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Abstract
Textile wastewaters contain refractory dyes that cause pollution and socio-economic issues, thus calling for efficient remedia-
tion techniques such as photocatalysis. We review the fabrication, functionalization, performance and limitations of doped 
catalysts for degrading and mineralizing dyes. We present developments in photocatalyst immobilization and photocatalytic 
reactor design. Methods such as microwave irradiation, sonication and use of ionic liquids are emerging for the preparation 
of doped photocatalysts. Whilst single-dye systems have been extensively studied, there is limited knowledge on multiple-
dye systems. Immobilization of photocatalysts is gaining popularity for large-scale application, but faces issues of erosion, 
corrosion, mechanical strength and structure integrity. Ecotoxicological studies are required in real environments to validate 
the potential applications of nanostructured doped photocatalysts.
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Introduction

The contamination and pollution of water bodies and soils 
caused by dyes have been continually emphasized and so 
have been the related environmental impacts (Lofrano et al. 
2016). Such pressing socio-economic and environmental 
issues related to dye-induced water and soil milieus’ pol-
lution have bolstered research towards probing for more 
and more remediation routes. With the coining and advent 
of the Green Chemistry Principles (Anastas and Eghbali 
2010), the search and assessment of dye pollution remedia-
tion strategies have been particularly progressing on many 
fronts, especially with the new material synthesis techniques 
offered by nanoscience and thermal processing. The aim of 
these efforts is, most comprehensibly, to come up with such 
a remediation and detoxification package which can allow 
the degradation, mineralization and eventually near-com-
plete removal of the parent dye moieties and their respec-
tive degradation intermediates and by-products. Amongst 
the various remediation approaches for removing dye mol-
ecules, heterogeneous photocatalysis has been receiving sig-
nificant importance in the scientific research ambit (Reddy 
et al. 2016; Kumar et al. 2019). Indeed, heterogeneous pho-
tocatalysis has been employed for the degradation of differ-
ent dyes (Wang et al. 2010; Barbosa et al. 2015; Al-Kahtani 
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and Abou Taleb 2016; Ajmal et al. 2016) by virtue of the 
greenness traits emanating from the unique morphologies 
and outstanding physico-chemical characteristics of the 
novel photocatalysts. Yet, the relatively high economic costs 
associated with the novel photocatalysts (Fan et al. 2016; Lin 
et al. 2017), the wide energy band gaps (Fang et al. 2015; 
Nguyen et al. 2018), low adsorption capacity (Khataee et al. 
2018; Mohamed et al. 2018) and poor reusability (Mohamed 
et al. 2018) seem to pose certain limitations to their wide use 
and full-fledged application in large-scale photocatalytic dye 
remediation processes.

One set of research approaches which has been fast pro-
gressing for crafting more potent and chemically stable pho-
tocatalysts intended for the degradation and mineralization 
of environmental pollutants such as dyes is in engineering 
different synthetic modifications to the structural topology 
of the parent catalysts (Malwal and Gopinath 2016; Gnana-
sekaran et al. 2017; Magdalane et al. 2017; Sorbiun et al. 
2018; Bilal Tahir and Sagir 2019; Vasantharaj et al. 2019; 
Adam et al. 2020; Yang et al. 2020). One single material 
can exhibit significantly superior catalytic activity for a 
specific (single, dual, ternary and even quaternary) dye sys-
tem. However, that same single material may not always be 
capable of delivering the same superior catalytic activity for 
another single-, dual-, ternary- and even four-dye system, 
with or without common dyes or other non-dyestuff organic 
and inorganic species. Therefore, continuous research and 
material science and engineering efforts are deployed to for-
mulate such materials which can unleash much acceptable 
and superior photocatalytic degradation performances by 
encompassing more and more of the dyes contained within 
a specific multi-dye system. Moreover, synthetic modifica-
tions occur in the form of doping the parent catalyst with 
specific heteroatoms (Yao et al. 2016; Pham and Yeom 2016; 
Di et al. 2017; Zeng et al. 2017; Cao et al. 2017; Nguyen 
and Ngo 2018; Qian et al. 2018), in combining the catalyst 
with other compounds to generate composites with enhanced 
and adjustable catalytic properties such as improved inter-
facial surface areas and more favourable band gaps (Tanwar 
et al. 2017; Hossain et al. 2018; Azzam et al. 2019) and 
enhanced electronic movement (Hu et al. 2015; Saleh et al. 
2016; Sankar et al. 2016; Chai et al. 2017; Bhanvase et al. 
2017; Qian et al. 2018; Zeng et al. 2018).

A corollary to the outcome of such innovative ongoing 
research is that highly effective and green doped photo-
catalysts can be synthesized and these can be thereafter of 
significant importance in curbing the detrimental effects of 
dye-related pollution and in eventually bringing remedial 
benefits to the environment, economy and community, at 
large. Given the ongoing progress logged in the literature 
on the synthesis of a very wide array of novel photocat-
alysts modified by doping (or codoping), this review has 
the intent to revisit and analyse selected recently published 

laboratory-scale works (essentially from 2015 to 2020) 
which have reported the green and relatively facile fabrica-
tion, functionalization and performance metrics of several 
types of doped catalysts (including photocatalysts) designed 
to assist the degradation and mineralization processes of a 
wide number of dyes in different dye systems. Hence, the 
next sections in this article discuss: (1) the novel fabrica-
tion approaches for (co)doping catalysts, (2) the various 
techniques employed for functionalizing the photocatalysts, 
(3) the performances of the different types of doped and 
functionalized photocatalysts in the degradation and min-
eralization of a wide range of dye molecules in single- and 
mixed-dye systems, (4) the ecotoxicological aspects related 
to the use of doped photocatalysts when assessing dye deg-
radation systems, (5) the progress made in reactor system 
design for photocatalytic dye-degrading systems and (6) a 
handful of the key limitations associated with the develop-
ment and use of photocatalysts. The analysis ends by high-
lighting some research avenues which could make way for an 
adapted application of the more potent doped photocatalysts 
in assisting with the degradation of dyes in more complex 
(real) dye systems.

The broad approach towards data curation and analysis 
for this review has been to consider largely original peer-
reviewed articles and abstracts, and only those written and 
eventually obtained in their corresponding English version. 
An extensive and progressive literature search was con-
ducted on Scopus, Web of Science and Google Scholar for 
articles and abstracts published essentially from 2015 to date 
in view to produce a review of recent findings and trends. 
Many search words and phrases were used to gather an ini-
tial pool of articles and abstracts. The main keywords were 
‘dye pollution’, ‘photocatalyst’, ‘doping catalysts’, ‘doped 
photocatalysts’, ‘photocatalyst functionalization’, ‘dye deg-
radation’, ‘photocatalytic reactor’, ‘green dye degradation’, 
‘green photocatalysts’, ‘photocatalytic dye degradation’ 
and ‘photocatalyst ecotoxicological assessment’. Relevant 
data were retrieved by the authors working on the different 
sections, and the manuscript was continually crafted with 
text, tabular and graphics materials being synthesized after 
mutual consultations and regular proofreading, inputs and 
edits from all the authors.

Upgrading photocatalytic characteristics

Internal factors such as physical structure and composition 
of the photocatalytic crystal can greatly influence the pho-
tocatalytic activity of the photocatalyst. To be an ideal pho-
tocatalyst, it should have the following properties: it should 
have low band gap energy so that it can be easily excited 
by photons; it should be able to harness visible light and it 
should have a high charge separation efficiency and a low 
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recombination rate. Many of the photocatalytic materials 
such as  TiO2 have high band gap energy; hence, they can 
be excited exclusively by UV rays and not by visible light 
(Zheng et al. 2015). Furthermore, there is a high rate of 
recombination in these materials due to the weak separation 
efficiency between the photogenerated electron–hole pairs 
(Huang et al. 2016). To overcome these limitations, several 
techniques such as doping, heterostructuring and shape mod-
ification have been developed (Marschall and Wang 2014).

Doping schemes

Doping is an effective way to overcome the latter problems. 
Doping involves ‘adulterating’ the material with self or for-
eign ions. Doping modifies the band gap energy and the 
atomic structure of the material, thus making it possible to 
harvest visible light. Furthermore, it can introduce additional 
energy levels which help to trap excitons in separate carri-
ers, thus preventing recombination (Huang et al. 2016; Li 
et al. 2017). Based on the type of materials used, doping can 
be classified as self-doping, non-metal doping, rare earth 
metal doping, transitional metal doping and codoping (Yu 
et al. 2012; Borlaf et al. 2014; Li et al. 2015; Ahmad 2019). 
In self-doping, the semiconductor crystal is doped with the 
same cation that makes the bulk of the crystal material. For 
example, in the case of  TiO2 self-doping,  Ti3+ is used as a 
dopant. This leads to higher oxygen vacancies, which can 
lead to better absorption of light (de Brites-Nóbrega et al. 
2013). Non-metal doping involves doping the intrinsic semi-
conductors with non-metals such as boron, nitrogen, carbon, 
sulphur, fluorine and chlorine which have high ionization 
potential and high electronegativities (Huang et al. 2016). 
They generally act by interacting with the 2p electrons of 
oxygen present in the lattice (Khan et al. 2015a). The differ-
ent mechanisms by which non-metal doping is speculated 
to work are: (1) introduction of localized states above the 
valence band or below the conduction band which causes 
band narrowing, (2) introduction of oxygen vacancies lead-
ing to the formation of colour centres, which increases light 
absorption, and (3) surface modification through the intro-
duction of coordination sites on the surface (Serpone and 
Emeline 2012; Li et al. 2018).

Transitional metal doping involves the use of transi-
tion metals such as iron, chromium, niobium, zinc, tung-
sten, manganese and molybdenum to modify the electronic 
configuration of the photocatalyst by modulating the band 
gap energy, band position, Fermi level and d orbital con-
figuration (Huang et al. 2016). The partially filled d orbit-
als present in the transition metals lead to the formation of 
new energy bands below the conduction band leading to 
a redshift in band gap energy, which makes it possible for 
the photocatalyst to absorb photons in the visible range. 
Rare earth metal doping is one of the most efficient doping 

techniques which involves the use of rare earth metal such 
as cerium, erbium, gadolinium, europium and ytterbium (de 
Brites-Nóbrega et al. 2013). The 4f, 5d and 6s orbitals of 
the rare earth metal interact with the atomic structure of 
the intrinsic semiconductor through the formation of mid-
gaps states within the conduction and valence band, and 
this can lead to visible light absorption, decrease in band 
gap energy and increase in charge separation efficiency (de 
Brites-Nóbrega et al. 2013). The rare earth metals exposed 
on the surface of the photocatalyst can also form com-
plexes with organic compounds leading to higher adsorp-
tion, thus enhancing the photocatalytic activity (Liu et al. 
2012). Codoping is another prominent doping strategy in 
which more than one type of ions are used for doping (de 
Brites-Nóbrega et al. 2013). Codoping can be classified as 
non-metal–non-metal, metal–non-metal and metal–metal 
codoping. It works in a similar mechanism as the previously 
described doping techniques and used to combine the effects 
of two or more dopants in a single crystal.

For example, Shah et al. (2019) have recently fabricated 
N-doped and N–B-co-doped  WO3 and  Mn2O3 nanoparticles 
(NPs) following a precipitation and hydrothermal procedure. 
Shah et al. (2019) reported excellent photocatalytic perfor-
mances of the new nanomaterial in that the codoping of 
the  WO3 and  Mn2O3 had led to high photocatalytic activity 
in contrast to the photodegradation of methylene blue that 
reached nearly three and half times greater for in the case of 
the W-based materials and three times more in the case of 
the Mn-based materials in relation to their pure state com-
pounds, respectively. In a study reported earlier, Movahed 
et al. (2018) had shown that a novel, effective and reusable 
 CuX/N-PC composite could be employed as a heterogene-
ous photocatalyst for the degradation of methyl orange and 
rhodamine B and in the C–H activation of formamides. 
Movahed et al. (2018) also reported that the most notewor-
thy photocatalytic activity of a  Cu0.25/N-PC composite could 
be plausibly set on account of the high crystallinity of  Cu2O, 
the absence of agglomeration, the high BET surface area of 
the composite and probable synergetic effects between  Cu2O 
and hollow carbon. In another study, Krishnakumar et al. 
(2017) synthesized magnesium-doped cadmium sulphide 
composites and functionalized them with polyvinyl alcohol. 
Characterization results obtained from FTIR analysis there-
after indicated the presence of stretching bond of cadmium 
sulphide and polyvinyl alcohol, and FESEM data showed 
the presence of homogeneously grown films (Krishnakumar 
et al. 2017). Krishnakumar et al. (2017) also found that the 
functionalized composite had very good visible light-driven 
photocatalytic properties towards the degradation of meth-
ylene blue.

Nsabimana et al. (2019) have recently synthesized a mul-
tifunctional  Fe3O4/N-doped porous carbon nanocomposite 
with excellent adsorption, magnetic and catalytic features 
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using 4′,5,7-trihydroxyflavanone-7-rhamnoglucosid as 
the carbon precursor. Some of the notable features of this 
novel catalyst composite material are, in a first instance, 

its mesoporous morphology (BET specific surface area 
of nearly 187.1 m2 g−1, pore widths between 2 and 50 nm 
and total pore volume of 0.49 cm3 g−1, Fig. 1), the various 

Fig. 1  Scanning electron microscopy (SEM) image (a) and the cor-
responding enlarged magnification in image (b) showing that the 
 Fe3O4/N-PCNC nanocomposites fabricated by Nsabimana et  al. 
(2019) vary in size and shape, and which cluster to form a three-
dimensional porous structure; transmission electron microscopy 
(TEM) image (c) with inset showing the particle size distribution 
whereby characteristic particle size of nanocomposites ranges from 
8.66 to 29.96  nm with a mean of 16.06  nm; high-resolution TEM 
image (d) wherefrom it can be observed that  Fe3O4 NPs are crystal-
line in character and are closely attached to  Fe3O4/N-PCNC surface, 

and with lattice fringes of  Fe3O4/N-PCNC displaying an interplane 
distance of around 0.25 nm coming from (3 1 1) plane of  Fe3O4; and 
nitrogen sorption isotherms (image (e)) demonstrating a type IV iso-
therm having an H3-type hysteresis loop, suggesting a mesoporous 
structure for  Fe3O4/N-PCNC, and pore size distribution in image (f) 
eventually leading to pore widths determined between 2 and 50 nm 
of  Fe3O4/N-PCNC. This figure has been reproduced from Nsabimana 
et  al. (2019) with the permission of Elsevier (© 2018 Elsevier B.V. 
All rights reserved) under licence number 4855150592439 (for both 
print and electronic formats)
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functional groups (attributed in being C═C/C–C in aromatic 
rings, C–N, C–C, C–O, O–C═O, pyrrolic N, pyridinic N and 
quaternary N) it has, its ability to remove more than 99.7% 
rhodamine B and crystal violet, 100% thionine from aqueous 
solutions and its high recyclability (Nsabimana et al. 2019). 
In another work, Fan et al. (2017) have synthesized sulphur-
doped graphitic  C3N4 porous rods in a one-pot pyrolysis pro-
cess of melamine–trithiocyanuric acid complex at different 
temperatures. It was found that the sulphur-doped graphitic 
 C3N4 consisted of porous rod structures with a larger surface 
area ranging 20–52 m2 g−1 in comparison with the bulk gra-
phitic  C3N4 and that the surface area of the sulphur-doped 
graphitic  C3N4 structures was greater at higher heating tem-
peratures. Fan et al. (2017) also noted that since the sulphur-
doped graphitic  C3N4 structures had a narrowed band gap, 
the latter materials had an enhanced physical adsorption and 
visible light-driven photocatalytic degradation activity for 
rhodamine B dye.

