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A B S T R A C T   

Water pollution caused by human activities is a monumental problem that the world is facing today. The use of 
polluted water for domestic, industrial, and agricultural applications creates severe hazardous issues. Therefore, 
decontamination of polluted water is greatly important. The advanced oxidation process is preferred to purify 
contaminated water as the pollutants are completely degraded to harmless products. TiO2 is the most widely 
researched photocatalyst due to its chemical stability, low cost and eco-friendliness. However, the use of TiO2 is 
limited as it is only sensitive to UV range due to its high band gap (3.0 eV for rutile) and the possible electron- 
hole pair recombination. TiO2 has been coupled with carbon-based materials to enhance photocatalytic activity 
by enhancing charge separation and visible light absorption. This review summarizes the recent use of TiO2 
coupled to activated carbon, carbon nanotubes, graphene derivatives, and g-C3N4 to degrade different pollutants 
found in water including dyes, pesticides, pharmaceuticals, phenols and heavy metals. The advantages and 
disadvantages of using each carbon-based material are discussed. Further, the challenges and opportunities 
associated with all the materials are presented. Finally, recommendations and possible future outlooks are 
briefed in this review.   

1. Introduction 

Water scarcity is a major problem that needs to be addressed with 
great importance as all living beings are immensely affected. Water 
contamination is mainly caused by rapid industrialization which re
leases many hazardous chemicals including but not limited to heavy 
metals (Chai et al., 2021), dyes (Thambiliyagodage, 2021), pesticides 
(Saleh et al., 2020), fertilizers (Xiaojing Zhang et al., 2021), pharma
ceuticals (Xiaojing Zhang et al., 2021). Mixing such chemicals into 
normal water reservoirs causes harmful effects as the pollutants are 
highly toxic, chemically stable, less biodegradable, and high recalci
trance, and hence they tend to accumulate in the environment (Rashid 
et al., 2021; Wong et al., 2019) Therefore, certainly they need to be 
removed from contaminated water. There are different techniques 
available for wastewater purification including physical methods such 
as adsorption (N. Cheng et al., 2021; Usgodaarachchi et al., 2021), 
coagulation/flocculation (Luo et al., 2019), membrane filtration (P. Li 
et al., 2021), nanofiltration (Cao et al., 2021), precipitation(M. Kumar 
et al., 2021), chemical methods like oxidation (D. Ma et al., 2021), and 
biological methods including remediation by microorganisms (P. 
Sharma et al. (2021a)) and enzymes (Al-Maqdi et al., 2021)etc. 

However, collectively these techniques possess different disadvantages 
including incomplete removal of the pollutants, concentration to 
another phase, especially in adsorption, precipitation and filtration, low 
efficiency and increased processing time, high cost associated with 
installation and running cost, low durability, high selectivity, produc
tion of toxic byproducts etc (Rashid et al., 2021; Wong et al., 2019). 
Among them, advanced oxidation has become an emerging widely 
applicable technique as it degrades the pollutants into harmless products 
completely. 

The advanced oxidation process involves a semiconductor that could 
be excited by light with an energy higher than its band gap to produce 
electrons and holes which lead to the production of radicals that degrade 
the pollutant molecules. The light source could be either UV light, 
visible light, UV-Visible light or simply sunlight which is a sustainable 
and renewable energy source. Widely researched semiconductors are 
metal oxides such as TiO2 (Paumo et al., 2021), ZnO (El Golli et al., 
2021), CeO2 (J. Hu et al., 2022), WO3 (M. Liao et al., 2021), SrTiO3 (Q. 
Zhou et al., 2022), metal sulfides like CdS (Devendran et al., 2022), ZnS 
(Xaba, 2021), WS2 (Barakat et al., 2022), Bi2S3(Tao et al., 2022) and 
even metal nitrides including Ta3N5 (Akter, Hanif, Islam, Sapkota, Lee, 
et al., 2021), Si3N4 (S. Wang et al., 2021)etc. Among them, TiO2 is the 
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most studied semiconductor due to its high stability, low cost and eco- 
friendliness (Gupta & Tripathi, 2011). The main drawback of using 
TiO2 as the semiconductor is its wide ban gap (rutile – 3.0 and anatase 
3.2 eV) where UV irradiation is required to excite an electron from the 
valence band (VB) to the conduction band (CB) (Hanaor & Sorrell, 2011; 
X. J. Yang et al., 2015). Various strategies have been implemented to 
increase the visible light absorption of TiO2. Narrowing of the band gap 
and hence the visible light sensitivity has been achieved by doping with 
metals like Fe (Thambiliyagodage & Mirihana, 2021), Cu (Mathew et al., 
2018), Mn (Prashad Ojha et al., 2020), Ag (T. Ali et al., 2018)etc., with 
non-metals such as N (J. Huang et al., 2021), C (Varnagiris et al., 2019), 
S (Piątkowska et al., 2021)etc. with both metals and non-metals 
including Fe-N (Thambiliyagodage & Usgodaarachchi, 2021), Cu-S 
(Haris et al., 2019) etc. Further, TiO2 has been coupled with other 
semiconductors such as WO3 (Balayeva et al., 2018), CuO (Edelmannová 
et al., 2018), and Fe2O3 (Fawzi Suleiman Khasawneh and Palaniandy, 
2021) etc. to improve the photocatalytic activity upon irradiation with 
the visible irradiation. Further, different strategies including hybridi
zation with narrow optical gap semiconductors, bandgap engineering, 
upconversion materials, plasmonic materials, and photosensitizers have 
been reported to enhance the near infra-red capture by TiO2 based 
photocatalysts increasing the overall solar spectrum utilization (L. Jiang 
et al., 2022). The main disadvantage of TiO2 coupling with the metal 
oxides is the requirement of proper band alignment. For example, type II 
band alignment favours the electron-hole pair separation while type I 
band alignment causes charge recombination(Thambiliyagodage, 
2021). TiO2 coupled with non-metal oxides have exhibited enhanced 
photocatalytic activity. 

In this review, we summarized the recently published research pa
pers on photocatalysis of TiO2 coupled with carbon-based materials 
including activated carbon, g-C3N4, carbon nanotubes, and graphene 
oxide, advantages and disadvantages associated with coupling with each 
material and the challenges and opportunities, research gaps, 

recommendations, and future perspectives. Here, we report the findings 
of recent research papers. Hence, we believe that this review article 
would be advantageous to all the readers who are researching photo
catalysis, semiconductors, environmental remediation, adsorption etc. 

2. TiO2/carbon-based materials 

2.1. UV/UV-visible active TiO2/Carbon-based materials 

2.1.1. TiO2/activated carbon (AC) 

2.1.1.1. Degradation of pollutants. The effect of an activating agent on 
the activation of carbon and such effect on photocatalytic activity was 
determined on photodegradation of acetaminophen (ACE) in the pres
ence of TiO2/AC(Manuel Peñas-Garzón et al., 2019). FeCl3, ZnCl2, 
H3PO4 and KOH have been used as the activating agents to activate 
lignin, maintaining the active agent to lignin mass ratio of 3:1 except 
with KOH where it was kept at 4:1. ZnCl2 and H3PO4 are known to 
activate carbon mainly via dehydration of lignin during the heat treat
ment. H3PO4 is a strong Bronsted acid that causes partial depolymer
ization of lignin followed by dehydration and condensation. ZnCl2 is a 
Lewis acid and the reaction with lignin is proton catalyzed resulting in 
dehydration and aromatization of the carbon skeleton (Caturla et al., 
1991). KOH reacts with lignin via oxidation and reduction reactions 
producing highly microporous carbon developed after oxidizing carbon 
to CO and CO2. A similar microporosity development has been observed 
with FeCl3 activation(Bedia et al., 2018). TiO2/AC was synthesized by 
solvothermal where the TiO2 to AC ratio was maintained at 4:1 and the 
respective heterostructures synthesised are denoted as TiO2/Fe-C, TiO2/ 
Zn-C, TiO2/P–C and TiO2/K-C. According to the SEM images particles 
of bare TiO2 and the heterostructures are spherical and as shown in the 
histograms (Fig. 1) particle size of the heterostructures are in the range 
of 0.24–0.28 µm and are lower than that of bare TiO2 (0.351 µm) 

Fig. 1. SEM images and particle size distribution of (a) TiO2 (b) TiO2/Fe-C (c)TiO2/Zn-C (d) TiO2/P–C and (e) TiO2/K-C. Figure adapted from ref.(Manuel Peñas- 
Garzón et al., 2019). 
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indicating that presence of AC inhibits the particle growth (Xiaojing 
Wang et al., 2009). The specific surface area of AC prepared by using 
KOH has shown the highest (1446 m2/g) while the least has resulted 
with carbon activated by FeCl3 (756 m2/g). TiO2/Zn-C exhibited the 
highest specific surface area (491 m2/g), while the lowest was obtained 
with TiO2/Fe-C (300 m2/g). It was observed that after 16 h of keeping 
the samples in dark, bare TiO2 showed the highest photocatalytic ac
tivity due to the easy accessibility and higher opacity created by the 
black-grey colour of the heterostructures. Among the heterostructures 
synthesized TiO2/Fe-C showed the highest photocatalytic activity due to 
the lowest band gap of this photocatalyst. TOC also supported the above 
observation that after 6 h of complete conversion of acetaminophen, 
bare TiO2 removed 59.4 % of TOC being the highest and TiO2/Fe-C 
removed 43.3 % TOC while the least % removal of TOC was obtained 
from TiO2/Zn-C. However, TiO2/Fe-C was able to settle faster than bare 
TiO2, suggesting that TiO2/Fe-C was easy to recover from the medium 
which is a key parameter used in selecting the best catalyst. Further, 
there was no significant reduction in the photocatalytic activity of TiO2/ 
Fe-C after four successive cycles. 

TiO2/AC composites synthesized by solvothermal (ST), microwave- 
assisted (MW), and sol–gel synthesis (SG) routes were evaluated for 
their photocatalytic activity on degradation of acetaminophen (ACE), 
ibuprofen (IBU) and anti-pyrine (ANT) under simulated solar light(M. 
Peñas-Garzón et al., 2020). AC has been prepared via the FeCl3 activa
tion pathway (Bedia et al., 2017, 2018; Zazo et al., 2012) where the 
mixture of lignin and FeCl3 was heat-treated at 800 ◦C in the N2 

atmosphere followed by leaching in HCl to remove the excess activating 
agent and then was rinsed with ultrapure water till pH become neutral. 
TiO2 and AC was mixed in a mass ratio of 4:1 to prepare the composite 
(Manuel Peñas-Garzón et al., 2019). TiO2 particles of anatase phase with 
mean particle sizes of 0.32, 0.27 and 0.24 µm, respectively, in TiO2/AC- 
SG, TiO2/AC-MW and TiO2/AC-ST were distributed on AC. Band gap 
values calculated by UV-Visible diffuse reflectance spectroscopy were 
3.28, 3.35, and 3.38 eV, while the specific surface areas of those com
posites were 130, 323, and 300 m2/g, respectively. Composites were 
kept in dark for 16 h to reach the adsorption-desorption equilibrium 
where the adsorption followed pseudo second-order kinetics. Though 
TiO2/AC-MW and TiO2/AC-ST showed similar activity in degradation of 
ACE, which was almost completed by 4 h, only a 50 % of reduction in the 
concentration of ACE was obtained by TiO2/AC-SG due to its low 
porosity and high particle size (Fig. 2(a)). Meanwhile, according to the 
percentage removal of TOC as shown in the inset of Fig. 2(a), the highest 
mineralization (47 %) has resulted in the presence of TiO2/AC-MW. As 
there were no significant changes in the intensity of the photo
luminescence spectra it is evident that the photocatalytic activity was 
predominantly affected by the structural and textural properties and not 
by a contribution of the charge recombination rate. TiO2/AC-MW and 
TiO2/AC-ST were effective in the mineralization of IBU but not ANT 
successfully (Fig. 2(b) and (c), respectively). When the values of the first- 
order kinetic constants were considered the effectiveness of TiO2/AC- 
MW on the disappearance of the pharmaceuticals has been varied as IBU 
> ACE > ANT. However, the absorptivity of these pharmaceuticals to 

Fig. 2. Adsorption and solar photocatalytic degradation of (a) ACE (b) IBU (c) ANT separately, and (d) all three in a mixture. Figure adapted from ref.(M. Peñas- 
Garzón et al., 2020). 
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TiO2/AC-MW was varied as ACE ≫ ANT > IBU being different to what 
resulted with single compounds, but the photocatalytic activity was 
similar to that resulting with the individual compounds (Fig. 2(d)). 
Though complete mineralization was achieved after 24 h the TOC 
remained unchanged (50 %), indicating the presence of byproducts. As 
the study has elaborated to determine the effect of pH in the medium on 
adsorption and photocatalytic activity it has been observed that IBU is 
completely adsorbed at pH ≤ 5, whereas its adsorption decreased at 
alkaline pH due to the electrostatic repulsions between IBU (pKa = 4.4) 
and the catalyst surface (pHPZC = 7.0). The photodegradation of ACE 
decreased with increasing pH, while it increased for ANT, showing the 
highest activity for ANT compared to the others. Activity on IBU at low 
pH values could not be determined due to the complete adsorption of 
IBU to the catalyst surface (M. Peñas-Garzón et al., 2020). 

