalysis (Pan, 2020), Photocatalytic 
ozonation (Chávez et al., 2020), Sonophotocatalysis (Chakma, 2020) 
and combination of photocatalysis and photo-Fenton among others. 
Photoelectrocatalysis is the combination of electrocatalysis and photo
catalysis for degradation of various organic and inorganic pollutants 
(Pan, 2020). Generally, photoelectrocatalysis system consists of photo
catalysts as an anode material exposed to light source (UV light or sun 
light) for effective degradation of pollutants in the aqueous medium. 
Photoelectrocatalysis is more advantageous than photocatalysis due to 
easy separation of holes and electrons in the present of an electrical 
charges (Pan, 2020). Graphene oxide based nanocomposites has been 
employed in photoelectrocatalysis as working electrode and it was found 
that degradation efficiency of the combined system greatly improved 
compared to individual system. For instance, Yuan et al., (Yuan, 2018) 
synthesized ternary polyaniline-GO/TiO2 hybrid films and applied as 
photoanode in the photoelectrocatalytic for water reduction. Compared 

Table 3 
A brief summary of research studies on photo-fenton degradation using graphene oxide based nanocomposites.  

Nanocomposites Pollutants/ reaction conditions Research findings Research gaps References 

Fe3O4-GO Phenol/pH 5.0, 14,000 rpm, 500 W xenon lamp, 
100 mW/cm2, 30 min. Precursors: 1.0 g of 
powdered graphite flakes, 0.5 g of sodium nitrate, 
2.0 mmol of FeCl2⋅4H2O 
and 4.0 mmol of FeCl3⋅6H2O. 

-It was observed that Fe3O4-GO showed high 
catalytic activity after five cycles 
-the enhanced catalytic activity is attributed 
to the synergetic effect of GO and Fe3O4 

-The author did not investigate the 
hybrid AOPs of photocatalytic 
activities.   

(Yu, 2016)    

Zn-doped Fe3O4 Rhodamine B (RhB) and Cephalexin/350 W of Xe 
lamp with a λ > 420 nm cutoff filter, 5000 rpm, 5 
min, precursor: 1.08 g of FeCl3⋅6H2O and 0.272 g 
of ZnCl2 and 2.312 g of amoniacetate. 

-It involves irradiation of visible light. 
-Easy separation and reuseability through 
external magnetic field 
− 97% of RhB and about 90% of cephalexin 
were degraded for 60 mins and 180 mins. And 
only18% removal of cephalexin and 26 % 
removal of RhB through the pure Fe3O4  

-Different light sources were not 
investigated on the photocatalytic 
activities.   

(Nguyen 
et al., 2017)    

α-Fe2O3/GO  Methylene Blue(MB)/ 100 W high-pressure 
mercury lamp with a main wavelength of 365 nm, 
1.4 mW/cm2, 20 ◦C. Precursors 0.1 g GO, 4.04 g of 
Fe(NO3)3⋅9H2O and 2.4 g of urea 

-it was synthesis via facile hydrolysis method 
-Toxicity of MB was reduced after 
photocatalytic degradation.  

-recycle of the nanocomposite was 
not checked 

(Liu, 2017)   

Fe3O4-Mn3O4/rGO Sulfamethazine/ 
40 mL of SMT solution, 160 rmp, 0.22 μm, flow 
rate 1 mL/min, 30 ◦C, 275 nm. Precursors: 
diethyleneglycol, Mn(CH3COO)2⋅4H2O, 
FeSO4⋅7H2O and Fe2(SO4)3. 

-The removal efficiency of SMT was about 98 
% at optimal conditions.   

-Biotoxicity was not investigated. (Wan and 
Wang, 2017) 

Ag/AgCl/Fh Bis-Phenol (BPA)/ 
A 5 W LED lamp (148.5 mW/cm2), pH 3, 0.22 μm 
membrane filters. Precursors: 30 mL of NaOH (4 
mol/L) and 50 mL of Fe (NO3)3⋅9H2O (1 mol/L). 

-The degradation rate constant of BPA over 6 
% Ag/AgCl/Fh nearly about 5.1 times as high 
as thst of pure Fh 

-Real effluent was not use in 
degradation analysis   

(Zhu, 2018)   

CdS/rGO/Fe2+ Phenol / 300 W of xenon lamp irradiation (λ >
420 nm) for 1 h. Precursors: 1.0 g of NaNO3, 2.0 g 
of graphite powder, 0.1583 g of thiourea and 
0.1589 g of cadmium acetate. 