Uniform doping is normally regarded as being an effi-
cient strategy for enhancing the properties of parent photo-
catalysts, whilst non-uniform doping is usually assumed to 
be inefficient as a result of the dispersion of dopants being 
inhomogeneous. Very much interestingly, the study of Zhang 
et al. (2017) demonstrated that non-uniform doping with 
gold had yielded enhanced photocatalysis of  TiO2 nanotubes 
in contrast to the uniform doping case. According to the 
discussions put forward by Zhang et al. (2017) to explain 
their findings, Au-non-uniformly doped  TiO2 nanotubes 
exhibited better photocatalytic activity when compared 
with the performance of the Au-uniformly doped species, 
and this enhanced performance (of non-uniform doping) 
was principally because of interfaces which get generated 
between pure phase  TiO2 and Au-doped  TiO2, together 
with the ‘platinum island’ contribution (described and dis-
cussed earlier in Egerton and Mattinson (2010)), leading 
to a more efficient separation of charge carriers. Amongst 
the several novel results reported by Zhang et al. (2017), it 
was found that the collective effects of liquid phase depo-
sition processing, non-uniform doping with gold and heat 
treatment had yielded a photocatalyst which had outstand-
ingly high KAu-TND340 (TND340 standing for  TiO2 nanotubes 
heat treated at 340 °C) being 9.81-fold greater than KTNT60 
(TNT60 standing for pure  TiO2 nanotubes and K value being 
a measure of photocatalytic activity analysed for the degra-
dation of methyl orange using first-order kinetic equation 
ln(Co/C) = Kt).

Heterostructuring

Heterostructuring is another technique to increase the pho-
tocatalytic efficiency by increasing the charge separation 
efficiency. Heterostructures are created by combining the 
semiconductor with metals or non-metals which introduces 

new energy states that help in the separation of photogen-
erated charges by delocalizing them into different carri-
ers and thus preventing them from recombining with each 
other (Dutta et al. 2015; Ola and Maroto-Valer 2015). For 
example, Ruzimuradov et al. (2017) have fabricated visible 
light-active lanthanum- and N-co-doped strontium titan-
ate–titanium dioxide heterostructured macroporous mono-
lithic materials having a bicontinuous morphology. Based on 
the results from X-ray powder diffraction characterization, 
Ruzimuradov et al. (2017) observed that the impregnation 
of Sr, La and N had effectively delayed phase transforma-
tion of titanium dioxide from anatase to rutile and growth 
of crystallites. Moreover, the XPS analysis revealed that the 
La atoms had been impregnated into the strontium–titanate 
lattice following substitution of the Sr atoms, and N had 
been incorporated in the titanium dioxide lattice (1) sub-
stitutionally through the formation of Ti–N bonds and (2) 
interstitially. In a work completed recently, Shende et al. 
(2019) have synthesized a novel magnetically separable 
visible light-active In-doped ZnS–NiFe2O4 photocatalyst. 
Based on the findings of the characterization studies of the 
latter nanocomposite, Shende et al. (2019) indicated that In-
doped ZnS existed in the hexagonal structure, whereas the 
 NiFe2O4 was in a cubic structure, and both were in a very 
much dispersed state. Interestingly, (1) the optical property 
of the ZnS–NiFe2O4 composite was enhanced as a result of 
In doping (and a significant degree of visible light absorp-
tion had been surveyed) and (2) it also had ferrimagnetic 
property which imparted to it the feature of being easily 
separated and recyclable from aqueous suspensions under 
the action of an external magnetic field. Some additional 
merits of the novel nanocomposite as reported by Shende 
et al. (2019) are: photodegradation kinetics of acid violet 7 
was better in comparison with that observed with In-doped 
ZnS, ZnS–NiFe2O4 and  NiFe2O4; based on the total organic 
carbon analysis, a complete mineralization of the acid vio-
let 7 had occurred within 60 min under visible light illu-
mination (Fig. 2); electrochemical analysis data suggested 
enhanced charge-storage capacitance property, enhanced 
charge carrier transport and improved aqueous phase sta-
bility vis-à-vis those of ZnS and  NiFe2O4, and significant 
separation of electron–hole pair over In-doped ZnS.

The efficiency of photocatalysis is also greatly modulated 
by the physical structure of the crystal surface (Cui et al. 
2016; Zhong et al. 2018). Table 1 summarizes certain points 
of some studies (not solely dealing with dye degradation) 
wherein a parent compound has been engineered to enhance 
its structural properties with a view to upgrade its photo-
catalytic ability for some processes. The flat microscopic 
faces on the surface of crystals are called facets. According 
to Kumar et al. (2017), the surface energy of facets varies 
from one crystal to the other and this difference results in a 
corresponding difference in photocatalytic behaviour. The 
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facets expressed on the surface of the semiconductor lat-
tice are of many types, out of which {110} and {101} are 
highly stable with the lowest surface energy, whereas facet 
{001} has the highest surface energy and is highly reactive 
(Liu et al. 2011). A highly reactive facet possesses a higher 
number of uncoordinated atoms, which leads to a higher rate 
of dye adsorption (Liu et al. 2011). However, during crystal 
growth, the surface tends to achieve the maximum stabil-
ity by acquiring the configuration with the lowest surface 
energy, due to this the presence of highly reactive facets are 
minimized (Liu et al. 2011). An effective way to overcome 
this is through facet engineering. The physical structure 
of the crystal being formed is dependent on the nature of 
the reaction environment under which the crystal is being 
produced (Liu et al. 2011). Facet engineering is an effec-
tive strategy for increasing the photocatalytic activity of the 
crystal by artificially inducing the formation of the facet of 
interest through the modulation of the environment under 
which the crystal is being formed.

Scanning electron microscopy (SEM) images of  TiO2 
powders synthesized under different fluorinion concentra-
tions by Cui et al. (2016) indicated the way in which fluor-
inion had regulated the phase constituent of  TiO2 and how 
different concentrations of fluorinion had significantly 
changed the morphology and exposed facets. As per descrip-
tions in Cui et al. (2016), in the sample with no fluorinion, 
crystals appeared as elongated tetragonal crystal structures 
(ETCS) having a pyramid habit with the {110} face exposed 

at tetragonal prism and the {111} facet at bipyramid habit; 
with the incorporation of fluorinion, the {111} facet reduced 
and the ETCS became shorter in length and ‘thicker’; at 
[fluorinion] = 3.5 mmol L−1, some brookite crystals were 
surveyed; for [fluorinion] = 8.75 mmol L−1, the morphology 
was transformed to nearly cubic crystals, and some truncated 
octahedral crystals (TOCrys) were also observed, and this 
was characteristic of the anatase morphology; subsequent 
increases in [fluorinion] of 8.75–52.5 mmol L−1 resulted in 
more crystals being transformed to the TOCrys morphology 
with grain sizes becoming gradually bigger; and as [fluorin-
ion] was increased, the TOCrys became thinner and eventu-
ally turned into a nanosheet, with the ratio of {001} facet 
increasing continuously. In another interesting work, using 
a facile solvothermal and chemical precipitation process, Qi 
et al. (2017) fabricated facet-dominated AgBr/BiOCl com-
posites with exposed {101} (BiOCl-101) and {001} (BiOCl-
001) facets. Besides noting that AgBr/BiOCl heterojunctions 
yielded in significantly better photocatalytic performance for 
the visible light photodegradation of rhodamine B in com-
parison with those of pure AgBr and BiOCl, Qi et al. (2017) 
also observed that the AgBr–{001}BiOCl with mole ratio of 
1:2 gave the best (and complete) photocatalytic rhodamine B 
degradation in 15 min, and such a performance was plausibly 
associated with the {001} facet of BiOCl having facilitated 
the separation of photogenerated carriers and formation of 
additional oxygen vacancy on the surface {001} facets of 
BiOCl. Kumar et al. (2017) have conducted a brilliant work 

Fig. 2  Data in image (a) report the percentage total organic car-
bon  (TOC) changes which occur during the photocatalytic degrada-
tion process of acid violet by the nanocomposite 5In70ZnS–NiFe2O4 
wherein the total organic carbon content decreases with irradia-
tion time and drops to quasi-nil after 60 min, hence suggesting total 
mineralization of acid violet 7 (Shende et al. 2019); the FTIR spec-
tra in image (b) are for fresh 5In70ZnS–NiFe2O4 (line a in blue), for 
5In70ZnS–NiFe2O4 (line b in red) after stirring with acid violet at a 
concentration of 400  mg  L−1 for 30  min in dark conditions and for 
5In70ZnS–NiFe2O4 (line c in black) after the photocatalytic degrada-
tion of the dye (Shende et al. 2019). As per interpretations reported 

in Shende et  al. (2019), some band attributions made are follows: 
1486 cm−1 to –N=N– stretching vibration, 1168 cm−1 to S–O sym-
metric stretching vibration, both the 1600  cm−1 and 1563  cm−1 to 
aromatic C=C stretching vibration, 1227  cm−1 to C–N stretching 
vibration and 1043 cm−1 to C–O stretching vibration (for more details 
with regard to FTIR results, the online version of this article can be 
consulted at https ://doi.org/10.1016/j.match emphy s.2018.09.032). 
This figure has been reproduced from Shende et al. (2019) with the 
permission of Elsevier (© 2018 Published by Elsevier B.V.) under 
licence number 4855150807776 (for both print and electronic for-
mats)

https://doi.org/10.1016/j.matchemphys.2018.09.032
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wherein, amongst others, the photocatalytic degradation of a 
test dye under the influence of  NaNbO3/CdS core/shell heter-
ostructures was analysed for surface energies of the (110) and 
(114) facets of the orthorhombic phase and the {100} family 
of facets of the cubic phase of  NaNbO3. Besides discussing 
the various mechanisms which bring about the improvement 
in catalytic activity of the two phases, Kumar et al. (2017) 
observed that the very reactive facets of the cubic phase of 
the  NaNbO3 present in the  NaNbO3/CdS core/shell hetero-
structures contribute to enhanced photocatalytic activity in 
comparison with the orthorhombic phase.

Amongst the different observations made (e.g. synergis-
tic plasmonic resonance effect of the gold NPs analysed) 
and explanations provided thereof, Khalil et al. (2019) also 
reported that the ‘nanospindles’ morphology of the synthe-
sized nano Au–TiO2 heterostructures had significantly supe-
rior photocatalytic activity than the ‘nanocubes’ morphology 
(Fig. 3). Khalil et al. (2019) explained the latter difference 
in photocatalytic activity on basis of the presence of co-facet 
characteristic of  TiO2 whereby less stable and yet catalyti-
cally active (001) facets were available together with the pres-
ence of more stable but less reactive (101) facets. According 
to Khalil et al. (2019), the (001) facet surface facilitates both 
migration and separation of charge carriers generated dur-
ing the process, and these hinder fast electron–hole recom-
bination and eventually bring about better methylene blue 
degradation. More recently, Zhu et al. (2020) have used a 
one-step hydrothermal procedure facilitated by thionyl chlo-
ride for the carbonization process and doping effect to pre-
pare S- and Cl-co-doped carbon dots with wood powders of 
palm veneers serving as source of carbon. Zhu et al. (2020) 
reported that the bio-carbon dots had been suitably doped 

with the heteroatoms within their structures, hence leading to 
a successful functionalization of the biomass-derived carbon 
dots. In this same study, it was reported that well-distributed 
and quasi-spherical NPs had been formed and that crystalline 
structures of bio-carbon dots had been obtained as backed by 
transmission electron microscopy (TEM) results which dem-
onstrated that carbon dots had been endowed with identical 
well-resolved lattice fringes (interplanar spacing 0.21 nm) 
approaching that of the (100) facet of graphitic carbon (Zhu 
et al. 2020). Moreover, a number of absorption peaks were 
observed: stretching vibration bands originating from O–H 
(3403 cm−1), C–H (2929 cm−1), C=O (1711 cm−1), C=C 
(1631 cm−1); bending vibration of –COOH at 1385 cm−1; 
band at 2488 cm−1 corresponding to S–H, peak at 1068 cm−1 
attributed to C=S vibration, and the peak at 1174 cm−1 was 
associated with C–S bonds (Zhu et al. 2020). Another inter-
esting result reported in Zhu et al. (2020) is that the bio-car-
bon dots were endowed with many functional groups, which 
promoted formation of different surface-defect states, which, 
in turn, plausibly lead to the formation of numerous lumines-
cent centres in the structures. Also, under visible light con-
ditions, the degradation of rhodamine B was almost 71.7%, 
whereas that of methylene blue was practically complete (ca. 
94.2%) (Zhu et al. 2020).

Fabrication methods of doped 
photocatalysts

The literature abounds with a diverse range of methods for 
the preparation of doped photocatalysts (e.g. as summarized 
in Khaki et al. (2017) and Wen et al. (2017)). Amongst the 

Fig. 3  a Decolourization profiles of methylene blue under the action 
of fabricated nano Au–TiO2 heterostructured nanocatalysts; and b 
time dependent ultraviolet–visible absorption spectra of methylene 
blue photodegradation under the action of Au-TiO2 nanospindles 
(Khalil et al. 2019). From image (a), it is evident that the  TiO2 nano-
spindles present in the catalyst had a significantly better degradation 

capability towards methylene blue when compared to the  TiO2 nano-
cubes. This figure has been reproduced from Khalil et al. (2019) with 
the permission of Elsevier (© 2019 Elsevier B.V. All rights reserved) 
under licence number 4855151017498 (for both print and electronic 
formats)
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several methods surveyed when writing this review, the 
sol–gel, hydrothermal-based, electrochemical, microemul-
sion, precipitation methods and combinations thereof are 
apparently the most popular ones. With the openings brought 
by the Principles of Green Chemistry in material synthesis, 
new facile methods such as microwave irradiation-assisted, 
ionic liquid-mediated, and ultrasound irradiation-assisted 
photocatalyst material synthesis are also being frequently 
developed and reported to give materials endowed with 
superior photocatalytic activity. Besides the discussions 
which follow in this section and which intend to highlight 
some of the salient features of the former methods, a few 
of the novel green and facile approaches recently reported 
for the synthesis of doped photocatalysts are presented in 
Table 2.