TiO2 coupled with AC is photo catalytically active in the degradation 
of RhB under UV light(Xing et al., 2016). AC was prepared using lignite 
as the raw material via the KOH activation pathway where KOH was 
mixed with lignite in a weight ratio of 2:1 and annealed at 800 ◦C for 2 h 
in a N2 atmosphere. Obtained AC with a specific surface area of 1576 
m2/g and a pore volume of 0.967 cm3/g was mixed with TiO2 sol pre
pared by sol–gel synthesis using Ti(OC4H9)4 as the titanium precursor, in 
different TiO2 loadings as 1,2 and 3 (TiO2/AC-1, TiO2/AC-2 and TiO2/ 
AC-3, respectively). Obtained composite has been annealed at 500 ◦C for 
3 h in a N2 flow. Produced anatase TiO2 has been coupled with amor
phous AC, where the specific surface area, micropore surface area, 
mesopore surface area, total pore volume etc. decrease with increasing 
TiO2 loading because the more the TiO2 deposited more the micropores 
get blocked. TiO2 nanoparticles were deposited not only surface of AC 
but also on the mesopores and macropores without any significant 
agglomeration which will increase the probability of receiving light and 
hence increase the photocatalytic activity (Xue et al., 2011). Moreover, 
though nanoparticles were dispersed at low TiO2 loading (TiO2/AC-1 
and TiO2/AC-2) nanoparticles tend to agglomerate with increasing TiO2 
content TiO2/AC-3. The photocatalytic activity of the synthesized 
composites was determined by the photodegradation of RhB under the 
exposure of irradiation generated by a 450 W high pressure mercury 
lamp. Before exposure to the UV irradiation, RhB solutions (400 mL of 
2×10− 5 mol/L) with the composites were stirred in dark for 90 min to 
reach the adsorption-desorption equilibrium. AC removed 71.0 % RhB 
by adsorption during the 90 min in dark and showed no degradation 
after exposing to UV light, while, though the removal of RhB by TiO2 by 
adsorption in dark is negligible, upon exposure to UV light, 55.8 % of 

RhB was photodegraded. However, TiO2/AC composites removed RhB 
more efficiently than both AC and TiO2 which was attributed to both 
adsorption and photodegradation (C. Gu & Shannon, 2007; S. G. Kumar 
& Devi, 2011). Totally, 82.0 %, 93.2 % and 86.3 % of RhB was removed 
by TiO2/AC-1, TiO2/AC-2 and TiO2/AC-3, respectively, where 15.9 %, 
46.5 % and 47.4 % RhB was photodegraded in the presence of the 
respective photocatalysts (Fig. 3(a and b)). Among the photocatalysts, 
TiO2/AC-2 has exhibited the highest photocatalytic activity compared to 
the loading of TiO2. When photocatalytic activity is considered 
adsorption of the dye molecules before photodegradation is crucial (Lim 
et al., 2011; Omri & Benzina, 2014). The presence of AC allows the 
adsorption of RhB which facilitates the photodegradation as the OH. and 
O2

–. produced by the photogenerated electrons and holes, respectively, 
are in proximity to the RhB molecules. The removal efficiency was 
predominated by adsorption in TiO2/AC-1 due to the presence of a high 
amount of AC with many adsorption sites. Photocatalytic activity of 
TiO2/AC-3 was lower compared to the loading of TiO2 due to the ag
gregation of nanoparticles and the reduction of the porosity. Therefore, 
it is evident that both the porosity and the dispersibility are the crucial 
parameters in obtaining high photocatalytic activity (Xing et al., 2016). 

Wang et al. reported the effect of calcination temperature on the 
photocatalytic activity of TiO2/AC composites synthesized by the sol-gel 
synthesis method using Ti(OC3H7)4 as the titanium precursor and 
commercial AC (Darco G-60, 100 mesh Aldrich (W. Wang et al., 2007). 
Composites have been prepared varying the initial AC weight to final 
TiO2 weight as 20, 50 and 80 and the annealing temperature as 300, 450 
and 600 ◦C. It was observed that the specific surface area increased with 
the increasing weight of AC in the composite, while it decreased with 
increasing calcination temperature. The rate constant for the degrada
tion of Chromotrope 2R under UV light decreased with increasing 
calcination temperature regardless of the weight of AC. Further, the 
apparent first order rate constant and hence the photocatalytic activity 
decreased with increasing initial Chromotrope 2R concentration. The 
surface area has not been considered the only factor which contributes 
to photocatalysis as even with lower surface areas high-rate constants 
have resulted. Photosensitizer effect may also have contributed to the 
photocatalytic activity where the photoexcited organic molecules which 
are previously adsorbed to the AC surface inject electrons to the con
duction band of TiO2 and enhance the formation of superoxide ion, O2

●− . 
These ions are also formed by subsequent electron transfer to molecular 
oxygen adsorbed to AC (Lettmann et al., 2001). Moreover, AC can also 
serve as a photosensitizer where they also transfer electrons to the 

Fig. 3. RhB removal rate of (a) pure TiO2 and AC, (b) TiO2/AC composites. Figure adapted from ref. (Xing et al., 2016).  
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semiconductors and enhance the radical formation which eventually 
degrades the organic molecules(Nasr et al., 1996; W. Wang et al., 2007). 

Martins et al. reported the synthesis of TiO2/AC composites using the 
sol-gel method and their photocatalytic activity on degrading Tetracy
cline (A. C. Martins et al., 2017). AC was prepared by activating mac
adamia nut shells with NaOH and titanium isopropoxide was used as the 
titanium precursor where hydrolysis of the precursor was performed in 
the presence of AC in the medium. Mesoporous TiO2/AC with a surface 
area of 129 m2/g shows anatase polymorphic crystal structure and a 
band gap of 3.04 eV. It was photocatalytically active in the degradation 
of tetracycline under UV light generated by 18 W germicide lamp. TiO2/ 
AC showed the highest rate constant for the degradation of tetracycline 
(42.9×10− 3 min− 1) which is greater than that of P25 which is 
35.3×10− 3 min− 1 due to the lowered band gap, the high surface area 
which provides a greater interface between the tetracycline molecules 
and the catalyst surface, and decrease in the charge recombination at 
TiO2 (Leary & Westwood, 2011; A. C. Martins et al., 2017; Mutuma 
et al., 2015; Slimen et al., 2011). 

Fu et al. reported the effectiveness of the TiO2/AC on adsorptive and 
photocatalytic removal of Cr(VI) once the surface of AC is functionalized 
by diethylenetriamine (DETA)(Fu et al., 2015). Ti(C4H9O)4 was used as 
the titanium precursor and a combination of sol-gel synthesis and sol
vothermal methods was used for the synthesis. The surface of the AC was 
oxidized by treating the TiO2/AC with HNO3 and the carboxylic acid 
groups introduced during oxidation were transformed into acid chloride 
groups by treating with SOCl2. DETA was attached to such activated AC 
surface via amidation AC-COCl2 groups and NH2 of DETA. The mecha
nism is shown in Scheme 1. Cr(VI) was adsorbed to the adsorbents in the 
order of AC-DETA > TiO2/AC-DETA > AC > TiO2/AC > TiO2 as shown 
in Fig. 4(a). It could be seen that the presence of TiO2 reduces the 
adsorption of DETA as the AC surface is covered with TiO2 particles and 
hence the available surface to get functionalized and then adsorb Cr(VI) 
is lower when the same weight was considered. Adsorption data were 
well fitted to pseudo second order kinetics indicating the chemisorption 
of Cr(VI) and was fitted to Langmuir isotherm suggesting monolayer 
adsorption(Q. Yu et al., 2008). Cr(VI) which exists as HCrO4

− in a low pH 
medium (S. H. Huang & Chen, 2009) could form chemical interactions 
with the TiO2/AC-DETA via electrostatic attractions occur between the 
positively charged amino groups and negatively charged HCrO4

− , coor
dinative interactions between the Cr atoms and the N atoms and 
hydrogen bonding occur between the H atoms of the amino groups and 
the O atoms of HCrO4

− . Photocatalytic activity of the synthesized ma
terials was determined upon exposure to a 300 W mercury lamp with 
major emission at 365 nm. As exhibited in Fig. 4(b) AC and AC-DETA 
were photocatalytically inactive and the photoreduction of Cr(VI) to 
Cr(III) by the other materials showed, that TiO2/AC-DETA > TiO2/AC >

TiO2 and the rate constant for the photoreduction in the presence of 
TiO2/AC-DETA was 4.5 and 6.2 times of that TiO2/AC and TiO2, 
respectively. Further, the adsorption in dark followed by photocatalytic 
activity of TiO2/AC-DETA and TiO2/AC did not significantly drop after 5 
cycles. The high photocatalytic activity of TiO2/AC-DETA has been 
attributed to the proposed factors of (1) effective mass transfer of Cr(VI) 
to the AC surface from the bulk solution due to the surface functional
ization (2) facilitated transfer of Cr(VI) from AC to TiO2 and the 
migration of photogenerated electrons from TiO2 to AC which has been 
attributed to the formation of interface junction between AC and TiO2 
and lastly the photoreduction of Cr(VI) at TiO2 and AC. The possible 
overall process of photoreduction of Cr(VI) to Cr(III) is illustrated in 
scheme 2(Fu et al., 2015). 

Further, TiO2/AC has been reported to be effective in adsorbing and 
photodegrading tartrazine (Andriantsiferana et al., 2014), methyl or
ange (Xiaojing Wang et al., 2009), phenol (Tryba et al., 2003), humic 
acid (Xue et al., 2011) pharmaceuticals, amoxicillin, ampicillin, diclo
fenac and paracetamol (Gar Alalm et al., 2016) etc. 

Guo et al. (Guo et al., 2021) reported the adsorptive and photo
catalytic removal of 2-Methylisoborneol (2-MIB) which is a common 
taste and odour compound found in drinking water. Commercially 
available powdered activated carbon (PAC) was functionalized with 10 
% HCl and was coupled with TiO2 during the sol-gel synthesis. 
Adsorptive removal of 2-MIB by PAC (~97 %) was higher than TiO2/ 
PAC (~90 %) because of blockage of mesopores and micropores due to 
the diffusion of TiO2 which further decrease the surface area. Adsorption 
followed the Freundlich isotherm model suggesting that the adsorption 
sites were non-uniformly distributed and 2-MIB molecules adsorb as 
multilayers to the adsorbents. TiO2/PAC and PAC degrade 2-MIB under 
UV irradiation. PAC removed 49.4 % of 2-MIB while TiO2/PAC removed 
only 35.3 % from aqueous solutions in dark. During the exposure to 
light, TiO2/PAC degrade 97.8 % of 2-MIB and 65.4 % of 2-MIB was 
removed by PAC. The rate of photodegradation of 2-MIB (16.8×10− 3 

min− 1) was 9 times greater than resulting in the presence of PAC 
(1.85×10− 3 min− 1) due to the increase in dissociation of the functional 
groups in TiO2/PAC by the chain scission and oxidation by UV radiation 
which made more available adsorption cites on TiO2/PAC (Guo et al., 
2021). Briche et al. reported the adsorptive and photodegradative 
removal of sulfamethazine in the presence of TiO2/AC which is a com
mon pharmaceutical found in wastewater. TiO2/AC composites were 
synthesized by the sol-gel method in different molar ratios of titanium to 
AC in the range of 1/10 to 7/10. Freundlich isotherm model was fol
lowed suggesting that the sulfamethazine adsorb to TiO2/AC as multi
layers. Further, 94 % of sulfamethazine was photodegraded efficiently 
(0.025 min− 1) in the presence of TiO2/AC prepared with the molar ratio 
of 0.5 under UV light produced by UVA lamps (27 W) (Briche et al., 
2020). Recently, modified TiO2/AC composites for efficient removal of 
pollutants from the environment were reported. Magnetic photo
catalysts prepared using AC, TiO2 and iron nitrate are found to effec
tively remove Reactive Black from an aqueous medium via adsorption 
and photocatalysis. Maximum TiO2loaded magnetic AC removed 95 % 
of the dye totally, of which 67 % is due to photodegradation while the 
remaining 28 % of the dye was removed by adsorption. Magnetism 
created by adding iron nitrate and hence producing Fe3O4 enhanced the 
percent recovery of the catalyst which decreased with the increasing 
proportion of TiO2 (de Oliveira Pereira et al., 2019). Therefore, it is 
evident that TiO2 coupled to AC is a novel and effective composite in 
removing pollutants via adsorption and photodegradation. Table 1 
summarizes the synthesis method, textural and optical parameters along 
with the photocatalysis of TiO2/AC reported in the literature. 

2.1.1.2. Advantages and disadvantages. TiO2 particles tend to agglom
erate during the synthesis and when they are supported on AC they 
appear to be well dispersed resulting in high photocatalytic activity. One 
disadvantage associated with TiO2 is the recombination of electron hole Scheme 1. Mechanism of amidation of AC surface of TiO2/AC. Scheme 

adapted from ref. (Fu et al., 2015). 
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pairs which leads to low photocatalytic activity. Once they are immo
bilized on AC photogenerated electrons are trapped by AC and pass to 
the molecules of interest limiting the electron hole pair recombination 
and hence resulting in higher photocatalytic activity. The proximity of 
the reactant molecules of interest to the electrons and holes is a key 
factor that contributes to the higher photocatalytic activity. The pres
ence of AC facilitates the adsorption of the molecules of interest and 
hence they are close enough to the photogenerated electrons and holes 
and hence to the radicals generated to undergo photodegradation. 
Moreover, the slight reduction in the band gap of TiO2/AC compared to 
pure TiO2 produces a higher photocatalytic activity. Further, once TiO2 
nanoparticles are added to the reaction mixtures recovery for future use 
is quite difficult as settling takes a very long time. However, TiO2 
deposited on AC tend to settle quickly and hence the recovery is 
convenient. However, TiO2/AC possess some disadvantages as well. 
Once they are added to the solution the dark colour created, interferes 
with the absorption of light. Further, AC can cover the TiO2 surface 
blocking the light absorption and leading to lower photocatalytic ac
tivity. Moreover, the presence of TiO2 can cover the surface of AC 
blocking the mesopores and micropores and thus reducing the surface 
area, decreasing the adsorption capacity. 

2.1.2. TiO2/CNT 

2.1.2.1. Degradation of pollutants. Shaban et al. (Shaban et al., 2018) 
reported the synthesis of TiO2 nanoribbons (TiO2 NRs) and carbon 
nanotube (CNT) composites for the photodegradation of methylene blue 
under sunlight. It has been observed that the removal of 5 mg/L meth
ylene blue after 240 min via both adsorption and photocatalysis by TiO2 

NRs/CNTs is higher than that of TiO2 NRs and CNTs individually, due to 
the enhanced adsorption capacity and increased lifetime of the photo
generated electrons and holes pairs(Zouzelka et al., 2016). TiO2 NRs 
removed 12.2 % of methylene blue via adsorption while that by CNTs 
and TiO2 NRs/CNTs are 24.6 % and 37.3 %, respectively. The enhanced 
adsorption by the composite has been attributed to the high surface area 
and the large number of adsorption sites created due to the growth of 
CNTs within the pores of TiO2 NRs. The photocatalytic degradation of 
methylene blue was 12 % higher in the presence of the composite than 
TiO2 NRs while CNTs showed no significant photodegradation. Photo
catalytic degradation of dye involves three different stages (1) adsorp
tion of the dye (2) absorption of the light by the catalysts and (3) 
generation of the required radicals by the charge transfer reactions 
(Perera et al., 2012). Dyes could be degraded directly by the holes 
generated during the charge generation or by the hydroxyl radicals 
generated (Zouzelka et al., 2016)(Akpan & Hameed, 2009). These hy
droxyl radicals could be produced by the reaction of holes with the 
electron donors such as water or hydroxide ions etc. and they could 
degrade the dye molecules on the surface of the catalyst (Akbal, 2005). 
As stated above CNTs enhance photocatalytic activity by increasing the 
lifetime of the charge carriers in addition to adsorbing dyes effectively. 
The conduction band of TiO2 is at 4.2 eV while that of CNTs lies at 4.7 eV 
depending on the number of graphene layers(Yong & Schoonen, 2000). 
Therefore, the electrons in the CB of TiO2 are transferred to CNTs and 
thus the probability of electron hole pair recombination is low (Perera 
et al., 2012). Electrons are transferred to CNTs until the Fermi level 
equilibrium is reached, forming a Schottky barrier on the surface. This 
was demonstrated by the photoluminescence spectra as well where the 
emission intensity of TiO2 NRs/CNTs is lower than that of TiO2 NRs at 

Fig. 4. (a) Adsorption kinetics of Cr(VI) (b) Adsorption and photoreduction of Cr(VI) (the vertical line at time t = 0 separates the dark period from the UV irradiation. 
Figure adapted from ref. (Fu et al., 2015). 