-The degradation efficiency was high for 
phenol. 
-Photo-Fenton reaction was efficiency 
performed and stably at natural pH 

-proper optimization study to 
investigate the effect of stirring 
speed and different calcined 
temperature were not investigated 

(Jiang, 2019)     

Activated Carbon/ 
CoFe2O4 

Reactive Dye/ 
pH range 2–11, 400 rpm, 30-W (UV-C) mercury 
lamp, 10–100 min, initial dyes concentration 
5–100 mg/L, 21 ± 1 ◦C 
Precursors: FeCl3⋅6H2O, CoCl2⋅6H2O and 
activated charcoal. 

− 100 % and 98 % removal rates were 
achieved for reactive red 198 and COD 
respectively   

-The study revealed that effect of 
stirring speed, time and solution pH 
was not investigated on the particle 
size formed 

(Heidari, 
2019)   

NGO-Fe3O4 Norfloxacin (NOR). The nanocomposite was 
synthesis using hydrothermal-co-precipitation 
methods. 

− 100 % of NOR was degraded within 13 min. 
The nanocomposite showed stable catalytic 
activity in recycling. 

-Different light sources were not 
investigated on the photocatalytic 
activities. 

(Wu, 2022) 

FeWO4/Bi2MoO6 Tetracycline antibiotic (TA) and methylene blue 
(MB). The catalyst dose of 30 mg/50 mL spiked 
with 20 µL of H2O2 (30 % v/v). 

97% degradation of TA and 99 %degradation 
of MB within 90 min. 

-Biotoxicity was not investigated. (Kumar and 
Dutta, 2022)  
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with pristine titanium oxide electrode, it was observed that the ternary 
hybrid films of GO, titanium oxide and polyaniline layer exhibited better 
photoelectrocatalysis activity and generated higher rate of hydrogen 
compared to most reported titanium oxide based nanophotoctalyst. The 
mechanism of Photoelectrocatalysis analysis insinuated occurrence of 
charge transfer efficiency at the polyaniline - graphene oxide – titanium 
oxide interface due to the potentials band matched. Polyaniline served 
as both transporter and electron collector and counter electrode readily 
received the electrons to reduce water into H2 under certain bias 
voltage. In addition, the data from other studies suggested that the used 
of electrolyte played a vital role in photoelectrocatalysis reduction of 
water (Ajala, 2022). 

Catalytic ozonation (combination of ozonation and photocatalytic 
ozonation) have been proved to overcome several disadvantage of 
process of ozonation such as energy requirement and high operational 
cost. Heidarizad and Şengör (Heidarizad and Şengör, 2017. 2017.) re
ported catalytic ozonation as a potential AOPs for degradation of pol
lutants from wastewater. The data revealed that the catalytic ozonation 
significantly enhanced phenol mineralization compared to ozonation in 
the absence of catalyst. Also, Heidari et al., (Heidari, 2019) found that 
the modified GO/MgO demonstrated high rate of adsorption of methy
lene blue. 

Sonochemical method is an innovative method involving application 
of ultrasound for the degradation of organic pollutants in water and 
wastewater (Govindasamy, 2019). The phenomenon created from the 
application of ultrasound is referred to as acoustic cavitation which 
caused the degradation of organic pollutants via bond breakage at high 

pressure and temperature (Govindasamy, 2019). The generated radicals 
via ultrasound dissociated the water and other organic pollutants. The 
used of graphene oxide related materials in sonochemical treatment of 
water and wastewater is limited to the catalyst modification. GO was 
employed to serve as a supporting material for heterogeneous and ho
mogeneous catalysts. The support provided by graphene materials 
improved the efficiency of the processes of sonochemical. Other previ
ous studies on different hybrid advanced oxidation process were sum
marised in Table 4. 

8. Conclusion and future perspective 

This review summarized different properties, preparation and 
structural characterization of GO nanostructured materials for degra
dation of organic, pollutants in wastewater. GO nanostructured mate
rials have been successfully used for the mitigation of prominent 
pollutants based on the mechanism of electrostatic interaction, p – p 
interaction, hydrophobic interaction and hydrogen bonding. Although, 
graphene oxide based nanocomposites have numerous benefits, it is 
difficult to regenerate after usage and can lead to secondary potential 
pollutants when release in the environment. Hence, the need to develop 
green synthesis approach or magnetic ternary graphene oxide based 
nanocomposites for future research to solve the problem of environ
mental pollution and high cost of associated with the catalysts. Since 
instability of graphene oxide based nanocomposites can be threaten to 
our environment. There is a great need to ascertain the stability of any 
graphene oxide based nanocomposites before used and control its 

Table 4 
A brief summary of research studies on hybrid advanced oxidation process using graphene oxide based nanocomposites.  