Sol–gel method

The sol–gel method has been used by different workers for 
catalysts preparation (e.g. Sangchay 2016; Liau and Huang 
2017; Kayani et al. 2018; Louangsouphom et al. 2019) and 
is a well-established synthetic approach to prepare nanocom-
posites. The process is a wet chemical technique also known 
as chemical solution deposition and involves the following 
steps (in chronological order): hydrolysis and condensation, 
drying and crystallization. Low reaction temperatures and 
very mild reaction conditions are particularly useful for the 
incorporation of inorganic species into organic materials or 
organic materials into inorganic matrices (Xu 2001). Based 
on the solvent being used, the sol–gel method can be either 
the aqueous sol–gel (this is when water is used) or the non-
aqueous sol–gel method (this is when an organic solvent is 
used). In the aqueous sol–gel method, hydrolysis, conden-
sation and drying can happen simultaneously and this may 
lead to some extent of difficulty being experienced when 
attempting to control particle morphology and reproduc-
ibility of the final procedure involved in the sol–gel process 
(Rao et al. 2017).

The sol–gel approach is a relatively simple, cheap, 
reliable and repeatable method for the synthesis of the 
nanocomposites. It has been observed to maintain high 
purity, homogeneity and even particle size of synthesized 
nanocomposites (Rani and Manjunatha 2018). Hassan and 
Mannaa (2016) also prepared a doped catalyst of  TiO2 by 
incorporating varying concentration (0–20 wt%) of  SnO2 
using the sol–gel method. In the next step, samples were 
calcinated at 500 °C, and structural analysis was carried 
out by using UV–Vis absorption spectroscopy. Evaluation 
of photodegradation capacity of synthesized doped NPs 
showed 100% degradation of Brilliant Green dye after 
120 min with 10%  SnO2/TiO2, but degradation efficiency 
of the catalyst was found to be reduced by increasing con-
centration of the dye (Hassan and Mannaa 2016). In a study 

conducted by Meshesha et al. (2017), a doped catalyst of 
 TiO2 by codoping with  Mg2+ and  Zr4+ was prepared using 
sol–gel synthesis method, and it was found that 0.1 g of 
doped  TiO2 catalysts with 1.0 wt%  Mg2+ and 0.25 wt% 
 Zr4+ dopant concentration showed higher photocatalytic 
degradation of 10 mg L−1 methylene blue dye (Meshesha 
et al. 2017). Another doped  TiO2 nanocomposite was pre-
pared by Moradi et al. (2016) using the sol–gel fabrication 
method in varying amounts (0. 0.1, 1, 5 and 10 wt%) of 
Fe as a dopant, and it was found that the doped nanocom-
posites revealed that doping of Fe in  TiO2 lattice stimu-
lated the redshift of the absorption spectra from UV to 
the visible region, which led to decreasing the band gap 
energy from 3 to 2.1 eV. Moreover, results of degrada-
tion study revealed that native  TiO2 was found highly 
effective in degrading RR 198 under UV light irradiation 
whilst degradation efficiency of Fe-doped  TiO2 compos-
ites observed to be higher under visible light irradiation. 
The decolourization capability of  TiO2 initially increased 
with the doping of Fe and then was lowered with increas-
ing the dopant concentration with the 1 wt% concentration 
of Fe as dopant eventually found to be most suitable for 
enhancing the degradation capacity of  TiO2 (Moradi et al. 
2016). In Raza et al. (2016), results indicated that ZnO 
nanorods doped with erbium (Er)/neodymium (Nd) dopants 
exhibited higher photocatalytic activity for the catalytic 
degradation of methylene blue and RR 241 dyes under vis-
ible light illumination. Also, the doped ZnO NPs with both 
rare earth metals displayed smaller particle size leading 
to enhanced absorption of both the dyes on the surface of 
newly synthesized composites with redshift from UV to 
visible light which allowed enhanced separation of elec-
tron–hole pairs (Raza et al. 2016). Table 3 reports the main 
features reported in other studies with respect to the dop-
ing approach employed in the fabrication of titanium and/
or titania-based and graphene oxide-based doped catalyst 
nanosized composites using sol–gel-based, hydrothermal 
and a few ‘green’ methods.

Hydrothermal preparation

The hydrothermal method is one of the most promising meth-
ods for the fabrication of doped NPs as it comprises simple 
operation, lower cost, lower temperature, excellent control 
over the architecture and dimension of the particles and effi-
ciency for broad-scale production. Cu–P25–graphene nano-
composites (CPG) were fabricated by Jin et al. (2015) using 
the hydrothermal method for the degradation of methyl blue. 
Initially, the binary composite of 25-graphene (PG) was syn-
thesized by P25 and graphite oxide followed by PG compos-
ite was impregnated with  Cu2+ ions. Jin et al. (2015) reported 
protracted light absorption efficiency of Cu–P25–graphene 
(CPG) nanocomposites than native systems. The highest 
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degradation efficiency (98%) for methyl blue was observed 
in CPG-4 (4 mM Cu(NO3)2) composition with 7.9 times 
higher hydrogen evolution rate as compared to native com-
positions in the duration 100 min (Jin et al. 2015). Brindha 
and Sivakumar (2017) fabricated a N, S-co-doped  TiO2/GO 
photocatalyst using a one-step facile hydrothermal method 
using low-cost chemicals, which was then assessed for its 
photodegradation efficiency for the decolourization of meth-
ylene blue, Congo red and reactive orange 16 dyes. Brindha 
and Sivakumar (2017) reported that the N, S-co-doped  TiO2/
GO photocatalyst had higher photocatalytic activity than gra-
phene/TiO2, N- and S-co-doped  TiO2 and commercial  TiO2. 
Kaur et al. (2019) recently synthesized rGO-CdS heterostruc-
ture for the degradation of the synthetic food colourant sun-
set yellow (SY). In the latter work, the heterostructure was 
fabricated by employing a facile hydrothermal process on 
native graphene oxide (GO), Cd and  C2H5NS. The obtained 
heterostructure was observed as an excellent fluorescent sen-
sor for selective detection and degradation of SY. The detec-
tion and degradation efficiencies of composites for SY were 
found 7.89 μM and 82.7%, respectively. Kaur et al. (2019) 
observed approximately 66% degradation of SY in 270 min 
under visible light. It was the first report, in which RGO-CdS 
heterostructure was used for sensing fluorescence and the 
degradation of SY (Kaur et al. 2019). In the study conducted 
by Dodoo-Arhin et al. (2018), the degradation efficiency of 

titanium dioxide  (TiO2) nanostructured catalysts prepared 
by hydrothermal and sol–gel methods were compared for 
the degradation of rhodamine B and Sudan III dyes. Par-
ticles were fabricated with a specific surface area of 2 nm 
and 30 nm crystallite domain size and were characterized 
by using BET surface area analysis, FTIR, X-ray diffraction 
(XRD), SEM and Raman spectroscopy. The degradation of 
rhodamine B dye solution was observed higher (100%) in 
sol–gel prepared catalysts in 150-min duration with ultra-
violet (UV) light irradiation, whilst the higher degradation 
efficiency (94%) for Sudan III dye solution was observed in 
catalysts prepared by hydrothermal fabrication method with 
the same UV irradiation (Dodoo-Arhin et al. 2018). Different 
doped composites of  TiO2 were fabricated by incorporating 
dopants Ni (1 wt%), Pt (1 wt%) and Ni–Pt (0.5 and 0.5 wt%, 
respectively) combinations through a two-step hydrothermal 
method (Pol et al. 2016). Structural analysis revealed that the 
surface area of  TiO2 post-doping was found to be enhanced 
and was in the range of 186–200 m2 g−1. Fabricated catalysts 
were tested for photodegradation of rhodamine B dye under 
UV light illumination. Higher degradation of rhodamine 
B dye was observed in all doped combinations which was 
recorded as 63%, 57% and 54% in Pt-, Ni- and Ni–Pt-doped 
 TiO2, respectively, as compared to native  TiO2 (39%) (Pol 
et al. 2016).

Table 3  Studies reporting the sol–gel method employed in the fabrication of titanium and/or titania-based and graphene oxide-based doped cata-
lyst nanocomposites for use in processes involving the degradation of dyes

Nanocomposite catalysts Doping agents Final treatment Target dye References

Zr/Ti/chitosan Zr, Ti (doping amount: 
0.5 g zirconium oxychlo-
ride octahydrate)

Zr/Ti/CHT was dried and 
calcined at 500 °C for 2 h

Orange II Demircivi and Simsek (2018)

Zr/CHT Zr (0.5 g zirconium oxy-
chloride octahydrate)

The solution was dried and 
calcined at 500 °C for 2 h

Orange II Demircivi and Simsek (2018)

Ti/CHT Ti The solution was dried and 
calcined at 500 °C for 2 h

Orange II Demircivi and Simsek (2018)

Fe3+-doped  TiO2 TiO2 In the end part of the 
procedure, the materials 
were calcined at 450 °C 
for 3 h, then cooled down 
and, lastly, ground into 
fine powder

Acid orange 7 Han et al. (2018)

Zr–TiO2/rGO Zr The obtained gel was dried 
in air oven at 70 °C for 
24 h, to convert graphene 
oxide (GO) to reduced 
rGO

Eosin blue Prabhakarrao et al. (2017)

Fe–TiO2/rGO Fe The powder was annealed 
at 400 °C for 2 h

Rhodamine B Isari et al. (2018)

S, N/graphene aerogel (SN-
rGO-A)

S, N SN-rGO-A was achieved by 
a freeze-drying process 
for 48 h

Rhodamine B, meth-
ylene blue, methyl 
orange

Ren et al. (2018)
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Electrochemical method

A novel one-step anodization method for fabrication of 
copper-doped  TiO2 nanotube array using copper nitrate was 
utilized by Momeni et al. (2015). In the study, the research-
ers used different concentrations of copper nitrate with an 
aqueous solution of ammonium fluoride  (NH4F) for electro-
chemical oxidation of native Ti particles and characterized 
the morphology of synthesized doped  CuTiO2 nanotubes 
using XRD, XPS, SEM and EDX. The resulting doped nano-
composites showed the shift of diffuse reflectance spectra 
towards visible light in comparison with fundamental  TiO2 
substrate with an enhanced photocatalytic degradation of 
methylene blue dye and evolution of hydrogen. The fabrica-
tion method developed in the study by Momeni et al. (2015) 
was a simple, feasible and effective method for the synthesis 
of inexpensive and reproducible doped  TiO2 nanotube arrays 
which can be effortlessly scaled up and utilized to lessen the 
pollutants (Momeni et al. 2015).

Electrospinning is a method to fabricate polymer fibres 
in the dimensions ranging from nano-metres to sub-micro-
metres, but the same has been applied in the fabrication of 
doped nanocomposites by several researchers (Panthi et al. 
2015; Pascariu et al. 2016; Yildirim 2018; Baylan and Altin-
tas Yildirim 2019). Panthi et al. (2015) used palladium (Pd) 
and zinc (Zn) as co-dopants with polyvinyl acetate (PVAc) 
for the synthesis of reusable photocatalyst hybrid electrospun 
nanofibre mat. Ammonium sulphide was added to the solution 
of PVAc, zinc acetate and palladium acetate; then, colloid was 
electrospun to obtain the PdS/ZnS-co-doped nanofibres with 
good morphology. The composite was tested for the degrada-
tion of methyl blue dye and found to be a good photocatalyst 
for the dye photodegradation. Panthi et al. (2015) reported 
that due to the hydrophobicity of synthesized hybrid electro-
spun nanofibre mat, it was floating on the surface of the water. 
Hence, it can be easily utilized to diminish the surface water 
pollution. Also, the used immobilization technique can be an 
efficient, low-cost and reusable solution, leading to solving 
the issue of secondary pollution caused by the nanostructural 
catalysts (Panthi et al. 2015). The electrospinning technique 
was adopted with a combination of calcination at 600 °C for 
the formulation of  SnO2-doped ZnO nanofibres (Pascariu 
et al. 2016). Synthesized nanofibres had the highest degra-
dation efficiency for rhodamine B dye (0.01 mM solution) 
at the molar ratio of 0.030 (Sn/Zn) in 6 h. Also, the deg-
radation rate was found to be dependent on the molar ratio 
of Sn/Zn (Pascariu et al. 2016). Pascariu et al. (2019) used 
electrospinning with calcination as a fabrication method for 
doped ZnO nanofibres, but with a different dopant substrate 
lanthanum  (La3+). The 0.02%, 1%, 2% and 4% concentrations 
were opted for preparing the doped nanofibres and mixed with 
polyvinylpyrrolidone (PVP) for electrospinning, followed by 
calcination at 700 °C for 3 h. The lifetime of  La3+ ion-doped 

ZnO nanocomposites obtained from decay curves ranged from 
2.69 to 2.80 ns with the increasing concentration of  La3+ from 
0 to 4% (Pascariu et al. 2019). The fabricated composite was 
also evaluated for dye degradation performance using Congo 
red dye under UV light illumination, and highest degradation 
potential (97.63%) of doped composite was observed at 2% 
 La3+ dopant concentration in 0.283 g L−1 dosage, where the 
catalyst was recovered and reused successfully after 1-h acti-
vation at 700 °C (Pascariu et al. 2019). Another ZnO nanofi-
bres were synthesized with different combinations of copper 
oxide (CuO) using one-step electrospinning method (Naseri 
et al. 2017). Morphological characterization revealed that 
fabricated nanocomposites had smooth beadles and mono-
clinic crystalline structure. A decline in electron–hole pair 
recombination was observed by incorporating CuO in ZnO 
nanostructure, and maximum attainment was achieved at 
0.5 wt% of CuO. Furthermore, doped nanofibres with 0.5% 
CuO exhibited maximum degradation of methylene blue dye 
under sunlight irradiation (Naseri et al. 2017). Yildirim (2018) 
conducted a study for doping of ZnO with various silver (Ag) 
concentrations (1 and 3 wt%). Photocatalytic degradation 
study results revealed that synthesized composites were found 
to have higher degradation capacity for the methylene blue 
dye with the increasing Ag concentration (60% and 67% for 
1 and 3 wt% of Ag, respectively) under UV light illumination, 
whereas it was observed to be much lower (52%) in the basic 
ZnO nanofibre (Yildirim 2018).