Scheme 2. The possible overall process of photoreduction of Cr(VI) to Cr(III). Scheme adapted from ref. (Fu et al., 2015).  
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Table 1 
Synthesis method, textural and optical parameters and the photocatalysis of TiO2/AC.  

Source of AC Activating 
method 

Coupling 
method 

Surface 
area of 
AC (m2/ 
g) 

Surface area of 
the TiO2/AC 
composites 
(m2/g) 

Band 
Gap 
(eV) 

Light Source Pollutant Concentration of 
the pollutant 
(mg/L) 

Weight of 
the 
catalyst 
(mg) 

Rate constant 
(min− 1)/ 
Conversion 

Performance 
compared to 
TiO2 

Reference 

Lignin FeCl3 Solvothermal 
synthesis 

756 300 3.28 Suntest solar 
simulator with a 
765–250 Wm− 2Xe 
lamp 

Acetaminophen 5 37.5 – 0.73 times (Manuel Peñas- 
Garzón et al., 
2019) 

ZnCl2 1129 491 3.42 0.40 times 
H3PO4 807 435 3.50 0.60 times 
KOH 1446 465 3.45 0.51 times 

Lignin FeCl3 Solvothermal 
method (ST) 

756 300 3.38 Suntest solar 
simulator with a 
765–250 Wm− 2Xe 
lamp 

Acetaminophen 5 37.5 ST- 8.3×10− 3 – (M. Peñas-Garzón 
et al., 2020) MW–7.8 

x10− 3 
– 

SG −
1.8×10− 3 

– 

Microwave- 
assisted method 
(MW) 

323 3.35 Ibuprofen ST −
1.8×10− 2 

– 

MW–2.3 
x10− 2 

– 

Sol-gel route 
(SG) 

130 3.28 Antipyrine ST – 
2.5×10− 3 

– 

MW–4.2 
x10− 2 

– 

Lignin KOH Sol-gel route 1576 TiO2 loading 
(1), 1507 

– 450 W high 
pressure mercury 
lamp 

Rhodamine B 9.6 20 – 1.47 times (Xing et al., 2016) 

TiO2 loading 
(2), 1167 

1.67 times 

TiO2 loading 
(3), 949 

1.55 times 

Macadamia nut 
shells 

NaOH Sol-gel route – 129 3.04 Germicide UV lamp 
(18 W) 

Tetracycline 50 200 42.9×10− 3 1.47 times 
than pure TiO2 

(A. C. Martins 
et al., 2017) 

1.22 times 
than P25 

Purchased from 
Kermel 
Chemical Co. 
ltd. 

– Sol- 
hydrothermal 
method 

– – – 300 W mercury 
lamp 

Cr(VI) 30 250 1.12×10− 2 6.23 times (Fu et al., 2015) 

Coconut 
(Commercial 
AC S23) 

– So-gel route 1100 962 – 24 W mercury lamp Tartrazine 320 400 – – (Andriantsiferana 
et al., 2014) 

Commercial AC 
(Darco G-60, 
Aldrich) 

– Sol-gel route 910 427 – Low pressure 
mercury vapor 
lamp (3 W radiant 
flux) 

Chromotrope 2R* 50 800 8.38×10− 2 3.43 times (W. Wang et al., 
2007) 

Granular AC – Hydrothermal 
method 

1083 985 – UV lamp (365 nm) Methyl Orange* 50 500 96.6 – (Xiaojing Wang 
et al., 2009) 

Powdered AC 
purchased from 
Shanghai 
Zhanyun 
Chemical Co. ltd 

– Sol-gel route – – – 250 W Xenon UV 
lamp (365 nm) 

2- 
Methylisoborneol 

0.001 3 16.82×10− 3 – (Guo et al., 2021) 

AC purchased 
from Riedel-de- 
Haën 

– Sol-gel route 767.40 186.36 – UVA lamps PLS-9 W Sulfamethazine 15 60 2.5×10− 2 – (Briche et al., 
2020) 

Commercial AC 
(Synth, PA) 

– Wet mixing 
followed by 
drying 

710 165 – Low-pressure 
mercury lamp (30 
W) 

Reactive Black 
dye 

40 60 95 – (de Oliveira 
Pereira et al., 
2019) 

(continued on next page) 
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the same excitation irradiation intensity. Further, methylene blue mol
ecules absorb photons once exposed to sunlight and excite an electron 
from the HOMO level to the LUMO level (gap 4.25 eV)(Chatterjee et al., 
2017; Z. Zhang et al., 2012). The excited electron at the LUMO level can 
be lost and the HOMO level requires an electron to achieve the stability. 
That electron is captured by the water producing hydroxyl radicals 
which could further degrade methylene blue as shown in Fig. 5. All the 
reactions involved in the generation of radicals by the composite and 
photodegradation of methylene blue are given in Eqs. (1) to (8) (Shaban 
et al., 2018).  

TiO2 + hv → TiO2(eCB
− ,hVB

+ )                                                             (1)  

TiO2(e− ) + CNTs → CNTs(e− ) + TiO2(eCB
− ,hVB

+ )                                 (2)  

TiO2(e− ) + O2− →TiO2 + O•− (3)  

CNTs(e− ) + O2− →CNTs + O•− (4)  

TiO2(h + ) + H2O → TiO2 + H++OH• (5)  

(TiO2)e + MB→(TiO2)e− +MB+• (6)  

MB+•+O2
–→Degradedproducts                                                          (7)  

MB+•+OH•→Degradedproducts                                                        (8) 

Huang et al. (Y. Huang et al., 2018) reported the enhanced photo
catalytic activity of TiO2/CNT/reduced graphene oxide composite syn
thesized by solvothermal method, for the photodegradation of 
Rhodamine B under UV-visible irradiation generated by a 300 W Xenon 
lamp. As shown in the TEM image (Fig. 6(a)) TiO2 nanoparticles are not 
only dispersed on reduced graphene oxide but also, are absorbed into 
CNTs. Further, it could be seen that CNT is intercalated into reduced 
graphene oxide (rGO) sheets which improves the speed of electron 
migration and hence the photocatalytic activity(Fan et al., 2010). Gra
phene oxide and oxide-treated CNTs were combined via π-π interactions 
formed during the ultrasonication. rGO proportion was kept constant 
while the quality ratio of TiO2:CNT was varied as 0.5, 1, 2, 3, 5 and 10 %. 
The photocatalytic activity increased with an increasing proportion of 
CNT up to 3 % and decreased with further increments. TiO2/CNT/rGO 
− 3% showed higher photocatalytic activity than TiO2/CNT, TiO2/rGO, 
and pure TiO2 as shown in Fig. 6(b and c). The high performance of 
TiO2/CNT/rGO has been attributed to the presence of rGO and CNT as 
they possess a large surface area and the high number of adsorption sites 
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Fig. 5. Scheme illustrating the mechanism of photodegradation of methylene 
blue by TiO2 NRs/CNTs. Figure adapted from. ref. (Shaban et al., 2018). (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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to O2, H2O and organics facilitating the production of OH● which 
eventually degrade dye molecules (Y. Huang et al., 2018). Further, the 
oxidation-reduction ability is increased, and the rate of electron hole 
pair recombination is reduced by the incorporation of CNTs (Sampaio 
et al., 2018). Moreover, CNTs prevent the stacking of rGO and enrich the 
active sites for photocatalytic reaction(Lv et al., 2014). When the com
posites are exposed to UV-Visible light, photogenerated electrons and 
holes are produced at TiO2 (Eq. (9)) while the Rhodamine B, dye mol
ecules also absorb the photon flux (Eq. (10))(Rastogi et al., 2016). 
Reduced graphene oxide and CNT capture the photogenerated electrons 
and transfer them to the dye molecules increasing the number of 
participating electrons (Eqs. (11) and (12))(Rastogi et al., 2016). 
Reduced graphene oxide and CNT serve as adsorption sites to O2, H2O 
and organics due to the high surface area and these species further form 
H2O2 (Eqs. (13) and (14))(Sampaio et al., 2018). H2O2 capture the 
electrons and form OH– and OH● while the holes react with OH– and 
H2O to produce OH● (Eq. (15) to (19)) (C. Wang et al., 2014). The 
radicals formed, O2

–● and OH● degraded Rhodamine B molecules to 
colorless products.  

TiO2 + hυ → TiO2(h++e− )                                                              (9)  

RhB + hυ → RhB*(h++e− )                                                            (10)  

rGO + e− →rGO(e− )                                                                      (11)  

CNTs + e− →CNTs(e− )                                                                  (12)  

rGO(e− ) + O2 + 2H+→rGO + H2O2                                               (13)  

H2O2 + hv → 2OH− (14)  

H2O2 + e− →OH− +OH●                                                                (15)  

OH− +h+→OH●                                                                            (16)  

CNTs(e− ) + O2 → CNTs + O2
–●                                                     (17)  

TiO2(h+) + OH− →TiO2 + OH●                                                      (18)  

TiO2(h+) + H2O → TiO2 + OH●                                                    (19) 

Awfa et al. (Awfa et al., 2019)reported the adsorption and photo
catalytic activity of magnetic CNT-TiO2 (MCNT-TiO2) on pharmaceuti
cals, carbamazepine and sulfamethoxazole. MCNT-TiO2 showed 
adsorption equilibrium in the range of 1–1.4 mg/g, which was greater 
than that of pure TiO2 (0.2 mg/g). Molecules adsorb to TiO2 electro
statically and via ligand exchange (K. Yang & Xing, 2009). The presence 
of CNT in MCNT-TiO2 enhances the adsorption via hydrophobic inter
action, hydrogen bonds, and electrostatic interactions (Ateia et al., 
2017). Carbamazepine as a neutral molecule adsorbs through hydro
phobic and π-π interactions (Maeng et al., 2015). Sulfamethoxazole of 
which the pKa1 and pKa2 are 1.85 and 5.6, respectively, adsorb via 

electrostatic interactions as sulfamethoxazole appears to be anionic in 
neutral pH (Hanyu Zhang et al., 2017). Self-photolysis of carbamazepine 
is negligible under solar energy as functional groups that absorb light of 
>290 nm are absent (Y. Wang et al., 2017). However, 20–50 % of sul
famethoxazole degrades due to the presence of phenylamine functional 
groups which absorbs >290 nm (Boreen et al., 2004). The highest rate 
constant (6.8×10− 2 min− 1) for degradation of carbamazepine was ob
tained in the presence of MCNT-TiO2 and that is 1.5 times greater than 
that of pure TiO2 (4.6×10− 2 min− 1). The maximum synergistic effect 
and hence the maximum photocatalytic activity is obtained when MCNT 
and TiO2 are mixed with a ratio of 1:5. Photocatalytic activity is 
enhanced in the presence of CNTs due to (1) transfer of excited electrons 
of MCNT to TiO2 (2) excited electrons of MCNTs react with molecular O2 
to produce superoxide radicals (3) MCNT provides adsorption cites 
acting as an electron sink and improve the visible light absorption as the 
band gap reduced due to the presence of Ti–O–C bond. However, the 
photocatalytic activity decreased once the content of MCNT further 
increased due to the aggregation of TiO2 on MCNT which reduces the 
number of active sites and photocatalysis (Song et al., 2012). Moreover, 
MCNT screen the light and prevent the photocatalytic reaction (F. Wang 
& Zhang, 2011). The photocatalytic activity of degrading the pharma
ceuticals is reduced in all the tested photocatalysts with the natural 
organic matter (NOM) in the medium due to the competitive adsorption 
of NOMs to the catalyst surface limiting the carbamazepine and sulfa
methoxazole adsorption. However, the reduction of the photocatalytic 
activity was less with MCNT-TiO2 compared to the others because 
despite the competition MCNT provides active sites due to the high 
surface area. Further, NOMs limit the photocatalytic activity as they act 
as scavengers of hydroxyl radicals (OH●), superoxide and holes gener
ated and thus reduce the photodegradation of the pharmaceuticals 
(Awfa et al., 2019). 

Hydrothermally synthesized multiwall carbon nanotube/TiO2 
nanotube (MWCNT/TNT) composites have shown excellent photo
catalytic activity in degrading RhB under UV light (Natarajan et al., 
2017). A schematic illustration of the synthesis procedure is given in 
Fig. 7(a). Composites have been synthesized varying the loading of 
MWCNT as 1, 3, 5, 7 and 10 % and the highest photocatalytic activity 
was obtained with 10 % of MWCNT. The distribution of TNT and 
MWCNT is shown in the TEM image (Fig. 7(b)) and the HRTEM image 
(Fig. 7(c)) exhibits the intimately bound MWCNT to TNT. Drastic 
decrease in the intensity of photoluminescence spectra shown in Fig. 7 
(d) reveals that the electron hole pair recombination is minimum in 10 
% MWCNT/TNT compared to the MWCNT, anatase nanoparticles (AT) 
and TNT reasoning for the resulted highest photocatalytic activity of 10 
% MWCNT/TNT. Being consistent with the above-described research 
works described in section 2.1.2 CNTs trap the photogenerated electrons 
produced by TiO2 effectively separating the holes and electrons and thus 
minimizing the electron hole pair recombination. Electrons once trans
ferred to the surface CNT react with adsorbed and dissolved oxygen and 

Fig. 6. (a) TEM image showing the dispersion of Nanoparticles with respect to rGO and CNTs (b) C/C0 vs time (c) first order kinetics plot. Figure adapted from 
Figure (Y. Huang et al., 2018). 
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produce superoxide radicals (O2
–●) while holes react with H2O and OH– 

in the medium producing hydroxyl radicals (OH●) which effectively 
degrade RhB dye molecules as illustrated in Fig. 7(e). Degradation of 
RhB was further supported by the %COD and %TOC values where they 
increased with increasing loading of MWCNT reaching the maxima of 
83 % and 64 %, respectively, when 10 % MWCNT/TNT was used as the 
photocatalyst (Natarajan et al., 2017). 