Hybrid Advanced 
Oxidation Processes 

Titania-GO based 
nanocomposites 

Pollutants/Reaction conditions Research findings Research gap/ 
shortcomings 

References 

Sonocatalysis MIL-101(Cr)/RGO/ZnFe2O4 Congo Red(CR), Methylene blue 
(MB) and Rhodamine B (Rh. B)/ 
initial concentration of 25 mg/L, 
25 ◦C, 30 min. 
Precursors: graphene oxide (0.1 g), 
terephthalic acid (0.498 g) Cr 
(NO3)3⋅9H2O (1.2 g), ZnCl2⋅2H2O 
(0.28 g), and FeCl3⋅6H2O (1.08 g).  

99 % degradation of CR and over 
98 % of MB and Rh.B. 

-Real effluent was not 
use in degradation 
analysis   

(Nirumand, 
2018)   

Catalytic ozonation N-TiO2/Graphene/Au and N- 
TiO2/Graphene/Ag 

Diazinon (DZ) 
pH 4–9, Precursors: 0.25 g N-TiO2, 
0.08 g graphene, Au or Ag, 60 mL 
2-propanol, and 0.01 g magnesium 
nitrate. 

the degradation rate of DZ was 
nearly 100 % 

-Toxicity and 
recycleablility of the 
nanocomposite was not 
investigated   

(Ayoubi- 
Feiz et al., 
2019)   

Photoelectrocatalysis N-TiO2/Graphene/Au and N- 
TiO2/Graphene/Ag 

Diazinon (DZ) 
pH 4–9, Precursors: 0.25 g N-TiO2, 
0.08 g graphene, Au or Ag, 0.01 g 
magnesium nitrate and 60 mL 2- 
propanol. 

76.7 % degradation for N-TiO2/ 
G/Au and 81.1 % for N-TiO2/G/ 
Ag. 

-proper optimization 
study to investigate the 
effect of stirring speed 
and different calcined 
temperature were not 
investigated   

(Ayoubi- 
Feiz et al., 
2019)   

Sonophotocatalysis Au/B-TiO2/rGO Tetracycline (TC)/ Sonicator 
capacity 40KHz, 25 L, 300 W 
halogen lamp precursors: 104.41 
mg Boric acid, 133.02 mg Gold(III) 
chloride, GO. 

100 % Degradation of 
Tetracycline was achieved with 
1.3 folds synergistic effect when 
ultrasound coupled with 
photocatalysis in 1 h. 

-Biotoxicity of the 
nanocomposite was not 
investigated and the 
nanocomposite was not 
synthesis through green 
synthesis.   

(Vinesh 
et al., 2019)  

Photoelectrocatalysis/ 
filtration 

Poly (3, 4-ethylenedioxythio
phene) modified 
polyvinylidene fluoride 
membrane  

tetracycline hydrochloride (TCH) 
voltage of 3 V, visible light 
irradiation 
precursor: polyvinylidene fluoride, 
FeCl3⋅6H2O Poly (3, 4- 
ethylenedioxythiophene). 

The Results revealed that the 
photoelectrocatalytic removal of 
TCH was 1.6 and 7.9 times higher 
than that of photocatalysis and 
photolysis respectively.  

The stability tests and anti- 
interference in continuous 
filtration process also revealed 
that the dissolved organic matters 
were removed by 30 % in 
fluctuation on removal rate. 

-proper optimization 
study to investigate the 
effect of different 
parameters were not 
investigated   

(Liu et al., 
2019)  
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leakage into environment during water treatment. This can be achieved 
through immobilization of Graphene oxide based photocatalyst on 
suitable support like zeolites, glass, and stainless steel mesh among 
others. Hybrid AOPs are more beneficial and offer several advantages 
than the individual AOPs in the area of wastewater treatment. Graphene 
and graphene oxide derivatives should be prepared through simple and 
low cost environmentally friendly technique and should be applied to 
solve energy related crises. 
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