Microemulsion

Microemulsion is an innovative technique, used to fabricate 
extremely minute particles, which allows controlling the size 
when synthesizing nanocomposites and prevents the accu-
mulation of these NPs. Sathish Kumar et al. (2018) used 
the microemulsion method for the synthesis of MgO-doped 
titanium oxide NPs, and these composites were evaluated 
for their photocatalytic dye degradation efficiency under 
UV–visible light illumination. Span 80 and Tween 80 were 
utilized to produce oil in water microemulsion, and their 
percentage was balanced by hydrophilic and hydrophobic 
equilibrium, followed by mechanical agitation. The calci-
nation of microemulsion was carried out to obtain the fine 
doped particles, and different concentrations of synthe-
sized catalyst (0.4, 0.6, 0.8, 1.0 and 1.2 g L−1) were tested 
for the degradation of different amounts (20, 40, 60, 80, 
100 mg L−1) of methyl red dye. Amongst all the combi-
nations, 1 g L−1 of catalyst load showed a maximum deg-
radation potential (84.8%) for 20 mg L−1 concentration of 
methyl red dye in 60 min which was accounted as 11.3% 
more than native  TiO2 NPs (Sathish Kumar et al. 2018). 
The microemulsion method was also employed to synthe-
size carbon (C)-doped  TiO2/CdS core–shell NPs (Lavand 
et al. 2015), wherein the morphology characterization data 
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obtained by TEM revealed that C/TiO2/CdS core–shell 
heterostructure composites with CdS as an inner core and 
C-doped  TiO2 as the outer shell were successfully obtained 
by the microemulsion method. Moreover, the fabricated het-
erostructure was successfully employed for the degradation 
of methylene blue and it was found to be stable and reusable 
(Lavand et al. 2015). More recently, Lavand et al. (2019) 
prepared co-doped nanocomposites of  TiO2 with C and 
iron (Fe) using microemulsion approach. In the synthesized 
structure, carbon atom was observed to occur as interstitial 
carbon in titanium oxide lattice, whilst the substitution of 
some  Ti4+ by  Fe3+ ions formed the structure in the lattice as 
Ti–O–Fe. In Lavand et al. (2019), doping of C and Fe with 
titanium oxide declined the band gap and enhanced the vis-
ible light absorption and photocatalytic degradation activity 
of fabricated catalysts for malachite green dye. Moreover, 
the results revealed 78% improved degradation capacity of 
C- and Fe-doped composite under visible light illumination 
as compared to bare titanium oxide particles (Lavand et al. 
2019). A novel type of transparent nanocomposite film of 
polymethyl methacrylate (PMMA)/TiO2/ionic liquid with 
different loads of  TiO2 NPs was prepared by Mirhoseini and 
Salabat (2015), using liquid-in-oil microemulsion approach. 
Formulated nanocomposites exhibited an exceptional pho-
tocatalytic degradation of methylene blue dye under visible 
light illumination (Mirhoseini and Salabat 2015). In another 
study,  TiO2 NPs were doped with palladium (Pd) using 
microemulsion technique and utilized it to degrade C.I. acid 
yellow 23 (AY23) dye under UV irradiation (Najjar et al. 
2015). Doping of 0.75 wt% Pd with  TiO2 for doped catalyst 
synthesis and 600 mg L−1 loading of this synthesized cata-
lyst for 0.05 mM AY23 dye concentration was found to be 
most effective for degradation in 30 min (Najjar et al. 2015).

Extending a little on the use of ionic liquids (which are 
essentially organic salts with melting points less than 100 °C 
(Kang et al. 2016)) as a novel green component in the fab-
rication of doped photocatalysts, there are a few more inter-
esting works which support the superior photocatalytic dye 
degradation capacity of such catalysts. Indeed, a survey of 
the relevant literature will indicate that there has been a 
fast growing interest and successive examination of several 
ionic liquids as environmentally benign co-solvents or co-
surfactants (Zhao et al. 2017a; Bento et al. 2020). Ionic liq-
uids have been used in the preparation of various efficient and 
multifunctional materials endowed with tunable properties 
suiting a range of applications (Kang et al. 2016; Sobhani 
et al. 2017; Iannone et al. 2017; Manjunath et al. 2018; Nan 
et al. 2018). It has been found that ionic liquids are especially 
apt in efficiently stabilizing NPs and then guarding them 
from agglomeration (Sharma et al. 2017). For example, Rout 
et al. (2019) prepared a Au–Sn/ZnO nanocatalyst in a two-
step method whereby Au–Sn alloy bimetallic nanoparticles 
were included into a pre-synthesized ZnO in the ionic liquid 

1-butyl 3-methylimidazolium by combustion and thereaf-
ter observed that it required 90 min for rhodamine B to be 
degraded under the action of the novel catalyst to the extent 
of 95% under visible irradiation. Rout et al. (2019) attrib-
uted the high photoactivity of the 3Au–1Sn/ZnO catalyst to 
the collective influence of better light absorption intensity, a 
longer lifetime of e−–h+ pair, a decreased recombination rate 
of e−–h+, higher stability, larger surface area and the syner-
gistic effect developed between the Au–Sn NPs and the ZnO 
support. In another recent work, Ravishankar et al. (2019) 
report the preparation of niobium/TiO2 NPs using 1-butyl-
2,3-dimethylimidazolium tetrafluoroborate and niobium(V) 
nitrate and titanium(IV) isopropoxide as precursors by a 
hydrothermal method (140 °C). Thereafter, the optimized 
material prepared was found to have very good photocatalytic 
detoxification ability for rhodamine B dye and the 0.3 wt% 
niobium/TiO2 photocatalyst had good photostability.

Sonochemical method

Ultrasonic irradiation has been used in sonochemical meth-
ods in order to control the reaction and the particle size for 
uniform dispersion of dopant and catalysts on supports such 
as graphene-based materials (Shende et al. 2018). High-
intensity ultrasound can be used to prepare nanocatalysts 
and other nanomaterials (Xu et al. 2013) without bulk high 
temperatures, long reaction times or high pressures. During 
ultrasonic irradiation, several phenomena occur. Acoustic 
cavitation comprises the formation, growth and implosive 
collapse of bubbles (Sancheti et al. 2018) and can be catego-
rized within the following: primary sonochemistry, second-
ary sonochemistry and physical modifications (induced under 
the effects of high-speed jets or shock waves originating from 
bubble collapse, Fig. 4) (Xu et al. 2013; Yusof et al. 2016).

The sonochemical approach is a relatively simple and envi-
ronmentally friendly method in which an ultrasonic vibra-
tion bath is utilized to fabricate the materials (Sutanto et al. 
2017). Sood et al. (2015) utilized the hydrothermal fabrica-
tion method in combination with an ultrasonic method for the 
synthesis of strontium-doped  TiO2 NPs. The synthesized Sr-
doped  TiO2 was further tested for the photocatalytic degrada-
tion of Brilliant Green. The analysis for degradation revealed 
that the newly synthesized Sr-doped  TiO2 composite had a 
higher photocatalytic activity, which resulted in enhanced 
degradation efficiency up to 96%, within 60 min, and moreo-
ver, the doping of strontium with  TiO2 enhanced the quantum 
efficiency by inhibiting the recombination of photo developed 
charge carriers (Sood et al. 2015). Hidayanto et al. (2017) 
used the sonochemical method for the preparation of nitrogen 
(N) (5–9 wt%)-doped  TiO2 nanocomposites. The resulting 
particles were observed having a size of 21.42 nm and a poly-
crystalline structure with increased photocatalytic activity for 
methylene blue dye (20 ppm) degradation (0.024 ppm min−1), 
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as compared to bare  TiO2 (Hidayanto et al. 2017). Cerium-
doped ZnO photocatalytic nanorods were synthesized by 
succinic acid, and a polyethylene glycol (PEG)-mediated 
sonochemical method was employed to degrade the hazard-
ous pollutant dye crystal violet (Meshram et al. 2017). Mor-
phology analysis by XRD revealed that doping of Ce up to 4% 
into ZnO particle did not result in any morphological change 
in pristine hexagonal ZnO morphology, whilst the increase 
in Ce concentration (6% and 8%) appeared in separate cubic 
cerium oxide  (CeO2) structure, and the maximum photocata-
lytic activity leading to higher degradation (99%) of crystal 
violet dye was also observed within 100 min at 4% doping of 
Ce with native ZnO (Meshram et al. 2017).

Snoussi et al. (2018) also utilized the versatility of sono-
chemical method to fabricate the unique core/double-layered 
shell NPs by accumulating the palladium-doped polypyr-
role particles onto magnetite coated with mesoporous silica. 
In Snoussi et al. (2018), the fabrication of nanocomposites 
took only 1 h for complete synthesis by the sonochemical 
method which was a much lesser duration of reaction for 
metal-doped polypyrrole nanoparticle synthesis than other 
previously proclaimed fabrication methods in the several 
studies. Morphology analysis revealed the occurrence of 
zero-valent palladium in the exterior of magnetic NPs, and 
the results of degradation study showed that the fabricated 
composites were found to reduce almost 99% of the methyl 
orange dye in aqueous media (Snoussi et al. 2018). Perovs-
kite morphology of zinc titanate  (ZnTiO3) was doped with 
cobalt (Co) and manganese (Mn) by adopting the sonochem-
ical method (Wattanawikkam et al. 2019). Structural analysis 
of synthesized composites confirms the presence of Co and 
Mn in the lattice of  ZnTiO3 perovskite-structured compos-
ites. The degradation efficiency of composites was evaluated 
using rhodamine B (Rh B) dye deterioration, which showed 

that doped composites fabricated by sonochemical method 
had the higher photocatalytic activity for Rh B dye degrada-
tion under visible light illumination as compared to native 
zinc titanate (Wattanawikkam et al. 2019). The study con-
ducted by Wattanawikkam et al. (2019) revealed that doping 
of metal ions into perovskite  ZnTiO3 using sonochemical 
method could be an effective solution for the enhancement 
of the photocatalytic activity of the composites.

Precipitation

Synthesis of nanocomposites using the co-precipitation 
method has various benefits over other existing fabrication 
methods. Co-precipitation of metal ions facilitates controlling 
the size and shape of newly synthesized particles by changing 
the pH of media. Also, it is an inexpensive and facile method 
which does not demand high pressure and temperature for 
the synthesis of particles. Jeyachitra et al. (2018) utilized 
the co-precipitation method for the synthesis of iron-doped 
ZnO NPs and employed these composites (Fe 0.02, 0.04 and 
0.06%) as photocatalyst for the degradation of pollutant dye 
methylene blue. Doping of Fe at the concentration of 0.06 
and 0.04 wt% in ZnO particles with the pH 4 exhibited the 
maximum degradation of methylene blue dye as compared 
to bare ZnO and other doped particle having different dop-
ing concentrations. Moreover, the increased degradation effi-
ciency of doped nanocomposites might be the outcome of Fe 
integration into the Zn particles, which led to a decline in the 
recombination of electron–hole pairs and increment in the 
photocatalytic activity (Jeyachitra et al. 2018). Malika et al. 
(2016) also adopted the co-precipitation method for the fab-
rication of mono- and bimetal (Cu and Ni)-doped  TiO2 NPs. 
The use of the sonochemical method significantly expanded 
the anatase phase and crystallite size of doped composites 

Fig. 4  a Acoustic streaming accompanied by considerable mass 
transfer effects (oscillator is positioned at the bottom and the liq-
uid surface is located at the top), b microstreamers wherein bubble 
streamers are formed within an acoustic field as a result of the inter-
actions occurring between the ultrasound waves and the gas bub-
bles; the generation of the oscillating gas bubble streamers happens 
because of primary and secondary Bjerknes forces where bubbles are 
in high-speed movement towards the pressure antinodes, and with the 
net microstreaming effect generating significant physical forces which 

influence the chemical reactions in progress within the ultrasound 
field, c high-speed microjets originating from the asymmetrical col-
lapse of cavitation bubbles and d high-intensity shockwaves produced 
as a result of the symmetrically collapse of cavitation bubbles. The 
latter data and descriptions are compiled from Yusof et  al. (2016), 
and this figure has been reproduced from Yusof et al. (2016) with the 
permission of Elsevier (Copyright © 2015 Elsevier B.V. All rights 
reserved) under licence number 4855151208397 (for both print and 
electronic formats)
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with enhanced stability of dopants within the crystal, and 
codoping of Cu and Ni dramatically increased the photo-
catalytic activity of bare  TiO2 for the degradation of eri-
ochrome cyanine red (ECR) (Malika et al. 2016). Also, the 
photocatalytic activity of co-doped particles measured higher 
than mono-metal doping. Co-doped nanocomposites were 
found to have an efficiency of almost complete degradation 
of 100 mg L−1 ECR dye in 3 h (Malika et al. 2016).

There are other recent studies which have equally high-
lighted the outstanding photocatalytic properties and excep-
tional photocatalytic dye degradation capabilities of catalyst 
materials synthesized using precipitation-based methods, 
such as the works of Kundu and Mondal (2019) where lay-
ered sodium-intercalated Cu-doped titania was fabricated 
employing controlled precipitation and then examined in 
malachite green photodegradation, Franco et  al. (2019) 
whereby ZnO photocatalyst was prepared through the 
thermal decomposition of zinc acetate NPs produced by a 
supercritical antisolvent precipitation method and then tested 
for its potential in the photocatalytic elimination of Crys-
tal violet, Andrade Neto et al. (2020) where  Ce4+-,  Co2+-, 
 Mn2+- and  Ni2+-doped  Fe3O4 NPs were synthesized using 
co-precipitation at 70 °C and assessed for their potential 
in bringing about discoloration of methylene blue contain-
ing solutions, and last but not least, Munawar et al. (2020) 
wherein ternary oxide NiO–CdO–ZnO nanocomposite was 
synthesized following a homogeneous co-precipitation pro-
cedure and then tested for its sunlight-driven photocatalytic 
degradation ability of rhodamine B and methylene blue.

Microwave‑assisted synthesis

Microwave-assisted heating has been receiving more and 
more research attention and application in the synthesis of 
several nanomaterials over the last decade and more. The 
most significant merits of microwave-assisted heating war-
ranting its application in material synthesis are the rapid 
heating effect (direct delivery of microwave energy to react-
ing materials (Lee and Wu 2017) and the direct absorption 
of microwave energy thereafter (Osman et al. 2017)), high 
rates of reaction, relatively shorter times for material prepa-
ration, homogeneity of materials fabricated, cost-effec-
tiveness (Kadam et al. 2014; Xuan et al. 2015; Azadi and 
Habibi-Yangjeh 2015; Akhundi and Habibi-Yangjeh 2016) 
and high product yields (He et al. 2016). Other workers such 
as Zhang et al. (2018), McBride et al. (2017), Shkir et al. 
(2016), Liu et al. (2019), Parthibavarman et al. (2018a, b) 
and He et al. (2018) have also indicated that microwave irra-
diation time and temperature have important bearings in the 
surface morphology, crystallinity and photocatalytic activ-
ity of materials/catalysts prepared using microwave-assisted 
processes. A surfactant-free microwave-assisted synthesis 
method was successfully employed for the synthesis of 

Fe-doped ZnO photocatalysts for the degradation of tropae-
olin O dye (Kwong and Yung 2015). Degradation analysis 
revealed that doping of Fe shifted the absorption spectra 
of composites from UV to visible range, thus raising the 
absorption of visible light and photocatalytic activity of the 
catalyst, and that the degradation of tropaeolin O dye was 
achieved almost to 99.8% with the 30 mg catalyst concen-
tration at 0 cm light distance having initial pH 9 and 60 °C 
temperature in 3-h visible light irradiation (Kwong and Yung 
2015). In another study, Liu et al. (2017) fabricated boron 
(B)-doped zinc tungstate  (ZnWO4) nanorods with the series 
length of 50–200 nm via microwave-assisted hydrothermal 
method. Therein, boron ions were smoothly integrated into 
 ZnWO4 lattice under microwave heating at the temperature 
of 180 °C with 1-h reaction time, and highly crystalline 
nanocomposites were obtained. Structural analysis thereaf-
ter revealed that tungsten ions were substituted by B ions in 
 ZnWO4 lattice, which resulted in decline of particle size and 
increment in specific surface area. Moreover, the obtained 
doped nanorods with 2.42 wt% B concentration showed 
higher photocatalytic activity for rhodamine B dye disinte-
gration with the rate constant of 0.065 h−1, which was four 
times higher than that exhibited by bare  ZnWO4 particles 
(0.016 h−1) (Liu et al. 2017).