Sharma et al. (H. K. Sharma et al. (2021b))reported the synthesis of 
TiO2/CNT composite by a hydrothermal method where the morphology 
of TiO2 was nanoflowers, and the use of the synthesized photocatalysts 
to degrade methylene blue under irradiation produced by a solar 
simulator. The surface area of CNT (166.53 m2/g) was reduced to 49.96 
m2/g when coupled with TiO2 because the TiO2 nanoparticles enter into 
the pores of CNT and decrease the surface energy due to the agglom
erated TiO2 nanoparticles. The band gap of TiO2 (3.0 eV) was reduced to 
2.7 eV by coupling with CNTs. The rate of photodegradation of meth
ylene blue in the presence of TiO2/CNT (0.01467 min− 1) is higher than 
that of TiO2 (0.01343 min− 1) and CNT (0.00515 min− 1) due to the 
formation of new electronic inter bands or donor levels below the con
duction band with the formation of Ti-C and Ti–O–C bonds (H. K. 
Sharma et al. (2021b)). Wang et al. (L. Wang et al., 2018a) reported the 
synthesis of TiO2/AC and TiO2/CNT and their photocatalytic activity on 
the degradation of methyl orange under UV irradiation. AC sieved 
through 70, 100, 160 and 200 meshes were treated with HCl followed by 
calcination and they were coupled with TiO2 via sol-gel synthesis 
method followed by calcination in N2 atmosphere at 823 K. CNT func
tionalized with concentrated HNO3 was coupled with TiO2 in the same 
way where TiO2/CNT was supported on a glass slide. Further, TiO2 
doped with Bi, Mn, Zn and Ni were also coupled with AC and CNT to 
study the effect of doping on photocatalysis. TiO2 coupled to AC sieved 
at 160 showed the highest photocatalytic activity. Externally added 
anions, Cl− , SO4

2− and NO3
– promoted the photocatalytic activity due to 

the production of OH● which degrades the methyl orange molecules 
while 3 % H2O2 significantly enhances the photocatalytic reaction by 
inhibiting the electron hole pair recombination and by providing OH● to 
the medium. The photocatalytic activity was also increased by co- 
doping TiO2 with Bi-Ni-Mn and Bi-Mn-Zn due to the excellent charge 
carrier separation and migration of them to the diverse active sites at the 
semiconductor/liquid interface. Overall activity of TiO2/CNT supported 
on glass slide was lower than that of TiO2 coupled to AC sieved at 160. 

Though CNT has many functional groups which methyl orange could 
adsorb easily under narrow UV light with high energy functional groups 
were destructed limiting the adsorption of methyl orange. Under UV 
light irradiation composite detached from the glass slide further, 
decreasing the photocatalytic activity (L. Wang et al., 2018a). 

TiO2/CNT composites have been further reported to be effective in 
degrading 4-chlorophenol(Zouzelka et al., 2016), nitrobenzene (Ling 
et al., 2016), iopamidol, iopromide, diatrizoic acid, diclofenac, triclosan 
and sulfamethoxazole (Murgolo et al., 2015), eosin yellow (Kuvarega & 
Mamba, 2016), Bismarck brown R dye(Kamil et al., 2018) while Gra
phene-CNT-TiO2 composites have been reported to be effective in the 
removal of MB and Cr (VI) (C. Wang et al., 2014) etc. Table 2 summa
rizes the synthesis method and the photocatalysis of TiO2/CNT reported 
in the literature. 

2.1.2.2. Advantages and disadvantages. The main advantage of coupling 
the TiO2 nanomaterials with CNT is the enhancement of the photo
catalysis due to the improved adsorption of the pollutants, increased 
charge separation minimizing the electron hole pair recombination, 
efficient charge transfer to interested species like H2O and O2 to produce 
the radicals which are responsible in degrading the pollutants. Further, 
CNT prevents the TiO2 nanoparticle aggregation by providing sufficient 
sites to adhere to the TiO2 nanoparticles. Hence, the dispersion of the 
nanoparticles leads to higher photocatalytic activity. The main draw
back associated with CNT is the blocking of the irradiation, UV, visible 
light or sunlight at higher CNT loading limiting the photons reaching the 
photocatalysts and hence reducing the production of the radicals 
lowering the photocatalytic activity. Additionally, the preparation of 
CNT requires sophisticated methods like CVD which are not available 
throughout the world, especially in developing countries and handling 
and maintaining such instruments are expensive. Moreover, the carbon 
precursors used for the preparation of CNT such as C2H2 and the method 
of introduction of such material; the flux of the precursor in a tube 
furnace at elevated temperatures also contribute to the high production 
cost. 

Further, the presence of other elements like Fe, Co and Al in trace 
amounts in the final fabricated photocatalysts which were added as the 
catalysts during the preparation of CNT also contribute to the activity 
which interferes with the conclusions in photodegrading the pollutants. 

Fig. 7. (a) schematic illustration of the synthesis procedure (b) TEM (c) HRTEM image of 5%MWCNT/TNT (d) PL spectra of MWCNT, AT, TNT and 10%MWCNT/ 
TNT (e) schematic representation of the mechanism of electron hole separation and radical formation. Adapted from ref. (Natarajan et al., 2017). 
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2.1.3. TiO2/Graphene derivatives 

2.1.3.1. Degradation of pollutants. TiO2/graphene nanocomposites 
synthesized as a one-pot synthesis via the chemical exfoliation method 
have been effective in degrading MB using visible light generated by a 
300 W xenon short-arc lamp and a 422-nm long-pass filter (Ton et al., 
2018). Graphene dispersions were prepared in both titanium tetra n- 
butoxide (Ti(OnBu)4) and benzylamine which is the most frequently 
used exfoliating solvent. Nanocomposites were synthesized by a simple 
sol-gel synthesis method where either H2O or NH3 dissolved in benzyl
amine was added dropwise to the graphene-Ti(OnBu)4 dispersion to 
catalyze the hydrolysis of the titanium precursor and form TiO2. TiO2/ 
reduced graphene oxide(rGO) composites were also prepared by the 
method reported by Jiang et al (B. Jiang et al., 2011). According to the 
Raman spectroscopic analysis and atomic microscopic analysis it has 
been found that the quality of graphene prepared in Ti(OnBu)4 was 
superior to that produced in benzylamine. As shown in the Raman 

spectra (Fig. 8(a)). The FWHM of the 2D band (28 cm− 1) of graphene 
synthesized in Ti(OnBu)4 suggests the presence of few graphene layers 
compared to the graphene layers produced in graphene prepared in 
benzylamine as indicated by the broadened 2D peak with the FWHM of 
70 cm− 1. AFM images exhibited in Fig. 8(b and c) of graphene produced 
in Ti(OnBu)4 and benzylamine, respectively, reveal that the thickness of 
the graphene layers of graphene produced in Ti(OnBu)4 is 2 nm while 
that in graphene produced in benzylamine is 4 nm being consistent with 
the Raman analysis. The adsorption of MB by the graphene-containing 
photocatalysts was higher than that of P25 due to the high surface 
area and the greater affinity of the MB molecules to graphene. The latter 
is resulted due to the physisorption and but also via chemisorption 
resulted because of π-π interactions occur between the aromatic rings of 
MB and aromatic domains of graphene layers (F. Liu et al., 2012). 
Photocatalysis of TiO2/graphene (catalyzed by NH3 in benzylamine) is 5 
times higher than that of TiO2/rGO and 15 times higher than that of P25 
TiO2 (Fig. 8(d)). This is due to the special morphology where graphene 

Table 2 
Synthesis and photocatalytic performance of TiO2/CNT selected from the literature.  

Morphology 
of TiO2 

Coupling 
method 

Surface 
area 
(m2/g) 

Band 
Gap 
(eV) 

Light 
source 

Pollutant Concentration 
of the pollutant 
(mg/L) 

Weight 
of the 
catalyst 
(mg) 

Rate 
(min− 1)/ 
conversion 

Performance 
compared to 
TiO2 

Reference 

Nanoribbon Hydrothermal 102.75 3.09 Sun light Methylene blue 5 20 2.81×10− 2 2.5 times (Shaban 
et al., 
2018) 

Nanoparticle Solvothermal – – 300 W 
Xenon 
lamp 

Rhodamine B 10 10 8.785×10− 2 1.5 times (Y. Huang 
et al., 
2018) 

Nanoparticle Sonication 
followed by 
drying 

151 – A solar 
simulator 
at an 
intensity of 
1000 W 
m− 2 

Carbamazepine 0.15 20 6.8×10− 2 1.4 times (Awfa 
et al., 
2019) 

Nanotube Hydrothermal 275 3.11 125 W 
mercury 
vapour 
lamp 

Rhodamine B 50 50 89 % 1.6 times (Natarajan 
et al., 
2017) 

Nanoparticle Sonication 
followed by 
drying 

101 m2/ 
cm3 

~ 2.8 11 W BLB 
lamp 

4-Chlorophenol 13 – 4.2×10− 3 1.9 times (Zouzelka 
et al., 
2016) 

Nanoparticle Hydration and 
evaporation- 
drying process 

– – 6-W black- 
light 
blue lamps 

Nitrobenzene 0.6 1.2 1.18×10− 2 2.46 times (Ling et al., 
2016) 

Clusters Sonication 
followed by 
calcination 

– 3.15 500 W 
Xenon 
lamp 

Eosin yellow 100 100 3.220×10− 2 8 times (Kuvarega 
& Mamba, 
2016) 

Nanoparticle Sol–gel 
method, and 
simple 
evaporation 
and drying 

– 2.8 UV lamp 
(0.7 mW/ 
cm2) 

Bismarck brown R dye 23 50 1.32×10− 2 2.28 times (Kamil 
et al., 
2017) 

Nanoparticle Sonication 
followed by 
calcination 

59.9 – 4 W UV- 
filtered 
lamp 

Methylene Blue 10 0.04 ~90 ~1.12 times (Park et al., 
2018) 

Nanoparticle Sol–gel method 
and calcination 

– 1.93 300 W Xe 
lamp 

Methylene Blue 100 50 0.15 – (Akter, 
Hanif, 
Islam, 
Sapkota, & 
Hahn, 
2021) 

Rhodamine B 0.0452 
Congo Red 0.0808 
Methyl Orange 0.0147 
Phenol 0.0412 

Nanoparticle Sonication 
followed by 
drying 

84.75 – 60 W UV 
lamp 

Phenol 10 300 98.74 1.08 times (Vaziri 
et al., 
2021) 

20 96.46 – 
30 74.32 – 

Nanoflower Hydrothermal 49.96 2.7 Solar 
simulator 

Methylene Blue 5 100 1.467×10− 2 1.09 times (H. K. 
Sharma 
et al., 
2021) 

Nanoparticle Supercritical 
synthesis 
followed by 
calcination 

156 2.34 70 W 
Visible 
light LED 
lamp 

Dibutylhydroxytoluene 0.5 70 7.0×10− 3 1.4 times de la Flor 
et al. 
(2021)  
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layers are covered by TiO2 led to the higher adsorption of MB, and 
extended absorption edge which enhanced the visible light absorption 
and the charge separation resulting due to the thin TiO2 layer covering 
graphene sheets and the low defect density of graphene (Ton et al., 
2018). Similarly, Liu et al. (X. Liu et al., 2018) also reported enhanced 
adsorption of MB to TiO2 baring graphene oxide which has been 
attributed to the same fact of forming π-π interactions. Interestingly, as 
they studied the effect of the morphology of the TiO2 nanomaterial for 
the adsorption and then the photodegradation of MB, they observed 
enhanced adsorption of MB to TiO2 spheres. TiO2 spheres and rods had 
different contents of major exposed crystalline planes. TiO2 spheres 
mainly expose the {001} faces while the density of broken bonds {001} 
faces were greater than that on {101} and {100} faces. TiO2 nanorods 
possess {001} and {101} faces as the major exposed crystalline faces. 
Hence, the density of broken bonds in TiO2 sphere-graphene composite 
is higher than in TiO2 nanorods-graphene composite leading to a higher 
adsorption capacity (S. Liu et al., 2010). Further, the abundancy of 
Ti–O–C bonds in between TiO2 and graphene is high in TiO2 sphere- 
graphene composite than that of TiO2 nanorods-graphene composite 
leading to a larger decrement in the band gap resulting in higher pho
tocatalytic activity (X. Liu et al., 2018). 

TiO2/graphene oxide (GO) composites have shown remarkable 
photocatalytic activity in the degradation of MB and ciprofloxacin under 
sunlight. TiO2 was synthesized using Diammonium hexaflourotitanate 
as the titanium precursor and GO was synthesized by adopting the 
Hummer’s and Hoffman’s method (Khan et al., 2019). TiO2 was 
deposited on graphene oxide nanosheets by liquid phase deposition. GO 
was introduced varying the amount of GO as 2, 4, 6, and 8 %. TiO2/GO 
(8 %) showed the highest photocatalytic activity on degrading MB and 
ciprofloxacin. TiO2/GO (8 %) degraded 98.67 % of MB after 45 min, 
while in the presence of pure TiO2 could degrade only 52.0 % even after 
120 min. A similar trend was observed with the photodegradation of 
ciprofloxacin where 96.73 % was degraded in the presence of TiO2/GO 
(8 %), while only 65.52 % was degraded in the presence of pure TiO2. 
Further, the photocatalytic activity increased with the increasing 
amount of GO. MB and ciprofloxacin are positively charged and the 
COOH groups present on GO render an electron-rich or a negative 
charge facilitating the electrostatic interactions between the molecules 

of interest and the GO surface. Further, π-π interactions are also formed 
especially between the aromatic MB and aromatic regions of GO as 
illustrated in Fig. 9. These interactions enhance the concentration of MB 
and ciprofloxacin close to the catalyst surface and ultimately enhances 
the photocatalytic activity. Further, GO enhance the separation of 
electron hole pairs as they capture the electrons and transfer them to O2 
to form superoxide radicals. Additionally, high surface area (91.25 m2/ 
g), smaller pre volume (0.12 cm3/g), low band gap (2.47 eV) and the 
more crystalline nature of TiO2/GO (8 %) contributed to the resulted in 
higher photocatalytic activity. Moreover, the authors have found that 
the photocatalytic activity decreased with the introduction of EDTA- 
2Na, tert-butanol, p-benzoquinone and N2 gas because EDTA-2Na scav
enges holes, tert-butanol, p-benzoquinone scavenge hydroxyl radicals 
and superoxide radicals while the concentration of dissolved O2 is 
decreased by bubbling N2 gas. Hence, those were the active species in 
degrading MB and ciprofloxacin (Khan et al., 2019). 