Functionalization of doped photocatalysts

The catalytic properties of pristine materials having some 
basic catalytic capabilities are usually relatively low and at 
times unsuitable for specific purposes. At this stage, and pro-
vided there is discernible merit in the gross catalytic prop-
erties of the pristine material, it becomes both interesting 
and worthwhile to devise some methods to functionalize the 
pristine material before their applications to simulated and/
or real conditions. Broadly considered, the pristine catalysts 
are synthesized to prompt certain catalytic characteristics in 
view to initiate the intended catalysis for the degradation and/
or mineralization of the dye molecules. However, with the 
specific set of steps serving the functionalization process, 
these original catalytic capabilities are enhanced and allowed 
to become more prominent in their effects on the dye deg-
radation dynamics. In principle, the functionalization aims 
to improve significantly the surface properties and chemical 
attributes of the pristine catalyst. In a first instance, there is 
the aim to have an augmentation in the numbers of active 
catalysts sites which may then also offer the additional advan-
tage of being endowed with more chemical active functional 
groups expected to enhance the dye degradation and miner-
alization kinetics. Based on the present analysis of the recent 
literature, it has been observed that there are some specific 
categories of functionalized doped-type photocatalysts which 
are very frequently analysed and have excellent photocatalytic 
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potentialities to assist with the degradation of a wide number 
of dyes. These categories are discussed in the following.

Titania‑type photocatalysts

Based on a number of sources in the literature, titania has 
special photophysical and photochemical properties which 
enable its use in a number of situations as a potent photocata-
lyst (Fu et al. 2013; Paul and Choudhury 2014; Khaletskaya 
et al. 2015; Cao et al. 2016; Cargnello et al. 2016; Oblak et al. 
2018; Sheng et al. 2019). Yet, there are two major limitations 
which impact on the photocatalytic capability of titania. In a 
first place, solely ultraviolet light is capable of giving rise to 
photocatalytic reactions on  TiO2. There is also the recombina-
tion phenomenon of the photoexcited electron (e−)–holes (h+) 
that lowers quantum efficiency (Iveland et al. 2013; Janczarek 
et al. 2016). The good news is that the latter limitation can be 
dealt with through the modification of the surface of  TiO2 
with noble metals and their compounds which bring out an 
inhibition of the charge recombination process by augmenting 
photoexcited electrons transport from  TiO2 to the substrates 
(Bumajdad and Madkour 2014; Gonell et al. 2016; Luna et al. 
2016). In recent times, doping of  TiO2 with rare earth (RE) 
metals has come out to be an efficient approach for enhanc-
ing the photocatalytic characteristics of  TiO2. According to 
Bellardita et al. (2011), Ramya et al. (2013) and Reszczyńska 
et al. (2015), the photocatalytic properties get improved by 
reason of the fact that f-orbitals of the lanthanide ions can 
produce complexes having different Lewis bases and hence 
allow for the build-up in concentration of the substrates 
onto the  TiO2 surface. Moreover, doping of  TiO2 with non-
metal such as nitrogen, carbon and sulphur has had excellent 
effects in improving the photocatalytic activity of  TiO2. For 
example, Chaudhary et al. (2016) have synthesized seaweed 
heteroatom-doped  TiO2 NPs wherein the remnant C-doping 
and S-doping from the seaweed carrageenan precursor in the 
 TiO2 composite implied larger surface areas for the effective 
degradation of dyes (namely methylene blue, reactive black-5 
and methyl orange) in less than 20 min in daylight conditions. 
Chaudhary et al. (2016) explained the enhanced daylight dye-
degrading photocatalytic activity of the λ-S–TiO2 nanomate-
rial on the basis of the large surface area resulting from the 
graphite like carbon residue, greater S-content and suitable 
anatase crystallinity.

Yun et al. (2015) synthesized core–shell-type  TiO2@
mercaptopropyl-functionalized silica particles in view to 
enhance the photocatalytic characteristics of  TiO2. Yun et al. 
(2015) observed that rhodamine 6G and rhodamine B dyes 
had been adsorbed significantly more onto the  TiO2@MPS 
particles than P25, by factors in the tune of 43 and 6, respec-
tively, whereas the third dye under test, methyl orange, had 
been preferentially adsorbed more onto P25. These different 
adsorption behaviours were attributed by Yun et al. (2015) 

to the availability of functional groups and dye molecules, 
and their interactions thereafter with the specific sites on the 
test catalyst materials. Except in the case of methyl orange as 
the test dye, the photocatalytic activities of the core–shell-
type  TiO2@mercaptopropyl-functionalized silica particles 
towards the two rhodamine dyes were significantly enhanced 
under both visible light and ultraviolet irradiations (Yun 
et al. 2015). It was also of particular practical importance 
to note that Yun et al. (2015) reported that their core–shell-
type  TiO2@mercaptopropyl-functionalized silica particles 
had very good recyclability and were very much chemically 
stable even after at least three consecutive photocatalytic 
degradation experimental runs. Recently, in a novel work, 
Caschera et al. (2018) reported that functionalization of 
cotton textile with europium(III)-doped oleate-capped tita-
nium dioxide  TiO2 nanocrystals had brought about many 
new functionalities including enhanced visible light-driven 
photocatalytic degradation of methylene blue, and changes 
in the structure of the parent cotton material.

Chen et al. (2017) fabricated nanofibrillated cellulose 
and had the surface of these nanostructures success-
fully functionalized with quaternary ammonium groups. 
Amongst the many nanofibrillated cellulose structures 
that had been prepared, the one endowed with nitrogen-
doped  TiO2 demonstrated the optimum photodegradation 
performance for methyl orange under simulated sunlight, 
despite it having not as good adsorption properties in com-
parison with the pristine nanofibrillated cellulose (Chen 
et al. 2017). Besides other valuable features as an effective 
photodegradation catalyst, the nitrogen-doped nanofibril-
lated cellulose cryogel demonstrated very good reusability 
after multiple adsorption/photodegradation cycles and had 
also retained its mechanical durability and could also be 
recycled (Chen et al. 2017). Yang et al. (2015) reported that 
titanium dioxide-doped  Fe3O4 NPs had sufficient potential 
to be used as a very effective Fenton-like catalyst for dye 
degradation and decolouration in near neutral milieu as a 
result of the titanium dioxide surface doping of the iron 
oxide species significantly enhancing the catalytic proper-
ties of the  Fe3O4 in Fenton-like reactions. Yang et al. (2015) 
also reported green features of their synthesized catalytic 
nanostructures in that they favoured the decomposition of 
hydrogen peroxide for subsequent methylene blue oxida-
tion without the need of an external source of energy, the 
nanocatalysts were versatile and effective at several pH val-
ues and even when radical scavengers were present in the 
reaction milieu. From their findings, Adyani and Ghorbani 
(2018) recently inferred that gadolinium and phosphorus 
doping had enhanced the surface textural characteristics of 
titanium dioxide by occasioning the formation of Ti–O–P 
and Ti–O–Gd bonds. Interestingly, Adyani and Ghorbani 
(2018) also observed that gadolinium had an important 
bearing in augmenting the oxygen vacancies and organic 
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moieties on the surface of the pristine titanium dioxide. 
The gadolinium doping had also successfully promoted the 
transfer of the photoinduced charge carriers to the species 
adsorbed on the  TiO2 surface (Adyani and Ghorbani 2018). 
Moreover, Adyani and Ghorbani (2018) also found that the 
Fe–Gd–P-tridoped titanium dioxide composite had brought 
about the most significant photodegradation rate of methyl 
orange amongst all experimental runs with a kinetic rate 
constant of 0.0128 min−1. Adyani and Ghorbani (2018) 
explained these major findings based on the synergistic 
effects of significantly improved surface chemistry and sur-
face textural properties, a higher count of organic species 
and hydroxyl groups adsorbed on the surface, enhanced 
absorption of visible light, higher lifetime of  e+/h− pairs 
and better interfacial transfer of charge carriers. Patil et al. 
(2019) have also reported an interesting study wherein they 
fabricated  TiO2/WO3 nanocomposites and had functional-
ized them with chlorosulfonic acid. Detailed characteri-
zation analysis and results thereof confirmed that active 
–SO3H groups had been successfully added to the surface 
of the titanium dioxide/WO3 composites (Fig. 5), as a result 

of which the novel nanocomposite material was able to 
degrade Congo red and methyl red very efficiently, and 
still possessed excellent catalytic efficiency of more than 
90% even after five successive experimental cycles (Patil 
et al. 2019). Bakar and Ribeiro (2016) reported some actu-
ally interesting results wherein it was observed that in the 
case of cationic sulphur-doped  TiO2 photocatalysts, pho-
toinduced holes and chemisorbed hydroxyls had played a 
key part in photocatalysis, whilst for anionic sulphur-doped 
 TiO2 photocatalysts, electrons and photoinduced holes 
were the species having quasi-equal parts played in pho-
tocatalysis. Moreover, based on the findings, it was found 
that sulphur atoms had been effectively incorporated into 
the  TiO2 crystal lattice and, consequently, there was substi-
tution of  Ti4+ by  S6+ to form Ti–O–S bonds in the case of 
cationic sulphur doping, whilst for anionic sulphur doping, 
there had been substitution of  S2− by  O2− to form O–Ti–S 
bonds (Bakar and Ribeiro 2016).

Graphene‑type photocatalysts

Graphene refers to a single layer of atoms of carbon closely 
packed into a benzene-ring structure (Faraldos and Baha-
monde 2017). Graphene has forged itself a very prolific 
reputation as a unique material with outstanding physical 
properties and optical features. With the rate of progress in 
research and development have paced up very quickly with 
graphene and its various scientific and engineering applica-
tions, the reduction of exfoliated graphene oxide (GO) has 
come out to be a much effective, low-cost and dependable 
manner to fabricate graphene nanosheets having high sta-
bility (Faraldos and Bahamonde 2017). Moreover, through 
well-planned and executed chemical modifications, the sur-
face characteristics of graphene can be tuned to reach novel 
graphene-based materials which embody remarkably feasi-
ble functionalization which eventually expand the scope of 
applications of these materials (Faraldos and Bahamonde 
2017). To name a few, property-tuned graphene-type materi-
als can find interesting uses in adsorption of environmental 
contaminants (Bai et al. 2012; Fakhri et al. 2017), thermal 
energy storage (Mehrali et al. 2013), catalysis (Li et al. 
2010; Sun et al. 2012; Indrawirawan et al. 2015), biomass 
and organic biomolecules conversion (Zhu et al. 2015; Hou 
et al. 2016), bioenergy production processes (Ci et al. 2015) 
and nanomedical therapies (Rahmanian et al. 2017).

In the area of research on photocatalysis, graphene has 
been studied in the fabrication of several types of (nano)
composite materials using a range of other compounds 
such as titania (Trapalis et al. 2016), zinc oxide (Moussa 
et al. 2016; Rokhsat and Akhavan 2016),  CH3NH3PbI3 (Wu 
et al. 2018), ZnS–Ag2S (Amaranatha Reddy et al. 2015) 
and N–ZnO/CdS (Huo et al. 2016) for reaping better pho-
tocatalytic properties and performance. Graphene can be 

Fig. 5  FTIR spectra of sulphated  TiO2/WO3 nanocomposite 
(4:1 wt% of  TiO2/WO3) prepared by a simple sol–gel wet impregna-
tion method (Patil et al. 2019). As per discussions and arguments in 
Patil et al. (2019), the broad peak recorded at 3400 cm−1 is attribut-
able to surface-adsorbed water molecules (indicative of O–H stretch-
ing vibration); hydroxyl groups adsorbed onto the  TiO2/WO3 nano-
composite (4:1 wt% of  TiO2/WO3) surface are also detectable at the 
absorption band 1626 cm−1 (indicative of O–H bending vibrations); 
the typical Ti–O bending vibration band at 1443 cm−1 is also noted; 
peaks obtained at ~ 510 to ~ 650 cm−1 indicate the formation of  TiO2 
NPs; W–O stretching and vibration bands are located in the sec-
tion  960  cm−1 to 800  cm−1; and the characteristic bands positioned 
at 1223 cm−1, 1110 cm−1 and 954 cm−1 provide conclusive evidence 
of the presence of surface-anchored –SO3H groups onto the  TiO2/
WO3 nanocomposite (4:1  wt% of  TiO2/WO3) surface. This figure 
has been reproduced from Patil et al. (2019) with the permission of 
Elsevier (© 2018 Published by Elsevier B.V.) under licence number 
4855151417130 (for both print and electronic formats)
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considered a bank of photoelectrons which endow it with its 
observed high conductivity (Trapalis et al. 2016). Moreover, 
the photogenerated electrons become more readily accepted, 
stored and transported from the titania/graphene interface 
when using graphene which have a low defects content 
(Trapalis et al. 2016). The enhanced photocatalytic perfor-
mance of  TiO2/graphene composite nanomaterials is attrib-
uted to the lowered extent of electron–hole recombination 
and the prolonged lifetime which are both entailed because 
of their separation (Zhang et al. 2010, 2011). In their work 
which involved the synthesis of gold NPs which had been 
functionalized with tannic acid and having graphene hydro-
gel as support, Luo et al. (2015) indicated that the tannic 
acid which contained many phenolic groups had achieved 
multiple green features. These green characteristics were 
reported to be that tannic acid functionalization had led to 
the reduction of the graphene oxide (GO) and brought about 
the self-assembly of the reduced GO into graphene hydrogel 
and that tannic acid had equally acted as the reducing agent 
and stabilizer for the in situ fabrication of the gold NPs in 
water at ambient reaction conditions. The additional green 
features of the gold nanocomposite material developed by 
Luo et al. (2015) are that it could catalyse the reduction of 
methylene blue and could equally be recycled and reused 
even after five cycles. Earlier, Zhao et al. (2017b) reported 
the development of a 3-D hemin-functionalized graphene 
hydrogel which possessed remarkable photodegradation 
capacity for methylene blue vis-à-vis the pristine gra-
phene hydrogel and P25 catalyst. Moreover, it is important 
to highlight that the 3-D hemin-functionalized graphene 
hydrogel remained stable in its photocatalytic activity fol-
lowing multiple cycles of after photocatalytic reaction runs 
and that the photocatalytic degradation of methylene blue 
was mediated principally by the involvement of O2

·– radicals 
(Zhao et al. 2017b) (Fig. 6). Cao et al. (2018) recently fab-
ricated a new heterogeneous catalyst which they referred 
to as TEA/GO@Fe3O4. Cao et al. (2018) observed that the 
TEA/GO@Fe3O4 composite had an excellent contribution 
in a very rapid decomposition of methylene blue. Amongst 
other reasons, Cao et al. (2018) attributed the remarkable 
characteristics of the TEA/GO@Fe3O4 composite to the 
 Fe3O4 NPs having been immobilized onto the graphene 
oxide surface and then functionalized by the triethanola-
mine (TEA). Furthermore, results of TEM analysis in this 
same work of the TEA/GO@Fe3O4 nanocomposite also 
indicated that the  Fe3O4 NPs had characteristic spherical 
shapes and were distributed on the graphene oxide surface 
and particularly so on the edges (Fig. 7). Cao et al. (2018) 
rationalized this important observation to the abundance of 
functional groups which contained oxygen on the edge of 
the graphene oxide whilst the remaining of the  Fe3O4 NPs 
had been immobilized by hydroxyl or epoxy groups found 
on the planar surface of the graphene oxide. 

ZnO‑based doped photocatalysts

ZnO is an important photocatalyst characterized by strong cat-
alytic ability, large surface area, direct and suitable band gap 
(Eg = 3.37 eV), and large exciton binding energy (60 meV) 
(Lee et al. 2016a). In recent photocatalytic studies, it has 
emerged as a strong rival to  TiO2-based photocatalysts which 
are considered as the most-explored photocatalysts. However, 
ZnO is susceptible to chemical dissolution, especially under 
acidic conditions which affects its stability and efficiency 
(Wang et al. 2016). Moreover, like  TiO2-based photocatalysts, 
UV light is required for ZnO to become active due to wider 
band gap. Therefore, it is highly demanding to increase its 
stability and photocatalytic ability in visible light with narrow 
band gap. This section is devoted to review recent develop-
ments addressing this issue to effectively degrade the dyes.

For the degradation of dyes in aqueous solutions, ZnO 
exhibited better photocatalytic efficiency than  TiO2 alone 
(Aggelopoulos et al. 2017; Štrbac et al. 2018) or even their 
mixture as 2ZnO–TiO2 containing zinc titanate  (Zn2TiO4) as 
the dominant phase (Štrbac et al. 2018). This might be linked 
to higher electron mobility of ZnO (about two orders of mag-
nitude) than  TiO2. However, inclusion of  TiO2 with ZnO was 
advocated in harsh acidic environments owing to its higher 
structural stability and better ability to change the band gap 
improving light absorption (Štrbac et al. 2018). Some other 
studies have also combined ZnO and  TiO2 for better stability. 
For example, Wang et al. (2016) reported much higher pho-
tocatalytic ability of iodine-doped ZnO (ZnO-I) to degrade 
rhodamine B (93% removal) than bare ZnO (54%). Pollutant 
removal was further enhanced to 97% by decorating  TiO2 
(ZnO-I–TiO2) due to suppressed charge recombination and 
higher light absorption. Though this increase in efficiency 
was not very prominent (from 93 to 97%), decorating with 
 TiO2 was particularly advantageous in improving the stabil-
ity of ZnO-I–TiO2. It retained its efficiency at a wide range 
of pH (5–10) and for five repeated runs, whilst ZnO-I was 
sensitive to pH variations (42% and 59% pollutant removal 
at pH 5 and 10, respectively) (Wang et al. 2016).

Photocatalytic efficiency of ZnO can also be improved by 
compositing it with the carbon materials where ZnO is allowed 
to grow and stabilize over these materials. Owing to the better 
efficiency of carbon materials as electron acceptors, photocata-
lytic ability of ZnO (as electron donor) is improved (Sushma 
and Girish Kumar 2017). For example, efficiency and stability 
of ZnO were significantly enhanced when it was composited 
with functionalized graphene oxide (GO) to degrade safranin-T 
dye under UV light (Nenavathu et al. 2018). Complete removal 
of dye was observed by nanocomposites based on functional-
ized GO/ZnO as compared to 80% removal by pristine ZnO. 
They associated this to improved dye adsorption by inclu-
sion of GO and decrease in band gap of composite sample 
(3.10 eV) than pristine ZnO (3.16 eV) which improved the 
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absorbance in visible range. Efficiency of composite samples 
varied according to the contents of GO where 0.09 wt% gave 
the best efficiency amongst the tested compositions (GO: 0.05, 
0.09, 0.10, 0.5 and 5 wt%). Increasing the GO contents beyond 
0.09% decreased the catalytic ability because excess amounts 
of GO can block the active sites of ZnO due to a shielding 
effect. It is also interesting to point out that tested composites 

were highly stable as they retained the catalytic ability for five 
treatment cycles (only 4% decrease in degradation), whilst a 
drastic reduction was reported for pristine ZnO (from 80 to 
40%) (Nenavathu et al. 2018). However, GO sheets are sus-
ceptible to agglomeration which can reduce their efficiency. 
For this, Chauhan et al. (2019) proposed that agglomeration 
can be avoided by coating of GO over Si substrate followed by 

Fig. 6  Photodegradation pathway of methylene blue solution under 
the action of a hemin/graphene hydrogel proposed by Zhao et  al. 
(2017b). As per discussions in Zhao et al. (2017b), two –CH3 func-
tional groups in methylene blue likely to falling off and chemical spe-
cies with MS peak at 256 were obtained; then, the much bioactive 
superoxide anions could attack and bring about the catalytic oxidation 
of demethylation products, which then split into two parts to produce 
acidic molecules; and finally, the different pyrolysis products were 

reached. Based on the results obtained, Zhao et  al. (2017b) inferred 
that although the methylene blue solution had turned colourless and 
transparent and no UV–Vis absorption occurred, the extent of deg-
radation had not reached completion. (Just 10% total organic carbon 
had been left in solution.) This figure has been reproduced from Zhao 
et  al. (2017b) with the permission of American Chemical Society 
(Copyright © 2017, American Chemical Society) obtained on June 
24, 2020 (for both print and electronic formats)
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the use of this composite support to grow ZnO nanoflowers. 
Similarly, use of carbon nanotubes was also found useful in 
improving the photocatalytic ability of ZnO due to improve-
ment in surface area, charge transport and light absorption 
(Bagheri et al. 2020). They reported that removal of dye (reac-
tive blue 203) was highest (99%) in case of ZnO stabilized on 
MWCNTs as compared to the 85% and 19% by ZnO and bare 
MWCNTs, respectively. It is worth to mention that most of 
the carbon-based photocatalysts require post-process filtration 
for their reuse. The reusability of materials can be facilitated 
by finding suitable strategies that can offer quick, easy and 
effective recovery of photocatalysts from the reaction medium. 
In this regard, the development of magnetic materials is gain-
ing significant attention as illustrated recently in Bomila et al. 
(2018), Kayani et al. (2018), Kalam et al. (2018), Eskandari 
et al. (2019), Patil et al. (2020), Ciocarlan et al. (2020) and 
Ebrahimzadeh et al. (2020).

Akkari et al. (2017) used sepiolite clay immobilized with 
magnetite  (Fe3O4) and ZnO to develop an efficient magnetic 
photocatalyst that completely removed the methylene blue dye 
in aqueous solution (under UV irradiation for 2 h). Though 
ZnO/magnetite/sepiolite exhibited similar catalytic ability to 
ZnO/sepiolite, its use was advantageous as it magnetic nature 
offered an ease in its recovery after treatment. The presence 
of magnetite, a mixed valent Fe mineral, introduces the mag-
netic character in the photocatalyst that ensures a convenient 
recovery (with an external magnetic field) for reuse in repeated 
photocatalysis cycles (Usman et al. 2018). Owing to this desir-
able feature, use of magnetite with ZnO has also been sug-
gested elsewhere (Wang et al. 2018a; Atla et al. 2018). For 
example, Atla et al. (2018) developed different photocatalysts 
using ZnO and magnetite including ZnO/Fe3O4 (M1), ZnO/
SiO2/Fe3O4 (M2) and ZnO/APTS–SiO2/Fe3O4 (M3). All these 
materials were magnetically separable, but their photocatalytic 

Fig. 7  a TEM image of TEA/GO@Fe3O4 at 0.5 μm; b TEM image 
of TEA/GO@Fe3O4 at 0.2  μm; c particle size distribution of TEA/
GO@Fe3O4 at 0.5 μm; d distance between two lattice fringes exam-
ined by Digital Micrograph; e the short green line appearing in the 
lower right corner indicates the edge of TEA/GO@Fe3O4; f as an 
inset in (e): f is the enlarged view of the edge displayed by the green 
line; and g is the profile image examined by Digital Micrograph 
(Cao et  al. 2018) (for more details with regard to the interpretation 
of colours used in this figure and images therein, the online version 

of this article can be consulted at https ://doi.org/10.1016/j.colsu 
rfa.2018.04.009); based on a through to d, the  Fe3O4 nanostructures 
have been depicted as having characteristic spherical shapes and as 
being dispersed on the graphene oxide surface, and especially on the 
edge (Cao et  al. 2018). This figure has been reproduced from Cao 
et  al. (2018) with the permission of Elsevier (© 2018 Elsevier B.V. 
All rights reserved) under licence number 4855160414566 (for both 
print and electronic formats)

https://doi.org/10.1016/j.colsurfa.2018.04.009
https://doi.org/10.1016/j.colsurfa.2018.04.009
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ability was dependent on the presence of ZnO defects that was 
the following order: M2 > M3 > M1. At high catalyst load-
ing (500 mg/30 mL), M2 completely removed the methylene 
blue dye by adsorption, whilst M3 and M1 exhibited both the 
adsorption and photocatalysis (Fig. 8). When catalyst loading 
was decreased to 5 mg (suggested as optimum loading), no 
adsorption was observed for M1 and M3 (dye removal only by 

photocatalysis), whilst M2 exhibited both the adsorption and 
photocatalysis (Fig. 8). The presence of silica was linked to the 
best performance of M2 in terms of adsorption as well as the 
photocatalytic ability, whilst its absence (as in M1) decreased 
the treatment ability (Fig. 8). Silica layer protected the mag-
netic core from oxidation and dissolution (higher stability) 
and decreased the recombination time (higher photocatalytic 

Fig. 8  Photocatalytic degradation of methylene blue by using three 
photocatalysts ZnO/Fe3O4 (M1), ZnO/SiO2/Fe3O4 (M2) and ZnO/
APTS–SiO2/Fe3O4 (M3) at a catalyst loading of 500  mg (image I) 
and an optimum dose of 5 mg (image II(A)) and image II(B) report-
ing the results of the reusability studies of M1, M2 and M3 (Atla 
et  al. 2018). Degradation is mentioned as C/C0 where C represents 

the concentration of a dye at a given reaction time, whilst  C0 denotes 
its initial concentration. This figure has been reproduced from Atla 
et  al. (2018) with the permission of Elsevier (© 2018 Elsevier B.V. 
All rights reserved) under licence number 4855160631579 (for both 
print and electronic formats)
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ability). Coating of APTS decreased the adsorption capacity 
of M3 (by increasing particle size) and photocatalytic ability 
(by decreasing surface defects in the sample). Similar findings 
regarding the role of  SiO2 were reported by Wang et al. (2018a) 
in a ZnO heterostructure composed of  Fe3O4@SiO2@ZnO@
Au that was developed by a multistep protocol. For this,  Fe3O4 
core surface was coated by  SiO2 interlayer followed by the use 
of this product to grow ZnO nanorods and functionalization of 
Au NPs (Wang et al. 2018a). The obtained material was highly 
efficient to photodegrade rhodamine B (93.54% removal after 
80 min of UV irradiation). Moreover,  Fe3O4@SiO2@ZnO@Au 
maintained its core–shell structure, structural stability, magnetic 
properties and photocatalytic ability for five treatment cycles. 
Contrary to the negative role of APTS coating (Atla et al. 2018), 
Au loading increased the photocatalytic efficiency as ZnO/Au 
heterojunction improved the transfer of electrons which ensures 
that photogenerated charge carriers are quickly separated (Wang 
et al. 2018a). However, adequate quantity of Au is an important 
consideration as, at higher amounts, Au particles are susceptible 
to aggregation which can inhibit further production of electrons 
and thus affect the photoinduced behaviour (Wang et al. 2018a).

In recent years, different dopants have been explored to 
render ZnO particles as more efficient photocatalysts such as 
aluminium (Sharma et al. 2019), cobalt (Chithira and Theresa 
John 2020), iodine (Wang et al. 2016), iridium (Dhanalak-
shmi et al. 2020), magnesium (Adam et al. 2020), nitrogen 
(Prabakaran and Pillay 2019; Sun et al. 2020), palladium (Pd) 
(Rodrigues et al. 2020) and silver (El-Bindary et al. 2019; Rod-
rigues et al. 2020). These materials have been doped by using 
different synthesis methods such as co-precipitation (Adam 
et al. 2020; Rodrigues et al. 2020; Chithira and Theresa John 
2020), ultrasonic disposition (El-Bindary et al. 2019) and 

hydrothermal method (Wang et al. 2016; Prabakaran and Pillay 
2019; Sun et al. 2020). The choice of these methods is based 
on the desired properties and methods which are character-
ized by process simplicity and lower-temperature requirements 
were advocated such as hydrothermal. Use of all these dopants 
successfully resulted in a significant efficiency in photocata-
lytic ability and stability as compared to the bare ZnO (Fig. 9). 
Studies regarding the use of these doped ZnO-based photocata-
lysts revealed their strong stability in reusability studies except 
for iodine-doped ZnO (Wang et al. 2016). However, decorating 
ZnO with  TiO2 improved its stability as discussed in above 
paragraphs (Wang et al. 2016). Use of cobalt induced the mag-
netic properties in the photocatalyst that could be advantageous 
for a facile recovery (Chithira and Theresa John 2020). Sharma 
et al. (2019) confirmed by XPS elemental characterization and 
EDAX mapping that doping of Al on ZnO caused the substitu-
tion of Zn by Al but without causing any change in hexagonal 
structure of ZnO. The presence of Al in lattice structure pre-
vented the electron recombination and holes on catalyst sur-
face which improved the catalytic ability (Sharma et al. 2019). 
Largely, following observations were noted as a result of dop-
ing: (1) substitution at lattice sites induces the surfaces defects 
and modifies the associated chemistry, (2) a disparity in the 
ionic radius between the ZnO host and doping agent dictates 
the defect chemistry, (3) structural disorders arise due to vari-
ation in the oxidation state of doping agent and (4) changes in 
band gap, light absorption properties and ultimately the pho-
tocatalytic ability (Sushma and Girish Kumar 2017).

A recent trend has been the development of doped ZnO 
particles which are further stabilized on carbon materials to 
further improve the photocatalytic ability (Mohamed and 
Shawky 2018). For example, photocatalytic degradation 

Fig. 9  Photocatalytic removal (%) of various dyes by selected ZnO-
based photocatalysts. As reaction conditions vary in these studies, the 
efficiency of the photocatalysts should not be compared amongst dif-
ferent studies, but rather with the materials tested in the same study for 

a fair comparison. Data herein have been compiled from Akkari et al. 
(2017), Bagheri et al. (2020), Dhanalakshmi et al. (2020), El-Bindary 
et  al. (2019), Mohamed and Shawky (2018), Moradi et  al. (2017), 
Nenavathu et al. (2018), Sharma et al. (2019) and (Wang et al. 2016)
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of malachite green increased significantly from 57% (with 
bare ZnO) to 94% (Mn-doped ZnO) (Mohamed and Shawky 
2018). Using CNT as a support for Mn-doped ZnO further 
improved the degradation to 95% in addition to increas-
ing its surface area that varied in the following order: 
39.63 m2 g−1 (Mn-doped ZnO@CNT) > 37.99 m2 g−1 (bare 
ZnO) > 25.56 m2 g−1 (Mn-doped ZnO). Using CNT as a 
support improves the surface area which could improve 
the adsorption and ultimately can result in rapid photo-
catalytic removal. Moreover, separation of electron pairs is 
effective in the presence of CNT which improves the pho-
tocatalytic ability as witnessed during degradation of acid 
orange by Ag-doped ZnO@CNT by Moradi et al. (2017). 
They observed that use of CNT improved the surface area 
of loaded Ag-doped ZnO onto its surface (to 23 m2 g−1 
from 18 m2 g−1 Ag-doped ZnO). In addition to the highest 
photocatalytic ability of Ag-doped ZnO@CNT (98% dye 
removal as compared to the 87% by Ag-doped ZnO), it was 
more stable as it retained its photocatalytic ability for four 
consecutive treatments (3% loss against 13% loss by Ag-
doped ZnO). It should be noted that optimum contents of 
CNT should be chosen for an efficient pollutant removal. 
Photocatalytic ability of Mn-doped ZnO@CNT (Mohamed 
and Shawky 2018) and Ag-doped ZnO@CNT (Moradi et al. 
2017) was maximum in the presence of 1% and 5% (w/w) 
of CNT. An increase in concentration beyond that signifi-
cantly decreased the photocatalytic ability of ZnO as higher 
contents of clay could intercept the light absorption to the 
surface of photocatalyst and increase the solution turbidity 
(Moradi et al. 2017; Mohamed and Shawky 2018).