Martins et al. also observed a similar trend in degrading MB and 
ciprofloxacin under UV, in the presence of TiO2/graphene and TiO2/ 
graphene oxide (P. M. Martins et al., 2018). Comparatively higher rate 
constants for the degradation of MB were obtained in the presence of 
composites with the highest incorporation of graphene and GO, TiO2/ 
graphene(3 %) (0.160 min− 1) and TiO2/graphene oxide (1.5 %) (0.115 
min− 1), respectively. Similarly, higher degradation of ciprofloxacin was 
obtained with the same photocatalysts, 0.016 min− 1 and 0.014 min− 1(P. 
M. Martins et al., 2018). Further, Zhang et al. reported the superior 
photocatalytic activity on photodegradation of MB in the presence of 
P25-graphene oxide (85 %) compared to P25-CNT (70 %) and P25 (12 
%) (Hao Zhang et al., 2010). Raja et al. reported that 96.2 % of cipro
floxacin could be photodegraded in the presence of hydrothermally 
synthesized TiO2/rGO, while only 79.7 % was degraded by P25 under 
visible light generated by a tungsten lamp (150 mW/cm− 2) (Raja et al., 
2019). 

Adly et al. (Adly et al., 2019) reported that the hydrothermally 
synthesized TiO2/graphene oxide is capable of photodegrading RhB and 
acid green 25 dyes under UV-Visible light generated by a Hg lamp. GO 
was incorporated as 3, 7, 10, 12, and 15 % relative to TiO2. It was 
observed that TiO2/GO (10 %) showed the highest photocatalytic ac
tivity. The rate constant for the photodegradation of RhB in the presence 

Fig. 8. (a) Raman spectra of graphene prepared in Ti(OnBu)4 and Benzylamine, AFM images and line profiles of (b) graphene prepared in Ti(OnBu)4 (c) graphene 
prepared in Benzylamine (d) photocatalytic activity of the synthesized catalysts, insert – a variation of MB concentration with time. Figure adapted from. ref. (Ton 
et al., 2018). 
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of TiO2/GO (10 %) was 0.051 min− 1 and that for the degradation of acid 
green 25 was 1.577×10− 6 min− 1. The rate constant for the degradation 
of the same dyes by pure TiO2 were 0.033 and 0.948×10− 6 min− 1, 
respectively. Therefore, it is evident that the photocatalytic activity for 
the degradation of RhB and acid green 25 dye in the presence of TiO2/ 
GO (10 %) is 1.5 and 1.7 times, respectively, greater than pure TiO2. 
Though the photocatalytic activity increased with the increasing 
amount of GO up to 10 %, it decreased with further increments of GO 
content due to the increasing light absorption into the GO sheets and 
relative lower content of TiO2 in a given mass which then leads to the 
production of a lower number of radicals (Table 3) (Adly et al., 2019). 

Niazi et al. (Niazi et al., 2021) reported the synthesis of TiO2 coupled 
to graphene quantum dots and their photocatalytic activity on degra
dation of Reactive Black 5, the textile dye under sunlight. Graphene 
quantum dots were prepared by pyrolysis of citric acid (Dong et al., 
2012; Roushani et al., 2015) and coupled with hydrothermally synthe
sized TiO2 nanoparticles via the solvothermal method. The specific 
surface areas of TiO2 nanoparticles and TiO2/Graphene quantum dots 
were 235.87 and 133.32 m2/g, respectively. The band gap of Graphene 
quantum dots, TiO2, and TiO2/Graphene quantum dots are 4.40, 2.23 
and 2.13 eV, respectively. Composite has shown photocatalytic activity 
on degrading Reactive Black 5 under sunlight. The conversion of the dye 
to harmless species increased from 63.0 % to 100.0 % with increasing 
catalyst loading 0.2–0.8 g/L and decreased with further increment to 
1.0 g/L due to aggregated nanoparticles which led to a reduction in the 
surface area. The photocatalytic activity was not reduced upon the 
addition of methanol and isopropanol which are hole and OHbulk scav
engers, respectively. However, the rate decreased when NaF and ben
zoquinone, which are OH● and O2

–● scavengers, respectively, are added 

indicating the reactive species that are responsible for the dye degra
dation are OH● and O2

–●(Niazi et al., 2021). TiO2/graphene derivatives 
have shown remarkable photocatalytic activity for the degradation of 
RhB (M. H. H. Ali et al., 2018; Gunnagol & Rabinal, 2018; Hardiansyah 
et al., 2021), methylene blue (Minella et al., 2017; Najafi et al., 2017; 
Rong et al., 2015), 2,4-dichlorophenoxyacetic (Natarajan et al., 2021), 
NOx (Trapalis et al., 2016) etc. Table 4 summarizes the synthesis method 
and the photocatalysis of TiO2/graphene derivatives reported in the 
literature. 

2.1.3.2. Advantages and disadvantages. Coupling TiO2 with graphene 
derivatives including graphene, graphene oxide and reduced graphene 
oxide possesses advantages such as improved adsorption of the pollut
ants due to the functional groups present such as COOH, especially in 
graphene oxide. Further, the interconnected porosity and the high sur
face area of the graphene derivatives enhance the adsorption of pollut
ants. The proximity of the pollutants to the catalyst surface and hence to 
the produced radicals lead to higher photocatalytic activity. Further, 
highly conductive graphene derivatives capture the photogenerated 
electrons and facilitate the transfer the charges to produce radicals. The 
main disadvantage of graphene derivatives is that they mask the pho
tocatalysts when coupled at higher percentages and reduce the light 
penetration which lowers the production of radicals and hence decreases 
the photocatalysis. The dark opaque colour generated by the black 
colour graphene derivatives further interferes with the UV-Visible 
spectroscopic measurements. Some of the harsh conditions supplied in 
the synthesis of graphene oxide such as the use of concentrated acids and 
the resultant exothermic reaction conditions make the synthesis 
difficult. 

2.2. Visible active TiO2/Carbon-based materials 

2.2.1. TiO2/g-C3N4 

2.2.1.1. Degradation of pollutants. Graphitic carbon nitride (g-C3N4) has 
attracted tremendous interest in the last few decades due to its many 
promising electric, optical and physicochemical properties (Wen et al., 
2017; Jian Xu et al., 2015; Jingsan Xu et al., 2014). It is a metal-free 
nanoplatform that was first reported for its photocatalytic activity in 
2009 when it was used for water splitting to produce H2 and O2 using 
solar energy by Wang et al (Xinchen Wang et al., 2008). Different allo
tropes of C3N4 including a-C3N4, b-C3N4, graphitic-C3N4, cubic-C3N4, 

Fig. 9. The adsorption behaviour of MB and ciprofloxacin by TiO2/GO (8%). Figure adapted from. ref. (Khan et al., 2019).  

Table 3 
Rate constants and R2 values for the photodegradation of RhB and Acid green 25 
using TiO2/GO catalysts calcined at 400 ◦C. Reproduced from ref. (Adly et al., 
2019).  

Sample RhB Acid green 25 

k (min− 1) R2 k (min− 1) R2 

Pure TiO2  0.033  0.942 0.948×10− 6  0.983 
3 wt% GO/TiO2  0.037  0.978 0.558×10− 6  0.942 
7 wt% GO/TiO2  0.034  0.981 0.759×10− 6  0.974 
10 wt% GO/TiO2  0.051  0.984 1.577×10− 6  0.984 
12 wt% GO/TiO2  0.041  0.948 0.781×10− 6  0.944 
15 wt% GO/TiO2  0.036  0.985 0.732×10− 6  0.948  
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Table 4 
Synthesis and photocatalytic performance of TiO2/Graphene derivatives selected from literature.  

Graphene 
derivative 

Coupling method Surface 
area (m2/ 
g) 

Band 
gap 
(eV) 

Light source Pollutant Concentration of the 
pollutant (mg/L) 

Weight of the 
Catalyst (mg) 

Rate (min− 1)/ 
Conversion 

Performance 
compared to TiO2 

Reference 

Graphene Sol-gel synthesis – 3.39 
2.33 

300 W xenon short arc lamp and a 
422-nm longpass filter 

Methylene blue 50 89 0.201 mmol 
gcat− 1h − 1 * 

15 times (Ton et al., 2018) 

Graphene 
oxide 

Solvothermal method 94.548 3.13 UV lamp (30 W) Methylene blue 50 50 8.70×10− 3 1.4 times (X. Liu et al., 
2018) 

Graphene 
oxide 

Liquid phase 
deposition 

91.25 2.47 Sun light Methylene blue 5 50 98.67 % 1.9 times (Khan et al., 
2019)  Ciprofloxacin 96.73 % 1.5 times 

Graphene Hydrothermal 
method 

– 2.75 UV source 
8 W mercurial fluorescent 
lamps with a flux of 1.6–1.7 mW/ 
cm2 

Visible source 
Ingenieurburo Mencke & 
Tegtmeyer GmbH sun simulator, 
with a flux of 9.8 mW/cm2 

Methylene blue 0.5 50 1.60×10− 1 2.3 times (P. M. Martins 
et al., 2018)  Ciprofloxacin 1.6×10− 2 The activity of TiO2 

is 1.37 times greater 
Graphene 

oxide 
– 2.53 Methylene blue 1.15×10− 1 1.6 times  

Ciprofloxacin 1.4×10− 2 The activity of TiO2 

is 1.57 times greater 

Graphene 
oxide 

Hydrothermal 
method 

51.034 2.88 100 W high pressure Hg lamp Methylene blue 10 30 85 % 7 times (Hao Zhang 
et al., 2010) 

Reduced 
graphene 
oxide 

Hydrothermal 
method 

– 2.7 Tungsten lamp (150 mW/cm2) Ciprofloxacin 13.25 30 96.2 % 1.2 times (Raja et al., 
2019) 

Graphene 
oxide 

Hydrothermal 
method 

– 2.98 Hg lamp Rhodamine B 10 50 5.1×10− 2 1.5 times (Adly et al., 
2019) Acid green 25 40 1.577×10− 6 1.7 times 

Reduced 
graphene 
oxide 

Microwave 
irradiation followed 
by drying 

– 3.22 UV irradiation (λ = 352 nm) Rhodamine 6G 10 10 82.9 % 2.7 times (Hardiansyah 
et al., 2021) 

Graphene 
oxide 

Solvothermal method 80.56 3.43 Medium pressure Mercury lamp, 
125 W with the presence of UV- 
light 

2,4-dichlorophenoxy 
acetic acid 

50 25 86.4 % 1.4 times (Natarajan et al., 
2021) 

Graphene 
oxide 

Solvothermal method 138.01 3.16 UV source 
UV-A light source (15 W) 
Irradiation level at the sample 
~10 W/m2 

NOx 50 – 42.86 % 1.7 times (Trapalis et al., 
2016) 

Visible source 
8 W 4000 K lamps 
Irradiation level at the sample 
~7000 lx 

22.34 % 2.4 times 

Graphene 
quantum 
dots 

Solvothermal method 133.32 2.13 Sunlight Reactive Black 5 50 48 1.6×10− 1 – (Niazi et al., 
2021)  

* Unit was not unified as sufficient data was not available. 
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and pseudo-cubic-C3N4 are reported and among them, graphitic-C3N4 is 
most stable under ambient conditions (G. Liao et al., 2019; Xinchen 
Wang et al., 2008). It could be produced by different starting materials 
such as urea, thiourea, melamine, cyanamide etc (Reddy et al., 2019). It 
is comprised of s-triazine or tri-s-triazine units as the monomers, which 
form honeycomb-like two-dimensional (2D) sheets via interconnecting 
the building blocks through ternary amines. These 2D sheets are held 
together via Van der Waals forces and the atoms of one sheet are 
covalently bound to each other (Ong et al., 2016). g-C3N4 is well known 
for its remarkable photocatalytic activity resulting in due to the sensible 
absorption of sunlight, efficient charge carrier separation, high surface 
area etc, (Wen et al., 2017). The valence band of g-C3N4 consists of N 2p 
level only, while the conduction band is formed by the hybridization of 
N 2p and C 2p levels. Therefore, the photogenerated electrons are 
available in the N 2p and C 2p levels and the photogenerated holes 
present in N 2p level led to charge carrier recombination, which even
tually leads to low photocatalytic efficiency. In order to minimize the 
electron hole pair recombination, many strategies have been imple
mented including doping with other elements, incorporation of co- 
catalysts and formation of heterostructures (Chen et al., 2018; Zeng 
et al., 2019). Among them, the latter has been researched more as a 
maximum charge separation could be achieved due to the delocalized 
conjugated π structure (J. Zhang et al., 2011) and the negative potential 
(− 1.12 eV vs NHE) of the lowest unoccupied molecular orbital (H. Wei 
et al., 2017b). g-C3N4 couple to metal oxides exhibits improved photo
catalytic performance due to the enhanced charge separation. Band 
alignments of the two semiconductors can lead to two different con
formations as type II and Z-scheme heterojunctions. The two semi
conductors used to describe the heterojunctions will be denoted as 
semiconductors A and B. The position of the VB of semiconductor A is 
higher than that of semiconductor B in type II heterojunctions. Due to 
the differences in voltages, photogenerated holes at the VB of semi
conductor B migrate to the VB of semiconductor A, and the electrons at 
the CB of semiconductor A to that of semiconductor B as shown in 
Fig. 10(a). The separation of photoinduced electrons and holes leads to 
low electron hole pair recombination and increases the lifetime of 
electrons leading to an enhanced photocatalytic activity. On the other 
hand, in Z-scheme heterojunctions (Fig. 10(b)) the photogenerated 
electrons on the CB of semiconductor B transfer to the VB of semi
conductor A. This not only leads to charge separation reducing electron 
hole pair recombination but also improves the redox ability (Ren et al., 
2019). Though there is a chance of recombining electrons and holes 
producing photons, other photogenerated charge carriers replace them 
(Alaghmandfard and Ghandi, 2022). Among reported different 

heterostructures including ZnO/g-C3N4 (Jang et al., 2019; N. Zhang 
et al., 2016), iron oxide/g-C3N4 (M. Wang et al., 2015; Ye et al., 2013), 
WO3/g-C3N4 (C. Cheng et al., 2017; Xiao Zhang et al., 2020), tin oxide/ 
g-C3N4 (Seza et al., 2018; Zang et al., 2014), V2O5/g-C3N4 (Jayaraman 
et al., 2015; Q. Liu et al., 2015) etc. Review articles have been published 
addressing new developments in using g-C3N4 for photocatalysis. Yang 
et al.(J. Yang et al., 2022) reviewed the enhanced photocatalysis 
resulting from the fabrication of defects in g-C3N4 while Jiang et al. (L. 
Jiang et al., 2021) reviewed the strategies reported to broaden the light 
absorption of g-C3N4 in the near infra-red region. In this chapter, 
research works reported on using TiO2 coupled to g-C3N4 as visible 
active photocatalysts for environmental applications are reviewed. 