It is also interesting to point out that biogenic methods 
have also been employed to synthesize ZnO NPs. They are 
considered as environmentally friendly alternatives to chem-
ical synthesis methods as they do not involve any hazardous 
chemicals. Rather, they rely on the use of biological agents 
(such as plant extracts and microbes) as reductants for the 
synthesis of ZnO. For this, plant extracts are mixed with Zn 
at suitable temperature and pH without any external addition 
of chemicals and stabilizing agents. Plant extracts contain 
variety of phytochemicals which act as reducing agent to 
synthesize ZnO. Use of biogenic ZnO exhibited successful 
results in photodegradation of dyes (Fowsiya et al. 2016; 
Karnan and Selvakumar 2016; Madhumitha et al. 2019). 
Owing to the eco-friendly nature and strong environmental 
implications, development of the biogenic ZnO for different 
environmental applications has been the subject of different 
recent reviews (Ahmed et al. 2017; Basnet et al. 2018).

Multiwalled carbon nanotubes‑type photocatalysts

Carbon materials at the nanoscale have outstanding thermal 
and chemical stability, and based such properties carbon 
nanotubes (CNTs) are being increasingly synthesized using 

different methods for a number of diverse applications in 
engineering (Zhao et al. 2016). According to the literature, 
CNTs have been receiving more and more research atten-
tion by reason of their one-dimensional macromolecular 
configuration, high specific surface area and special chemi-
cal structure (Zhao et al. 2016). Moreover, with the high 
quality of progress in the use of CNTs, multiwalled car-
bon nanotubes (MWCNTs) have thereafter been fabricated 
as described, for example, in Sharma et al. (2018), Araga 
and Sharma (2017), Zada et al. (2017), Lv et al. (2017), 
Joseph et al. (2019) and Patel et al. (2017). MWCNTs are 
made up of many nested layers of very well concentrically 
arranged rolled graphite sheets (Zhao et al. 2016). Chemical 
functionalization, by the way of a functional group addition 
(Fiyadh et al. 2019), of the surfaces of MCNTs is also a 
growing area of research because of the improved proper-
ties and capabilities of the resulting structure (Elias et al. 
2017; Moradi et al. 2017). The surfaces of the CNTs can be 
tuned and engineered through the incorporation of specific 
heteroatoms to enhance the surface wettability and improve 
adsorption capacities for certain types of compounds (Patiño 
et al. 2015). According to the discussions in Fiyadh et al. 
(2019), functionalization of CNTs can be covalent and 
non-covalent, whereby the former class is when functional 
groups get attached by covalent forces to the skeletal struc-
ture of CNTs through chemical reaction, and the latter type 
of functionalization occurs when functional groups coat the 
CNTs walls (Karousis et al. 2010).

Xia et al. (2007), Mamba et al. (2015), Zouzelka et al. 
(2016), Réti et  al. (2016) and Panahian and Arsalani 
(2017) have indicated that CNTs can be combined with 
 TiO2 to generate composite structures for subsequent use 
as photocatalysts. Based on data in the literature, besides 
providing for a large surface area support to the  TiO2 par-
ticles, CNTs equally significantly retard the recombination 
of electrons and holes (Zouzelka et al. 2016; Karthika and 
Arumugam 2017; Natarajan et al. 2017). In their study, 
Hossain et al. (2018) observed a prominent broad peak at 
~ 3400 cm−1 from the FTIR spectrum of the multiwalled 
carbon nanotubes they had synthesized and it confirmed 
the oxidation of some C atoms by nitric acid and sulphuric 
acid on the surface of multiwalled carbon nanotubes. Iron 
or silver was doped into the titanium dioxide-multiwalled 
carbon nanotubes composites, and the subsequent decrease 
of the energy band gap favoured a more pronounced photo-
catalytic degradation of methylene blue under visible light 
conditions. Hossain et al. (2018) attributed the excellent 
catalytic photodegradation capacity of the Ag–TiO2–mul-
tiwalled carbon nanotubes and Fe–TiO2–multiwalled car-
bon nanotubes composites to the following mechanistic 
processes: (1) adsorption and photoinduced absorption 
of electrons by the multiwalled carbon nanotubes and (2) 
trapping of electrons by the iron or silver inside the  TiO2 
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matrix, in supplement to the usual photocatalytic char-
acteristics of titanium dioxide. In a very recent study by 
Wei et al. (2019), an N-doped carbon nanotubes–FePO4 
composite has been successfully prepared using phosphate 
residue using surface modification and chemical vapour 
deposition. Wei et al. (2019) reported that the N-doped 
carbon nanotubes–FePO4 composite could degrade 98.9% 

of rhodamine B in 60 min under Fenton-like conditions 
and that the nanocatalyst was able to conserve high (more 
than half) its catalytic capacity after six successive cycles 
of use. Table 4 reports the key features reported in other 
selected studies with regard to the functionalization 
and doping methods of novel doped catalyst/MWCNTs 
composites.

Table 4  Studies reporting the synthesis of doped catalyst/multiwalled carbon nanotubes composites intended for use in the degradation of dyes

Material Catalyst Doping ratio Catalyst/
MWCNT 
(w/w)

Method Final treatment Target dye References

Commercial 
MWCNT

Pd-doped–ZrO2 0.5, 1, 2 wt% 1 Co-precipitation The suspension 
was dried 
100 °C for 
12 h, calcined 
at 400 °C for 
5 h and pulver-
ized to obtain 
the powdered 
nanocomposite

Acid blue 40 Anku et al. (2016)

Commercial 
MWCNT

ZnO/NiO 95% ZnO
1% NiO-94% 

ZnO
3% NiO-92% 

ZnO

0.05 Co-precipitation The suspension 
was dried in 
oven at 100 °C 
for 4 h

The material 
was then 
calcined at 
300 °C for 3 h 
to obtain ZnO/
NiO-loaded 
MWCNTs

Methyl orange Khan et al. (2018)

Commercial 
MWCNT

Ce-doped ZnO 0.5% Ce – Microwave 
irradiation

The sample was 
dried in an 
oven at 80 °C 
for 12 h

Methylene blue Elias et al. (2017)

Commercial 
MWCNT

Mn–Zn NPs 50% 1 Co-precipitation The mixture was 
heated at 60 °C 
for 2 h with 
occasionally 
stirring

The mixture was 
cooled, filtered 
and then 
washed the 
MWNTs/Mn–
Zn oxides NPs 
several times 
with distilled 
water in order 
to remove 
unreacted 
chemicals

The MWNTs/
Mn–Zn oxides 
NPs were dried 
and stored for 
further use

Malachite green Zada et al. (2017)



Environmental Chemistry Letters 

1 3

Degradation dynamics of dyes by doped 
photocatalysts

The use of advanced oxidation processes (AOPs) for the 
degradation of organic compounds has received immense 
attention in the scientific world over the last few decades 
(Cheng et al. 2016; Nidheesh et al. 2018; Fernandes et al. 
2019; Serna-Galvis et al. 2019; Verma and Samanta 2018; 
Crini and Lichtfouse 2019; Batista et al. 2010; Bello and 
Raman 2019). The different AOPs include photocataly-
sis, ozonation, electrochemical treatments and hydrogen 
peroxide-mediated oxidation as well as the combination of 
these processes (Rauf and Ashraf 2009). Amongst them, 
heterogeneous photocatalysis can be considered as a very 
promising approach for the removal of dyes under in situ 
conditions (Rauf and Ashraf 2009), and several NPs have 
been developed from semiconductors to be used as photo-
catalysts (Chakrabarti and Dutta 2004; Khan et al. 2012; Yan 
et al. 2017). The key advantages of using semiconductor NPs 
as photocatalysts are they are relatively inexpensive, they 
are easy to produce and they can degrade a wide range of 
organic molecules under ambient conditions just by utilizing 
solar energy (Khan et al. 2012). This section summarizes 
the advances made in the use of photocatalytic NPs for the 
degradation of dyes with a focus on their mode of action, 
influence of determining parameters and reusability.

Mode of action photocatalytic NPs

Photocatalysts are made from semiconductors that are char-
acterized by a typical electronic configuration consisting of 
an empty conduction band and filled valence band separated 
by an energy gap (Hoffmann et al. 1995). This energy gap 
(also called ‘band gap’) is the amount of energy required to 
excite a valence electron from its ground state in the valence 
band to a free state in the conduction band. In the case of 
photocatalysis, if a photon carrying enough energy to neu-
tralize the band gap is incident on an electron present in the 
valence band, it leads to the excitation of the electron and 
its promotion into the conduction band (Rauf et al. 2007). 
As the electron elopes into the conduction band, a positively 
charged vacancy is generated in the valence band which is 
termed as a hole. This way, an electron–hole pair is gen-
erated in the lattice. These photogenerated charge carriers 
are also called excitons. The excited electron residing in 
the conduction band and the hole in the valence band can 
migrate within the crystal lattice and on diffusing to the sur-
face they can react with the adsorbed dye molecules. They 
can react either directly or indirectly through the formation 
of free radicals (Sambur and Chen 2016). Based on their 
mode of action, the process of photocatalysis can be classi-
fied as direct and indirect photocatalysis. In case of direct 

photocatalysis, electron–hole pairs that are photogenerated 
within the semiconductor lattice react directly with the dye 
molecules instead of forming intermediate species in the 
reaction. The two kinetic models proposed to explain the 
mechanism of photocatalysis are described in the following.

Langmuir–Hinshelwood model

According to the Langmuir–Hinshelwood model, the pho-
tocatalysis reaction occurring on the surface of the photo-
catalyst can be divided into three steps. In the initial step, 
the dye molecule gets adsorbed onto the surface of the 
photocatalyst as depicted in Eq. (1). In the second step, 
the photogenerated holes travel to the surface where they 
get trapped by the adsorbed dye molecule to form an unsta-
ble intermediate as depicted in Eq. (3). In the next step as 
depicted in Eq. (4), this intermediate is decomposed on 
reacting with an electron. The degradants are then des-
orbed from the surface. Thus, the dye is converted into 
a less harmful form and the catalyst’s surface is restored 
to its original form at the end of the process (Rauf and 
Ashraf 2009). The reactions involved in this pathway can 
be depicted as follows:

Hence, it can be inferred that the rate of photocatalysis 
is directly proportional to the number of dye molecules 
adsorbed onto the surface of the catalyst, which in turn 
is dependent on the concentration of the dye in the solu-
tion. The rate of photocatalysis according to this pathway 
can be calculated using the equation v = kKaCd/(1 + KaCd) 
(or 1/v = 1/k + 1/kKaCd) (Chang 2000). In the latter equa-
tion, v denotes the rate of the reaction, Ka denotes the 
adsorption rate constant, k denotes the photocatalysis rate 
constant and Cd denotes the concentration of the dye in 
the solution.

Eley–Rideal’s model

This kinetic model was proposed by D.D. Eley and E.K. 
Rideal in the year 1938. According to this model, only one of 
the reactants gets trapped on the surface of the photocatalyst, 
whereas the other reactant remains free in the mobile phase. 
In our case, the holes are trapped on the surface and the 
dye remains in a free state in the solution. There are certain 

(1)S + Dye → S ⋅ Dye

(2)
Photocatalyst + hv → h+ + e−(photogeneration of excitons)

(3)S ⋅ Dye + h+ → unstable intermediate

(4)
Unstable intermediate + e− → S ⋅ Product → S + product
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defects (D) present on the catalyst’s surface where the holes 
get trapped on reaching the surface, thus forming the sur-
face-active centre as depicted in Eq. (6). These active centres 
then react with the dye molecules to form an unstable species 
which is subsequently decomposed, and the surface defect is 
restored to its original form as depicted in Eq. (7). Some of 
the active centres might also undergo decay on recombining 
with electrons as depicted in Eq. (8) (Rauf and Ashraf 2009).

Although direct photocatalysis is thermodynamically feasi-
ble, the failure of the photocatalytic materials to carry out 
degradation efficiently under non-aqueous condition makes 
it questionable (Rothenberger et al. 1985). Indirect photo-
catalysis is another approach that explains the process of 
photocatalysis, in which the excitons formed do not directly 
react with the dye molecules. Instead, they react with the 
exciton trapping molecules adsorbed to the surface of the 
catalyst to form free radicals, which then react with the 
dye molecules. The primordial exciton trapping molecules 
are adsorbed water molecules, hydroxide ions and subsur-
face lattice oxygen (Rothenberger et al. 1985; Turchi and 
Ollis 1990). The holes react with water molecules to form 
hydroxyl radicals and hydronium ions as depicted in Eq. (9); 
the holes may also react with the surface-adsorbed hydroxide 
ions to form hydroxyl radicals as in Eq. (10). The excited 
electrons react with oxygen molecules and hydronium ions 
to form hydrogen peroxide which can further dissociate in 
the presence of oxygen to form hydroxyl ions as depicted in 
Eqs. (11) and (12) (Chang 2000).