Wei et al. reported the synthesis of mesoporous TiO2/g-C3N4 mi
crospheres and their photocatalytic activity on the degradation of 
phenol under visible light (H. Wei et al., 2017b). Mesoporous TiO2 mi
crospheres were synthesized by a solvothermal assisted method using 
titanium(IV) isopropoxide as the titanium precursor and mesoporous 
TiO2/g-C3N4 microspheres, TOCN-x, (x-volume of cyanamide solution 
used in mL) were prepared by nanocoating procedure in which meso
porous TiO2 microspheres were dispersed in variable volumes of 
aqueous cyanamide, the precursor of C3N4. Mesoporous g-C3N4 have 
been made via nano casting procedure, where premade SBA-15 was 
dispersed in an aqueous cyanamide solution followed by drying and 
calcination at 550 ◦C for 4 h in N2 atmosphere. The silica template was 
removed by treating with NH4HF2/HCl. The shape and the size of the 
synthesized mesoporous TiO2 microspheres of a diameter of about 2 µm 
did not change upon the formation of g-C3N4 in TOCN-1 and TOCN-2, 
without any g-C3N4 aggregations at the outer surface (Fig. 11(a) and 
(c), respectively) and the open porous structure (of TOCN-1) remained 
visible (Fig. 11(b)). However, aggregated nanoparticles resulting from 
the excess g-C3N4 were present on the surface in the composites with 
higher g-C3N4 loadings like TOCN-2 (Fig. 11(d)). As revealed by the TEM 
(Fig. 11(e)) and the HRTEM images of TOCN-1, at the interface of TiO2/ 
g-C3N4, the (101) plane of the anatase phase of TiO2 (Fig. 11(f)) corre
sponds to an interlayer spacing of 3.1 Å is in close proximity to the (110) 
plane of g-C3N4 (Fig. 11(g)) indicating the successful formation of TiO2/ 
g-C3N4 heterostructure. According to the UV-Visible diffuse reflectance 
spectra, the light absorption of the composites shifted to the visible 
range compared to pure TiO2 which the light absorption was limited to 
the UV range and showed a higher absorption than pure g-C3N4. The 
resulted band gaps of TiO2, TOCN-1, TOCN-2 and g-C3N4 were 3.2, 1.5, 
1.7 and 2.7 eV, respectively. Photoluminescence spectra have been ac
quired to study the separation of photogenerated charge carriers and 
pure TiO2 exhibited a band in the range of 350–420 nm appeared due to 

Fig. 10. The most common heterojunctions fabricated when g-C3N4 is coupled to metal oxides (a) type II heterojunction (b) Z-scheme heterojunction. Figure adapted 
from ref. (Alaghmandfard & Ghandi, 2022). 
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the band-band emission and excitonic fluorescence resulting from sur
face oxygen vacancies and defects. Peaks with less intensity were 
observed for TOCN in the same range suggesting less recombination of 
electrons and holes but the broad peak of g-C3N4 centered at 460 nm 
with high intensity indicated the possible recombination of the photo
generated electron hole pairs (Fig. 11(h)). Photocatalytic activity of the 
synthesized catalysts has been evaluated on the degradation of phenol 
under the irradiation generated by a 500 W Hg (Xe) globe (Oriel) with a 
Schott filter (cutoff λ < 420 nm) as the visible light source (light in
tensity: 8.5 mW cm− 2). TOCN-1 and TOCN-2 showed higher rate con
stants (Fig. 11(i)) in degrading phenol than g-C3N4 due to the lower 
band gap resulting due to doping of N to TiO2 which created an energy 
level (N 2p) above the valence band of TiO2 as revealed by the XPS 
analysis and hence both TiO2 and g-C3N4 species were visible active. 
Moreover, the fast transport of the reactant phenol and photodegraded 
products through the mesoporous structure with pore channels of larger 
diameter also contributed to the higher photocatalytic activity. Further, 
it has been found that photogenerated electrons are mainly responsible 
for the radical formation as revealed by the reduction in the photo
catalytic activity in the presence of t-butanol which acted as a radical 
scavenger than the reduction in the activity resulting when EDTA-2Na 
was used as the hole scavenger because hydroxyl radicals are gener
ated from the photoexcited electrons and oxygen radicals from the 
photogenerated holes. The proposed mechanism for charge transfer is 
illustrated in scheme 3. Photogenerated electrons at the CB band of g- 
C3N4 transfer to the CB of N-doped TiO2 through the interface of the 
heterostructure. Holes at the N 2p substitutional level could migrate to 
the VB of g-C3N4 enhancing the charge separation. Further, exciting 
electrons in the CB of N doped TiO2 and g-C3N4 convert O2 to oxygen 
radicals which then oxidize phenol and the holes at the VB of N doped 
TiO2produce hydroxyl radicals also contribute to the degradation of 
phenol molecules (H. Wei et al., 2017b). Further, the photodegradation 
of phenol has been reported in different studies using TiO2/g-C3N4 thin 
films (Z. Wei et al., 2017a), TiO2/g-C3N4 heterostructures (Qu et al., 
2022), g-C3N4-Ti3+/TiO2 nanotube arrays (W. Liao et al., 2015), 

macroporous TiO2 on B-doped/g-C3N4 (Behera et al., 2021), g-C3N4/ 
TiO2 composites (Miranda et al., 2013; Xueqin Wang et al., 2018c), 
highly ordered TiO2 nanotube arrays wrapped with g-C3N4 (H. Wang 
et al., 2018b), TiO2/Co-doped g-C3N4 (L. Zhou et al., 2017) etc. 

Jo et al. studied the effect of morphology of the TiO2 nanomaterial in 
TiO2/g-C3N4 on photocatalytic activity for the degradation of a phar
maceutical, isoniazid (ISN) under UV irradiation (Jo & Natarajan, 
2015). The morphology of the TiO2 nanomaterial varied as nano
particles (TNP) and nanotubes (TNT). TNT was synthesized by a hy
drothermal method using TNP as the starting material. TNT degraded 
73.3 % of ISN, while only 56.3 % of ISN was degraded by TNP due to the 

Fig. 11. SEM images of (a), (b) TOCN-1 (c), (d) TOCN-2 (e) TEM image of TOCN-1 showing the TiO2-g-C3N4 interface, HRTEM images of (f) anatase TiO2 (g) g-C3N4, 
(h) Photoluminescence spectra of (i) Photocatalytic decomposition of phenol over, TO, TOCN-0.1, TOCN-0.5, TOCN-1, TOCN-2, CN. Figure adapted from ref. (H. Wei 
et al., 2017). 

Scheme 3. Mechanism of charge transfer at the heterojunction of TiO2 – g- 
C3N4 under visible light exposure. Scheme adapted from ref. (Z. Wei 
et al., 2017). 
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higher surface area of TNT which led to higher adsorption of ISN to TNT 
(4 %) compared to TNP (0.3 %). Degradation of ISN in the presence of g- 
C3N4 was only 13.5 % which was lesser than for both TNT and TNP as g- 
C3N4 is only visible sensitive and TiO2 nanomaterials absorb UV irra
diation provided. The photocatalytic activity increased with increasing 
loading of g-C3N4 up to 5 % coupled to TNP (79.5 %). The higher 
photocatalytic activity was attributed to the proper contact of TNP and 
g-C3N4, reduced band gap and higher surface area (60.01 m2/g), while 
the photocatalytic activity decreased with further increments of g-C3N4 
due to the shielding effect of g-C3N4. Similarly, the photocatalytic ac
tivity was increased with increasing loading of g-C3N4 when coupled to 
TNT, where the maximum of 90.8 % was reported with 3 % g-C3N4, 
while the activity decreased with further increments as 77.9, 75.1 and 
74.4 % for 5, 7 and 10 % loadings of g-C3N4. At higher g-C3N4 loadings, 
g-C3N4 tends to block the TNT limiting the light reaching the TNT 
resulting in low production of OH● and O2

●− radicals which lead to a 
reduction in the ISN degradation. Photocatalytic degradation of ISN by 
g-C3N4 coupled to TNT is greater than that of g-C3N4 coupled to TNP due 
to the high surface area of TNT which provides a larger number of active 
sites for the adsorption of ISN and produces a higher concentration of 
OH. (Jo & Natarajan, 2015). 

Similarly, Lu et al. reported the solvothermal assisted synthesis of 
TiO2 nanorods on g-C3N4 as efficient photocatalysts for the degradation 
of Rhodamine B and reduction of Cr(VI) under visible light (Lu et al., 
2017) as they effectively prohibit the electron hole pair recombination 
due to the charge transfer from g-C3N4 to TiO2 nanorods. Shen et al. 
(Shen et al., 2017) reported the synthesis of black TiO2 nanobelts/g- 
C3N4 sheets via the hydrothermal method where treatment with NaBH4 
at higher temperatures produces black nanobelts. They were photo
catalytically active on hydrogen production (555.8 μmol h− 1g− 1) and 
could degrade 95.1 % of methyl orange (Shen et al., 2017). Arjum et al. 
also reported the synthesis of g-C3N4 coupled to TiO2 nanotubes and 
they were capable of photodegrading 96.6 % of 2-chlorophenol (Anjum 
et al., 2018). Recently, g-C3N4 coupled to TiO2 nanorods have been re
ported to be effective in photodegrading ciprofloxacin (K. Hu et al., 
2020), phenol (Qi et al., 2020), Rhodamine B (Hao et al., 2017a) etc. A 
similar study was reported by Monga et al. (Monga & Basu, 2019) where 
they also studied the effect of morphology of TiO2 on photocatalytic 
activity of g-C3N4/TiO2 nanocomposite for the degradation of Rhoda
mine B in visible light (65 W CFL lamp, Phillips, K > 400 nm with an 
intensity of 125 W/m2). TiO2 nanorods, nanotubes and nanospheres 

have been synthesized by using titanium tetraisopropoxide, Degussa 
P25, and titanium butoxide as the chemical precursors. Morphology of 
the C3N4/TiO2 nanotube, nanospheres and nanorods are shown in 
Fig. 12(a–c), respectively. The band gap calculated from the DRS data 
for g-C3N4 coupled to TiO2 nanotubes, nanorods and nanospheres, are 
2.0, 2.32, and 2.8 eV, respectively. The surface areas obtained for them 
are 137.1, 126.1, and 81.1 m2/g, respectively. g-C3N4/TiO2 nanotubes 
have shown the highest photocatalytic rate (0.0403 min− 1) followed by 
g-C3N4 coupled to TiO2 nanorods (0.0359 min− 1), P25 (0.0217 min− 1), 
nanospheres (0.0175 min− 1) as given in Fig. 12 (d). The resulted pho
tocatalytic activity of g-C3N4 coupled to TiO2 nanotubes has been 
attributed to improved light absorption in the visible range and the high 
surface area (Monga & Basu, 2019). The photocatalytic efficiency 
decreased in the presence of DMSO and ascorbic acid which are electron 
and superoxide scavengers, respectively, indicating their importance in 
the degradation reaction, while the efficiency was not affected signifi
cantly by adding methanol indicating the least contribution of holes to 
the degradation reaction as shown in Fig. 12(e). Degradation mecha
nism which shows the contribution of the reactive species to the 
degradation of Rhodamine B is given in Fig. 12(f)(Monga & Basu, 2019). 
g-C3N4/TiO2 nanocomposites have been reported to be effective in 
photodegrading Rhodamine B by other studies as well (Hao et al., 
2017b; Sharma et al., 2017). 

Hao et al. (Hao et al., 2017b) studied the photocatalytic activity of g- 
C3N4/TiO2 heterojunction photocatalysts synthesized by hydrothermal 
method, on the degradation of Rhodamine B under visible light gener
ated by a 350 W xenon arc lamp with UV cut off filter (420 nm). The 
weight of melamine, the precursor for the synthesis of g-C3N4 was mixed 
with TiCl4 was varied as 0.5, 1, 2, 3, and 4 g and the composites syn
thesized were abbreviated as TC0.5, TC1, TC2, TC3, and TC4, respec
tively. Photocatalytic activity was varied as TC0.5 < TC1 < TC2 < TC3 
> TC4 as given in Fig. 13. Photocatalytic activity of TC 3 is the highest 
among the composites synthesized and is 18.7 times higher than pure 
TiO2 and 3.5 greater than pure g-C3N4. The obtained highest activity in 
the presence of TC3 is due to the high surface area it possesses (115.6 
m2/g), narrower band gap (2.97 eV) leading to increase absorption of 
visible light and the heterostructure formed, in which the band align
ment minimizes the electron hole pair recombination(Jian Xu et al., 
2015; J. Yu et al., 2013). Meanwhile, the photocatalytic activity of TC 4 
decreased because excessive incorporation of melamine decreased the 
surface area and destruct the heterostructure between TiO2 and g-C3N4 

Fig. 12. FESEM images of g-C3N4/TiO2 (a) Nanotubes (b) Nanospheres (c) Nanorods (d) Kinetics analysis (e) scavenger study for photodegradation of Rhodamine B 
(f) scheme indicating the photodegradation mechanism. Figure adapted from. Ref. (Monga & Basu, 2019). 
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(R. Hao et al., 2016; Hao et al., 2017b). Sutar et al. reported the effective 
use of g-C3N4/TiO2 nanocomposites for the photodegradation of 
bisphenol A, Brilliant green, and a mixture of Brilliant green, methylene 
blue, and methyl orange under sunlight (Sutar et al., 2020). Titanium- 
tetra isopropoxide has been used as the titanium source and a mixture 
of urea and thiourea has been used as the raw materials for g-C3N4. 
Synthesized g-C3N4 was coupled to TiO2 during the synthesis of TiO2 
hydrothermally in two different molar ratios as g-C3N4 to TiO2, 15:85 
and 30:70 which are denoted as 15 GNT and 30 GNT, respectively. The 
absorption edge of the synthesized nanocomposites shifted to the visible 
range compared to pure TiO2 due to the presence of g-C3N4 resulting in 
lower band gaps of 2.9 and 3.16 eV, for 15GNT and 30 GNT, respec
tively, compared to pure TiO2 (3.3 eV). Among the tested photocatalysts, 
30 GNT (19.85×10− 3 min− 1) was effective than 15GNT (12.42×10− 3 

min− 1), pure TiO2 (9.32×10− 3 min− 1) and g-C3N4 (7.72×10− 3 min− 1) 
due to lower crystallite size (11.4 nm), low band gap (2.9 eV) and 
effective charge separation (Fig. 13(a–c)). The behaviour of the photo
catalysts was similar in degrading bisphenol A. Further, 30 GNT was 
effective in degrading all dyes in a mixture of Brilliant green, methylene 
blue, and methyl orange (Fig. 13(d)) (Sutar et al., 2020). 

Du et al. (Du et al., 2020) reported the synthesis of TiO2/g-C3N4 
using melamine as the precursor of g-C3N4 and commercially available 
TiO2. They were mixed in different weight ratios as 2.5, 5, 10, 20, 30, 40, 
and 50 % and were coupled via sonication followed by calcination. Their 
effect on photodegrading acetaminophen was evaluated under visible 
light generated from a 300 W xenon lamp. TiO2 coupled with 5 % g-C3N4 
showed the highest photocatalytic activity. The conversion was 
enhanced from 33.2 % to 99.3 %, and the rate constant increased 13 
times upon the addition of persulfate. The photocatalytic activity was 
low at low content of g-C3N4, g-C3N4 cannot provide sufficient 

photoinduced carriers for persulfate to be activated and at a high per
centage of g-C3N4 again the photocatalytic activity was low due to 
insufficient content of TiO2, photoinduced carriers generated by g-C3N4 
cannot be transferred into TiO2 and decrease the charge separation. 
TiO2/g-C3N4 was effective in photodegrading other micropollutants 
such as phenol, bisphenol A and carbamazepine as well. Further, the 
photodegradation of acetaminophen reduced from 100 % to 88.3 % and 
94.5 % once the medium of the reaction carried out was changed from 
ultrapure water to tap water and lake water as the other organic matter 
compete with acetaminophen and hence the photocatalyst has nonse
lective photocatalytic properties (Du et al., 2020). 

TiO2/g-C3N4 has shown in be effective in photodegrading methylene 
blue (Bairamis et al., 2019; H. Liu et al., 2019), methyl orange (Kuldeep 
et al., 2021; Q. Li et al., 2013; Mohini & Lakshminarasimhan, 2016), 
rhodamine B (L. Ma et al., 2018; M. Sharma et al., 2017), diclofenac 
sodium (John et al., 2021), Indigo Carmine (Toghan et al., 2021) etc. 
Table 5 summarizes the synthesis method, textural parameters, 
morphology and the photocatalysis of TiO2/g-C3N4 reported in the 
literature. 

2.2.1.2. Advantages and disadvantages. Pure TiO2 with anatase or rutile 
crystal phases is only UV active and hence the applicability of pure TiO2 
for photocatalysis especially for environmental remediation is limited. 
However, the use of TiO2 in visible light is significantly enhanced when 
coupled to g-C3N4 due to the visible light sensitivity of g-C3N4 and 
transfer of photoexcited electrons to the CB of TiO2 from the CB of g- 
C3N4 due to the potential difference. On the other hand, the prominent 
disadvantage of using g-C3N4 as a photocatalyst, electron hole pair 
recombination is minimized once coupled with TiO2 due to the efficient 
charge transfer. The synthesis of g-C3N4 is straightforward as requires 

Fig. 13. (a) Time resolve UV-Visible spectra of brilliant green (b) Kinetics plot of C/Co vs time, plot (d) Time resolve UV-Visible spectra of dye mixture in the 
presence of 30 GNT. Figure adapted from ref. (Sutar et al., 2020). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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Table 5 
A summary of TiO2/g-C3N4 nanocomposites and their photocatalytic activity.  

Precursor of 
g-C3N4 

Synthetic 
method 

Morphology of 
TiO2 

Surface 
area (m2/ 
g) 

Band 
Gap 
(eV) 

Light Source Pollutant Pollutant 
Concentration 
(mg/L) 

Weight of 
the Catalyst 
(mg) 

Rate (min− 1)/ 
Conversion 

Performance 
compared to 
TiO2 

Performance 
compared to g- 
C3N4 

Reference 

Cyanamide Solvothermal Microspheres 64.4 1.5 500 W Hg (light 
intensity: 8.5 mW 
cm− 2) 

Phenol 10 80 6.8×10− 3 – 8.5 times (H. Wei 
et al., 2017) 

Melamine Grinding 
followed by 
calcination 

Disc shape 92.5 2.27 300 W Xe lamp Phenol 20 30 1.63×102 

μmol g− 1 1 h− 1 

* 

– 141.67 times (Qu et al., 
2022) 

p-nitrophenol 1.15×102 

μmol g− 1h− 1 * 
500 times 

o-cresol 1.43×102 

μmol g− 1h− 1 * 
– 

p-cresol 1.45×102 

μmol g− 1h− 1 * 
– 

Melamine Calcination Nanotubes – 2.78 11 W incandescent 
lamp (Intensity of 3 
mW cm− 2) 

Phenol 10 – 74 % 4 times – (W. Liao 
et al., 2015) 

Melamine Wetness 
impregnation 

Nanoparticles 60.01 3.14 – Isoniazid 50 100 6.93×10− 3 1.11 times 3.36 times (Jo & 
Natarajan, 
2015) 

Nanotubes 58.54 3.27 8.33×10− 3 1.19 times 4.04 times 

Urea Solvothermal Nanorods 88.64 3.09 Xe lamp Rhodamine B 20  16.98×10− 3 3.04 times 1.88 times (Lu et al., 
2017) Cr(VI) 50  38.33×10− 3 4.38 times 2.72 times 

Melamine Grinding 
followed by 
calcination 

Nanobelts 29.3 2.32 300 W Xeon-lamp 
with a 420 nm cutoff 
filter 

Methyl Orange 10 30 1.53×10− 2 9.56 times 6.12 times (Shen et al., 
2017) 

Melamine Sonication 
followed by 
drying 

Nanorods – 2.95 500 W Xenon lamp Ciprofloxacin 0.02 10 3.66×10− 2 2.3 times 7.5 times (K. Hu et al., 
2020) 

Urea Sonication 
followed by 
drying 

Nanotubes 137.1 2.0 65 W 205 CFL lamp, 
Phillips, k > 400 nm 
with intensity of 125 
W/m2 

Rhodamine B 5 2 4.03×10− 2 – 2.33 times (Monga & 
Basu, 2019) Nanorods 126.1 2.32 3.59×10− 2 – 2.07 times 

Nanospheres 81.1 2.8 1.75×10− 2 – 1.01 times 

Melamine Hydrothermal – 115.6 2.97 350 W xenon arc lamp 
with UV-cutoff filter 
(420 nm) 

Rhodamine B 4.8 40 36.7×10− 3 18.7 times 3.5 times (R. Hao 
et al., 2017) 

Urea and 
Thiourea 

Hydrothermal – – 2.7 Sunlight Brilliant Green 20 100 19.85×10− 3 6.1 times 2.57 times (Sutar et al., 
2020) Bisphenol A 30.32×10− 3 1.92 times 3.73 times 

Urea Grinding 
followed by 
calcination 

Flower-like 
microspheres 

115.4  30 W Fluorescent lamp Methyl Orange 10 100 6.93×10− 1 7 times – (C. Hu et al., 
2019) 

Melamine Sonication 
followed by 
Calcination 

Nanoparticles – 2.34 300 W xenon lamp 
with a 400 nm cutoff 
filter 

Acetaminophen 5 50 1.615×10− 1 30 times 15 times (Du et al., 
2020) 

Urea Wet 
impregnation 

Nanoparticles 18.44 3.05 1000 W halogen lamp Diclofenac 
sodium 

5 300 93.5 1.87 times 1.2 times (John et al., 
2021) 

Carbonyl 
diamide 

Sonication 
followed by 
Calcination 

Nanoparticles 155 2.97 OSRAM lamp 58 IM/ 
W 

Indigo Carmine 50 50 2.98×10− 2 7 times 4.6 times (Toghan 
et al., 2021)  

* Unit was not unified as sufficient data were not available. 
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only annealing of the precursor and does not involve multiple steps. 
The reusability of the nanocomposites is high favouring their appli

cability. Despite the light absorption being enhanced, charge separation 
is improved and increase the rate of photocatalytic reaction there are 
disadvantages associated with TiO2/g-C3N4 composites. Adsorption of 
the pollutants is a crucial parameter that governs the rate of reaction but 
once g-C3N4 is used as the adsorption is comparatively lower, a low 
photocatalysis was resulted. Moreover, the yield of g-C3N4 produced by 
annealing the precursors including urea, melamine, thiourea, and cy
anamide is very low and hence large-scale production of g-C3N4-based 
photocatalysis is a challenge using g-C3N4 as a photocatalyst is not cost- 
effective. During the synthesis, coupling of TiO2 and g-C3N4 requires a 
hydrothermal method which requires special lab equipment. 

3. Challenges and opportunities 

There a quite a few challenges associated with using TiO2 coupled 
with carbon-based materials as photocatalysts. The main challenge is 
that carbon material masks the penetration of light to the photocatalyst 
and hence the concentration of the radicals formed which are respon
sible for the degradation of pollutants. Further, when the photocatalysis 
of pure TiO2 is compared with the TiO2 coupled with the carbon material 
many researchers have directly compared the photocatalytic activity per 
given weight of the catalyst ignoring the fact that in a given weight of 
the composite the weight of the actual catalyst (TiO2) is a constant and 
the weight of the carbon material is varied. Therefore, the rate of pho
tocatalysis or the conversion should be calculated considering the 
weight of the catalyst in the particular weight of the total composite. 
However, this doesn’t apply to TiO2/g-C3N4 as g-C3N4 is also a 
component of the photocatalyst. Further, the dark or opaque colour 
caused by the black colour of the carbon-based material interferes with 
the measurements collected by the UV-Visible spectrophotometer. 

Photocatalysts of TiO2 coupled with carbon-based materials are not 
only applicable for the degradation of pollutants in wastewater but also 
could be used to generate H2 from water splitting which is a sustainable 
energy source. Further, these composites could be used as an antimi
crobial agent to inhibit the growth of bacteria and fungi, mainly. 

4. Recommendations and future outlook 

As described above coupling of TiO2 with carbon-originated mate
rials have shown to be promising photocatalysts in degrading pollutants 
that are released from different anthropogenic activities. However, in 
the future researchers can further improve the activity and enhance the 
efficiency of the photocatalysts. As reported the efficiency in degrading 
the pollutants under visible light is lesser than that under UV light 
because TiO2 is UV sensitive. Therefore, to improve the activity under 
visible light, TiO2 could be modified to increase the absorption of visible 
light. TiO2 doped with transition metals like Fe, Cu, Mn etc., and non- 
metals such as N, C, S etc. could be coupled with carbon-based mate
rials. Further, to enhance the visible light sensitivity TiO2 could be 
coupled with visible light sensitive semiconductors such as CuO, Fe2O3, 
WO3 etc. and such composite could be coupled further with the carbon- 
based materials. 

Interestingly, TiO2 could be decorated with noble metal nano
particles such as Ag or Au could be coupled to carbon-based material to 
improve the visible light absorption due to the localized plasmon effect 
of the noble nanoparticles. Creating Ti3+ on TiO2 and then coupling it 
with carbon material would also improve the visible light sensitivity. 
Moreover, coupling TiO2 with more than one type of carbon material 
would also enhance the activity. TiO2 coupled with g-C3N4 or with CNT 
could be deposited on AC to improve the removal of the pollutants both 
via adsorption and photocatalysis. Further, TiO2 coupled to catalytically 
graphitized carbon has not been popularly reported. Graphitic carbon 
could be easily prepared by catalytic graphitization of carbon sources 
like sucrose and cellulose which could be extracted from natural and 

waste materials. Arrangement of the atomic layers to produce turbos
tratic carbon would enhance the adsorption of the pollutants and 
improve the photocatalysis via minimizing the charge carrier recombi
nation and turbostratic carbon itself would produce the electrons and 
holes upon exposure to visible light. Therefore, there are different new 
approaches still available in the field which could be researched in the 
future. 

5. Conclusions 

TiO2 coupled with carbon-based materials has emerged as a new 
avenue for the fabrication of efficient photocatalysts to degrade pol
lutants in wastewater. Coupling TiO2 with activated carbon, carbon 
nanotubes and graphene derivatives like graphene oxide and reduce 
graphene oxide enhance the photocatalytic activity by providing 
adsorption sites to the pollutants and separating the charge carriers 
minimizing the electron hole pair recombination. g-C3N4 being different 
to the others, act as a visible light-sensitive semiconductor creating 
either type II or Z-scheme heterojunction with TiO2 enhancing the 
photocatalytic activity. Visible light absorption is increased in TiO2 
coupled to carbon-based materials increasing the photodegradation of 
pollutants in the visible light. Though carbon-based materials improve 
the overall photocatalytic activity, at higher concentrations they mask 
the TiO2 photocatalyst producing a smaller number of photogenerated 
electrons and holes leading to lower photocatalytic activity. TiO2 
coupled to g-C3N4 enhances the photodegradation activity only at the 
correct ratio between TiO2 and g-C3N4 which favours the formation of 
the heterostructure. Therefore, TiO2 coupled with above mentioned 
carbon-based materials at the correct ratio would enhance the photo
catalytic activity to degrade pollutants in wastewater. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

No data was used for the research described in the article. 

Funding 

This research was supported by the Accelerating Higher Education 
Expansion and Development (AHEAD) Operation of the Ministry of 
Higher Education funded by the World Bank. 

References 

Adly, M.S., El-Dafrawy, S.M., El-Hakam, S.A., 2019. Application of nanostructured 
graphene oxide/titanium dioxide composites for photocatalytic degradation of 
rhodamine B and acid green 25 dyes. Journal of Materials Research and Technology 
8 (6), 5610–5622. https://doi.org/10.1016/J.JMRT.2019.09.029. 

Akbal, F., 2005. Photocatalytic degradation of organic dyes in the presence of titanium 
dioxide under UV and solar light: Effect of operational parameters. Environmental 
Progress 24 (3), 317–322. https://doi.org/10.1002/EP.10092. 

Akpan, U.G., Hameed, B.H., 2009. Parameters affecting the photocatalytic degradation of 
dyes using TiO2-based photocatalysts: A review. Journal of Hazardous Materials 170 
(2–3), 520–529. https://doi.org/10.1016/J.JHAZMAT.2009.05.039. 

Alaghmandfard, A., & Ghandi, K. (2022). A Comprehensive Review of Graphitic Carbon 
Nitride (g-C3N4)–Metal Oxide-Based Nanocomposites: Potential for Photocatalysis 
and Sensing. Nanomaterials 2022, Vol. 12, Page 294, 12(2), 294. https://doi.org/ 
10.3390/NANO12020294. 

Al-Maqdi, K. A., Elmerhi, N., Athamneh, K., Bilal, M., Alzamly, A., Ashraf, S. S., & Shah, 
I. (2021). Challenges and Recent Advances in Enzyme-Mediated Wastewater 
Remediation—A Review. Nanomaterials 2021, Vol. 11, Page 3124, 11(11), 3124. 
https://doi.org/10.3390/NANO11113124. 

Andriantsiferana, C., Mohamed, E.F., Delmas, H., 2014. Photocatalytic degradation of an 
azo-dye on TiO2/activated carbon composite material. Environmental Technology 
35 (3), 355–363. https://doi.org/10.1080/09593330.2013.828094. 

C. Thambiliyagodage                                                                                                                                                                                                                           

https://doi.org/10.1016/J.JMRT.2019.09.029
https://doi.org/10.1002/EP.10092
https://doi.org/10.1016/J.JHAZMAT.2009.05.039
https://doi.org/10.1080/09593330.2013.828094


Environmental Nanotechnology, Monitoring & Management 18 (2022) 100737

21

Anjum, M., Kumar, R., Abdelbasir, S.M., Barakat, M.A., 2018. Carbon nitride/titania 
nanotubes composite for photocatalytic degradation of organics in water and sludge: 
Pre-treatment of sludge, anaerobic digestion and biogas production. Journal of 
Environmental Management 223, 495–502. https://doi.org/10.1016/J. 
JENVMAN.2018.06.043. 

Asencios, Y.J.O., Lourenço, V.S., Carvalho, W.A., 2022. Removal of phenol in seawater 
by heterogeneous photocatalysis using activated carbon materials modified with 
TiO2. Catalysis Today 388–389, 247–258. https://doi.org/10.1016/J. 
CATTOD.2020.06.064. 

Ateia, M., Apul, O.G., Shimizu, Y., Muflihah, A., Yoshimura, C., Karanfil, T., 2017. 
Elucidating Adsorptive Fractions of Natural Organic Matter on Carbon Nanotubes. 
Environmental Science and Technology 51 (12), 7101–7110. https://doi.org/ 
10.1021/ACS.EST.7B01279/SUPPL_FILE/ES7B01279_SI_001.PDF. 

Awfa, D., Ateia, M., Fujii, M., Yoshimura, C., 2019. Novel Magnetic Carbon Nanotube- 
TiO2 Composites for Solar Light Photocatalytic Degradation of Pharmaceuticals in 
the Presence of Natural Organic Matter. Journal of Water Process Engineering 31, 
100836. https://doi.org/10.1016/J.JWPE.2019.100836. 

Bairamis, F., Konstantinou, I., Petrakis, D., & Vaimakis, T. (2019). Enhanced 
Performance of Electrospun Nanofibrous TiO2/g-C3N4 Photocatalyst in 
Photocatalytic Degradation of Methylene Blue. Catalysts 2019, Vol. 9, Page 880, 9 
(11), 880. https://doi.org/10.3390/CATAL9110880. 

Balayeva, N.O., Fleisch, M., Bahnemann, D.W., 2018. Surface-grafted WO3/TiO2 
photocatalysts: Enhanced visible-light activity towards indoor air purification. 
Catalysis Today 313, 63–71. https://doi.org/10.1016/J.CATTOD.2017.12.008. 

Barakat, M.A., Kumar, R., Almeelbi, T., Al-Mur, B.A., Eniola, J.O., 2022. Sustainable 
visible light photocatalytic scavenging of the noxious organic pollutant using 
recyclable and reusable polyaniline coupled WO3/WS2 nanohybrid. Journal of 
Cleaner Production 330, 129942. https://doi.org/10.1016/J. 
JCLEPRO.2021.129942. 

Bedia, J., Monsalvo, V.M., Rodriguez, J.J., Mohedano, A.F., 2017. Iron catalysts by 
chemical activation of sewage sludge with FeCl3 for CWPO. Chemical Engineering 
Journal 318, 224–230. https://doi.org/10.1016/J.CEJ.2016.06.096. 

Bedia, J., Belver, C., Ponce, S., Rodriguez, J., Rodriguez, J.J., 2018. Adsorption of 
antipyrine by activated carbons from FeCl3-activation of Tara gum. Chemical 
Engineering Journal 333, 58–65. https://doi.org/10.1016/J.CEJ.2017.09.161. 

Behera, A., Babu, P., Parida, K., 2021. Growth of macroporous TiO2 on B-doped g-C3N4 
nanosheets: a Z-scheme photocatalyst for H2O2 production and phenol oxidation 
under visible light. Inorganic Chemistry Frontiers 8 (6), 1489–1499. https://doi.org/ 
10.1039/D0QI01327G. 

Boreen, A.L., Arnold, W.A., McNeill, K., 2004. Photochemical fate of sulfa drugs in then 
aquatic environment: Sulfa drugs containing five-membered heterocyclic groups. 
Environmental Science and Technology 38 (14), 3933–3940. https://doi.org/ 
10.1021/ES0353053/SUPPL_FILE/ES0353053SI20040419_023951.PDF. 

Briche, S., Derqaoui, M., Belaiche, M., El Mouchtari, E.M., Wong-Wah-Chung, P., 
Rafqah, S., 2020. Nanocomposite material from TiO2 and activated carbon for the 
removal of pharmaceutical product sulfamethazine by combined adsorption/ 
photocatalysis in aqueous media. Environ Sci Pollut Res 27 (20), 25523–25534. 

Cao, N., Yue, C., Lin, Z., Li, W., Zhang, H., Pang, J., Jiang, Z., 2021. Durable and chemical 
resistant ultra-permeable nanofiltration membrane for the separation of textile 
wastewater. Journal of Hazardous Materials 414, 125489. https://doi.org/10.1016/ 
J.JHAZMAT.2021.125489. 

Caturla, F., Molina-Sabio, M., Rodríguez-Reinoso, F., 1991. Preparation of activated 
carbon by chemical activation with ZnCl2. Carbon 29 (7), 999–1007. https://doi. 
org/10.1016/0008-6223(91)90179-M. 

Chai, W.S., Cheun, J.Y., Kumar, P.S., Mubashir, M., Majeed, Z., Banat, F., Ho, S.H., 
Show, P.L., 2021. A review on conventional and novel materials towards heavy 
metal adsorption in wastewater treatment application. Journal of Cleaner 
Production 296, 126589. https://doi.org/10.1016/J.JCLEPRO.2021.126589. 

Chatterjee, M.J., Ghosh, A., Mondal, A., Banerjee, D., 2017. Polyaniline–single walled 
carbon nanotube composite – a photocatalyst to degrade rose bengal and methyl 
orange dyes under visible-light illumination. RSC Advances 7 (58), 36403–36415. 
https://doi.org/10.1039/C7RA03855K. 

Chen, X., Zhao, X., Kong, Z., Ong, W.J., Li, N., 2018. Unravelling the electrochemical 
mechanisms for nitrogen fixation on single transition metal atoms embedded in 
defective graphitic carbon nitride. Journal of Materials Chemistry A 6 (44), 
21941–21948. https://doi.org/10.1039/C8TA06497K. 

Cheng, C., Shi, J., Hu, Y., Guo, L., 2017. WO3/g-C3N4 composites: one-pot preparation 
and enhanced photocatalytic H2 production under visible-light irradiation. 
Nanotechnology 28 (16), 164002. https://doi.org/10.1088/1361-6528/AA651A. 

Cheng, N., Wang, B., Wu, P., Lee, X., Xing, Y., Chen, M., Gao, B., 2021. Adsorption of 
emerging contaminants from water and wastewater by modified biochar: A review. 
Environmental Pollution 273, 116448. https://doi.org/10.1016/J. 
ENVPOL.2021.116448. 

de la Flor, M.P., Camarillo, R., Martínez, F., Jiménez, C., Quiles, R., Rincón, J., 2021. 
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Photocatalytic activity of porous multiwalled carbon nanotube-TiO2 composite 
layers for pollutant degradation. Journal of Hazardous Materials 317, 52–59. 
https://doi.org/10.1016/J.JHAZMAT.2016.05.056. 

C. Thambiliyagodage                                                                                                                                                                                                                           

https://doi.org/10.1016/J.CRGSC.2021.100116
https://doi.org/10.1016/J.CRGSC.2021.100116
https://doi.org/10.1016/J.JPHOTOCHEM.2019.111941
https://doi.org/10.1016/J.JPHOTOCHEM.2019.111941
https://doi.org/10.1088/1757-899X/1041/1/012048
https://doi.org/10.1088/1757-899X/1041/1/012048
https://doi.org/10.1016/J.APCATA.2013.12.028
https://doi.org/10.1016/J.APCATA.2013.12.028
https://doi.org/10.1016/J.TALANTA.2014.08.071
https://doi.org/10.1016/J.TALANTA.2014.08.071
https://doi.org/10.2166/WST.2018.374
https://doi.org/10.1016/J.APSUSC.2008.10.083
https://doi.org/10.1016/J.APSUSC.2008.10.083
https://doi.org/10.1016/J.JHAZMAT.2017.10.044
https://doi.org/10.1111/IJAC.13776
https://doi.org/10.1016/J.CHEMOSPHERE.2017.06.122
https://doi.org/10.1016/J.APCATB.2005.11.034
https://doi.org/10.1016/J.APCATB.2005.11.034
https://doi.org/10.1016/J.APSUSC.2018.05.082
https://doi.org/10.1016/J.APSUSC.2018.05.082
https://doi.org/10.1016/J.MOLCATA.2011.05.026
https://doi.org/10.1016/J.MOLCATA.2011.05.026
https://doi.org/10.1016/J.APCATB.2016.09.003
https://doi.org/10.1021/ACS.JPCC.7B06493/SUPPL_FILE/JP7B06493_SI_001.PDF
https://doi.org/10.1021/ACS.JPCC.7B06493/SUPPL_FILE/JP7B06493_SI_001.PDF
https://doi.org/10.1016/J.APSUSC.2016.07.030
https://doi.org/10.1016/J.JECE.2019.103261
https://doi.org/10.1016/J.JECE.2019.103261
https://doi.org/10.1515/GPS-2021-0026/MACHINEREADABLECITATION/RIS
https://doi.org/10.1515/GPS-2021-0026/MACHINEREADABLECITATION/RIS
https://doi.org/10.1155/2016/8393648
https://doi.org/10.1155/2016/8393648
https://doi.org/10.1021/JA508329C/SUPPL_FILE/JA508329C_SI_001.PDF
https://doi.org/10.1021/JA508329C/SUPPL_FILE/JA508329C_SI_001.PDF
https://doi.org/10.1016/J.JPOWSOUR.2014.10.033
https://doi.org/10.1016/J.JPOWSOUR.2014.10.033
https://doi.org/10.1016/J.JHAZMAT.2010.11.063
https://doi.org/10.1016/S1003-6326(15)63631-7
https://doi.org/10.1016/S1003-6326(15)63631-7
https://doi.org/10.1016/J.CEJ.2021.130991
https://doi.org/10.1016/J.CEJ.2021.130991
https://doi.org/10.1016/J.ENVPOL.2008.11.007
https://doi.org/10.1016/J.ENVPOL.2008.11.007
https://doi.org/10.1039/C2TA01069K
https://doi.org/10.2138/AM-2000-0416
https://doi.org/10.1016/J.WATRES.2008.02.024
https://doi.org/10.1016/J.WATRES.2008.02.024
https://doi.org/10.1039/C3CP53131G
https://doi.org/10.1039/C3CP53131G
https://doi.org/10.1016/J.CEJ.2014.02.068
https://doi.org/10.1016/J.CATTOD.2011.10.003
https://doi.org/10.1016/J.CATTOD.2011.10.003
https://doi.org/10.1021/ACSAMI.8B20958/SUPPL_FILE/AM8B20958_SI_001.PDF
https://doi.org/10.1021/ACSAMI.8B20958/SUPPL_FILE/AM8B20958_SI_001.PDF
https://doi.org/10.1016/J.ACA.2016.06.029
https://doi.org/10.1016/J.CARBON.2019.09.083
https://doi.org/10.1016/J.CARBON.2019.09.083
https://doi.org/10.1039/C0EE00418A
https://doi.org/10.1016/J.CHEMOSPHERE.2017.07.025
https://doi.org/10.1021/AM201630S/SUPPL_FILE/AM201630S_SI_001.PDF
https://doi.org/10.1021/AM201630S/SUPPL_FILE/AM201630S_SI_001.PDF
https://doi.org/10.1016/J.BIORTECH.2021.125659
https://doi.org/10.1016/J.BIORTECH.2021.125659
https://doi.org/10.1016/J.CES.2021.116707
https://doi.org/10.1016/J.CES.2021.116707
https://doi.org/10.1016/J.CATCOM.2016.09.022
https://doi.org/10.1016/J.JHAZMAT.2016.05.056

	Efficient photocatalysis of carbon coupled TiO2 to degrade pollutants in wastewater – A review
	1 Introduction
	2 TiO2/carbon-based materials
	2.1 UV/UV-visible active TiO2/Carbon-based materials
	2.1.1 TiO2/activated carbon (AC)
	2.1.1.1 Degradation of pollutants
	2.1.1.2 Advantages and disadvantages

	2.1.2 TiO2/CNT
	2.1.2.1 Degradation of pollutants
	2.1.2.2 Advantages and disadvantages

	2.1.3 TiO2/Graphene derivatives
	2.1.3.1 Degradation of pollutants
	2.1.3.2 Advantages and disadvantages


	2.2 Visible active TiO2/Carbon-based materials
	2.2.1 TiO2/g-C3N4
	2.2.1.1 Degradation of pollutants
	2.2.1.2 Advantages and disadvantages



	3 Challenges and opportunities
	4 Recommendations and future outlook
	5 Conclusions
	Declaration of Competing Interest
	Data availability
	Funding
	References