In the case of  TiO2 photocatalysts, some electrons might 
also react with  TiIV active centres to form  TiIII active cen-
tres as in Eq. (13) (Rothenberger et al. 1985). Other reac-
tive radicals such as HO2

· and  HO2
− are also formed, but the 

hydroxyl ions are the primordial reactive species in the case 
of indirect photocatalysis (Turchi and Ollis 1990). These 
reactive species oxidize the dye molecules to form an unsta-
ble intermediate, which finally disintegrates into smaller, 
less harmful molecules as depicted in Eq. (14). The different 
reactions involved in indirect photocatalysis can be depicted 
as follows:

(5)
Photocatalyst + hv → h+ + e−(photogeneration of excitons)

(6)D + h+ → D+

(7)D+ + dye → Unstable Intermediate → Product + D

(8)D+ + e− → D

Photocatalyst + hv → h+ + e− (Photogeneration of excitons)

(9)h+ + H2O → HO⋅ + H+

There are four mechanisms by which the hydroxyl ions are 
assumed to react with the dye molecules (Turchi and Ollis 
1990). According to the first mechanism, the hydroxyl ion 
and the dye molecule are speculated to react with each other, 
whilst both adsorb onto the catalyst’s surface. The second 
mechanism states that the reacting dye molecule remains 
adsorbed to the photocatalyst’s surface, whereas the hydroxyl 
ion remains in a free state before their reaction. Accord-
ing to the third mechanism, the reacting hydroxyl molecule 
remains bound to the surface, whereas the reacting dye mol-
ecules exist in a free state in the solution during the reaction. 
According to the fourth mechanism, both the dye and the 
hydroxyl ions react, whilst they are in an unbound state. The 
rate equation in all the four cases takes a form which is very 
similar to the Langmuir–Hinshelwood rate equation (Roth-
enberger et al. 1985). According to the second and the fourth 
mechanism, the hydroxyl ions are said to be capable of exist-
ing in a free state in the reaction mixture for some time until 
it reacts with a molecule. Whilst in free state, the hydroxyl 
ion can travel across a very limited distance in the reaction 
mixture before it ends up reacting with a substrate (S). The 
theoretical distance travelled by the hydroxyl ion before they 
end up reacting with a substrate can be estimated using the 
equation Φ′ = KOH [S]/(D/L2), where L stands for the aver-
age distance travelled by the hydroxyl ion until it reacts, [S] 
denotes the concentration of the substrate in the reaction 
mixture, Φ′ denotes the reaction–diffusion modulus, KOH 
stands for the reaction rate constant and D denotes the diffu-
sion coefficient (Turchi and Ollis 1990). Dye degradation by 
free hydroxyl ions is only efficient in case of slurries which 
offers very low interparticle distance. However, in the case 
of immobilized photocatalysts, the interparticle distance is 
high which makes dye degradation using free hydroxyl ions 
inefficient (Hasnat et al. 2005; Turchi and Ollis 1990). A 
combined indirect–direct pathway in which both direct and 
indirect photocatalysis takes place simultaneously has also 
been proposed by many researchers to explain the mecha-
nism of photocatalysis (Rome’as et al. 1999). Some recent 
works wherein the photocatalytic degradation of dyes has 
been modelled using the Langmuir–Hinshelwood model and 
Eley–Rideal model are grouped in Table 5.

(10)HO− + h+ → HO⋅

(11)O2 + 2e− + 2H+
→ H2O2

(12)H2O2 → 2HO⋅

(13)TiIV + e− → TiIII

(14)HO⋅ + Dye → Unstable intermediate → CO2 + H2O
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Parameter‑dependent efficiency of photocatalysts

The efficiency of photocatalyst refers to the rate at which the 
photocatalyst can mineralize the dye molecules under spe-
cific environmental conditions. The efficiency of photocata-
lysts is modulated by a variety of factors which can be both 
external and internal. Internal factor refers to parameters 
such as the physical structure and composition of the photo-
catalyst. External factors (as exemplified in Table 6) refer to 
the parameters such as temperature, pH, the concentration of 
the photocatalyst, irradiation intensity, reaction temperature 
and the presence of additives and impurities in the reaction 
mixture (Alaoui et al. 2009; Chung and Chen 2009; Hani-
fehpour et al. 2016; Nasirian et al. 2017; Bakhtkhosh and 
Mehrizad 2017; Saeed et al. 2018; Malini and Allen Gnana 
Raj 2018; Han et al. 2018; Khosroshahi and Mehrizad 2019; 
Abdul Satar et al. 2019).

Effect of pH

The pH of a reaction mixture can alter the rate of reaction 
in variegated ways. Changes in the pH of the reaction mix-
ture can lead to the alteration of the surface properties of 
the photocatalyst. The pH at which the catalyst’s surface is 
neutrally charged is called zero points of catalyst  (pHzpc) 
(Souza et al. 2016). In case of amphoteric photocatalysts, 
under acidic condition (pH < pHzpc) the surface reacts with 
the excess hydronium ions present in the solution, causing 
it to be protonated, and thus, it acquires a positive charge. 
Whereas, under alkaline conditions (pH > pHzpc) the surface 
gets deprotonated on reacting with the excess hydroxide 
ions, making the surface negatively charged. For instance, in 
the case of titania, the following reactions take place under 
different pH conditions (Jawad et al. 2016):

These changes in surface charge can greatly influence the 
adsorption of the dye onto the surface of the photocatalyst. 
When the surface is positively charged under acidic condi-
tions, negatively charged anionic dyes are attracted towards 
it, and as a result, they get more easily adsorbed. Simi-
larly, under basic pH, the efficacy of adsorption of cationic 
dyes is much higher (Bubacz et al. 2010). This increase in 
adsorption leads to a higher rate of dye degradation which 
is evident. For instance, in 2010, Bubacz and co-workers 
stated that the efficiency of  TiO2-mediated degradation of 
anionic dye methylene blue increases with an increase in 
pH of the solution (Bubacz et al. 2010). In an experiment 
carried out by Kazeminezhad and Sadollahkhani, the pho-
tocatalysis rate was compared for cationic dye methylene 
blue, anionic dyes bromocresol green and Rose Bengal 

TiOH + H+
→ TiOH+

2
(Under acidic condition)

TiOH + OH−
→ TiO− + H2O (Under basic condition)
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(Kazeminezhad and Sadollahkhani 2016). The anionic dye 
Rose Bengal in the latter study underwent better adsorption 
and degradation at pH 4 and pH 8 in comparison to those 
observed at pH 11. Similarly, for cationic dye methylene 
blue, the optimum pH for adsorption was found to be in 
the basic range. Being an anionic dye, bromocresol green 
was expected to have an optimum pH in the acidic range. 
However, it was found to be in the basic range between pH 
8–11. This could not be explained using the previously 
mentioned theory.

Under acidic conditions, the concentration of  H+ ions 
is higher compared to hydroxide ions. Most of the pho-
togenerated electrons are adsorbed by the  H+ ions, and 
the number of hydroxyl ions formed is very low due to the 
scarcity of hydroxide ions. Hence, positive holes are the 
dominant oxidizing species at low pH. Since the movement 
of the holes is limited to the lattice of the photocatalyst, 
a low pH might limit the rate of photodegradation. At a 
higher pH, the number of hydroxide radicals available for 
the formation of hydroxyl radicals is higher which provides 
a positive impact on the rate of photocatalysis. This might 
be an explanation to the previously stated anomaly with 
bromocresol green. Ahirwar and co-workers studied the 
degradation of indigo carmine by mesoporous  TiO2 (Ahir-
war et al. 2016). Indigo carmine has a positively charged 
penta-heterocyclic-N group. Hence, in the latter study, it 
was expected to have an optimum pH for degradation in 
the basic range. However, it was observed that the reaction 
was favoured at a lower pH (4), and with an increase in pH 
(4–11), the reaction rate fell quite considerably, and this 
was explained by the fact that the rate of adsorption of the 
dye molecules was so high that it prevented the photons 
from reaching the catalyst’s surface, as a result of which 
excitons were not produced and photocatalysis did not take 
place.

The variation in the rate of photocatalysis with alteration 
in pH is dependent on the type of material being used as 
the photocatalyst and on the chemical properties of the dye 
being degraded. The behaviour of a chemical dye under a 
specific pH can also modulate the efficacy of degradation. 
Some dyes tend to form intramolecular hydrogen bonds at 
high pH, which greatly stabilizes their structure leading to a 
decrease in photocatalysis (Reza et al. 2017). Studies suggest 
that at acidic pH, the degradation of azo dye Amaranth is 
greatly reduced, and this is because the excess  H+ ions react 
with the dye’s chromophore, reducing the electron density 
at –N=N– bond, thus making it less susceptible to elec-
trophilic attack by the radicals (Sudrajat and Babel 2017). 
Industrial effluents from different industries are released at 
different pHs. However, if the type of dye present in the 
effluent is known, then the pH of the effluent can be adjusted 
to the optimum value based on the data obtained from prior 

investigations. This method can greatly enhance the effi-
ciency of effluent treatment.

Dosage of photocatalyst

The rate of dye degradation is greatly influenced by the 
concentration of the photocatalyst being used in the reaction 
mixture. A higher concentration of photocatalysts provides 
a greater surface area for the degradation reaction to take 
place, as a result of which a higher amount of excitons are 
produced to participate in the reaction (Reza et al. 2017). 
This greatly increases the rate of photocatalysis. The change 
in the rate of the photocatalysis with the change in the con-
centration of the photocatalyst  TiO2 was explained using a 
power-law model by Hamad et al., assuming that it follows 
first-order kinetics, in the form of the following equation 
ln Kapp = ln K + n ln  [TiO2], where Kapp is the apparent rate 
constant, K is the true rate constant, n is an exponent and 
 [TiO2] refers to the concentration of the photocatalysts in 
the reaction mixture. A plot of ln Kapp versus ln  [TiO2] will 
represent a straight line with slope n (Hamad et al. 2016). 
The increase in efficiency of photocatalysis to increase in 
photocatalyst concentration is only evident up to a certain 
threshold value. A very high concentration abates the effi-
cacy of the reaction by increasing the turbidity of the reac-
tion mixture which, in turn, decreases the penetrability and 
distribution of light required for excitation of the photocata-
lysts through scattering (Reza et al. 2017). A high concen-
tration of photocatalyst also tends to increase the chance of 
intraparticle interaction which can cause agglomeration of 
the catalysts, which in turn reduces the surface area avail-
able for the reaction. The decrease in photocatalysis at high 
photocatalyst concentration might also be because at higher 
concentration the excited photocatalysts gets deactivated on 
colliding with a photocatalyst that is at ground state (Hamad 
et al. 2016). It can be depicted through the equation  TiO2* 
+TiO2 → TiO2

# + TiO2. Here,  TiO2* and TiO2
# represent the 

activated and the deactivated form of the catalyst, respec-
tively. Thus, by knowing the optimal concentration of pho-
tocatalyst from the previous researches one can find out the 
amount of photocatalyst that should be added to a certain 
volume of effluent to optimize the rate of degradation.

Concentration of dye

Sudrajat and Babel studied the effect of dye concentration 
on the rate of photocatalysis using Amaranth and methyl-
ene blue over N-doped ZnO photocatalysts (Sudrajat and 
Babel 2017). In the work, it was observed that with an 
increase in Amaranth concentration from 5 to 25 mg L−1 
the degradation efficiency fell from 91.3 to 70.1%. Simi-
larly, with an increase in MB concentration from 5 to 
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25 mg L−1 the degradation efficiency dropped from 93.2 
to 64.1%. This is because at higher concentration the dye 
molecules adsorbed on the surface of the photocatalyst 
are so high that they inhibit the light photons required 
for photoexcitation from reaching the photocatalyst’s sur-
face. Hamad and co-workers studied the rate of degrada-
tion of dichlorophenolindophenol using mesoporous  TiO2 
(Hamad et al. 2016). It was noted that with an increase in 
dye concentration, the rate of reaction initially increased 
linearly up to a certain value and it then decreased with 
further increase in the concentration of the dye. This can 
be elucidated by the fact that the amount of photocatalyst 
is constant and with an increase in dye concentration the 
amount of dye getting adsorbed to the surface increases 
which leads to a higher rate of degradation. However, this 
increase is maintained only up to a certain value as long as 
enough free photocatalytic surface area and illumination is 
available to degrade the dye. When the dye concentration 
surpassed this value, the adsorbed dye molecules on the 
catalyst’s surface become so high that they start to prevent 
the photons from reaching the catalyst’s surface, which in 
turn inhibits the production of excitons required for photo-
catalysis. Furthermore, with the increase in dye concentra-
tion, there is a competitive effect imposed by the dye mol-
ecules on the adsorption of  OH− and  O2 onto the surface; 
as a result, the formation of  O2

– and ·OH radicals is greatly 
suppressed (Sudrajat and Babel 2017). The degree of sur-
face coverage (θ) by the dye can be given as a function of 
the dye concentration (C) in the solution by the equation 
θ = KC/(1 + KC), where K is a constant (Zhou et al. 2018). 
Furthermore, a high concentration of dyes makes the solu-
tion intensely coloured, which in turn decreases the path 
length of the light, thus preventing it from reaching the 
photocatalyst (Ahirwar et al. 2016). Photocatalysis causes 
the dye molecules to be mineralized into inorganic ions 
such as sulphates and phosphates. With the increase in dye 
concentration, these inorganic ions formed as a result of 
which degradation also increases. These inorganic ions 
then compete with the dye molecules for the oxidizing radi-
cals, which reduces the number of the oxidizing radicals 
available for dye degradation. This greatly reduces the rate 
of photocatalysis. This is an alternate approach to explain 
the decrease in efficiency of photocatalysis with an increase 
in the concentration of inorganic dyes (Jia et al. 2016).

Influence of additives and impurities

Effluents are filled with many types of ions and molecules 
which greatly modulate the rate of dye degradation (Sen-
thilraja et al. 2016). Ions such as  Fe2+,  Ca2+,  Mg2+,  Al3+, 
 Na+,  K+,  NH4

+,  Cl−,  PO4
3−,  SO4

2−,  HCO3
− and  NO3

− are 
generally present in wastewater (Alahiane et al. 2014; Azzaz 

et al. 2018; Isari et al. 2018). Many of these are  HO· and 
electron scavenging in nature, i.e. they readily react with 
the hydroxyl radicals, which greatly reduces the amount of 
 HO· available to react with the dye molecules. As a result, 
the rate of the reaction is greatly attenuated. Alahiane and 
co-workers studied the effect of various inorganic ions on 
the rate of  TiO2 mediated photocatalysis of Reactive Yel-
low 145 (Alahiane et al. 2014). Thereafter, it was observed 
that the presence of  SO4

2− and  Cl− ions can enhance the 
rate of photodegradation.  SO4

2− and  Cl− react with the 
hydroxyl radicals to form strong oxidizing intermediates 
 Cl· and SO4

·− which can readily degrade the dye molecules. 
 HCO3

− and  HPO4
2− are competitively adsorbed onto the 

active centres present on the surface which prevents the dye 
molecules from getting adsorbed. Furthermore, they act as 
hydroxyl scavengers which greatly attenuates the process. 
 CH3COO− ions react with the holes to form methyl radi-
cals and carbon dioxide. Thus, reducing the numbers of 
holes available to produce hydroxyl radicals. Sudrajat and 
Babel studied the influence of sodium chloride salts in the 
degradation of Amaranth dye (Sudrajat and Babel 2017). It 
was observed that with an increase in NaCl concentration 
from 0.3 to 1.2 g L−1, the degradation efficiency increased 
from 90.9 to 93.1%. However, a further increase to 9.6 g L−1 
caused the degradation efficiency to fall. In the latter study, 
the initial increase in efficiency was attributed to the fact that 
the  Cl− ions reacted with the photocatalyst to form  Cl· ions 
which have an oxidation potential (2.47 V) and can easily 
degrade the dye molecules. Furthermore, the  Cl− ions react 
with the holes, thus preventing it from recombining with 
the electrons. However, with further increasing the  Cl− mol-
ecules start competing with the dye molecules for reacting 
with the catalyst’s surface which greatly reduces the rate of 
the reaction. Studies also suggest that the carbonate radicals 
(CO3

·−) formed as a result of the reaction between carbon-
ate ions and hydroxyl ions, have a high oxidizing potential 
and can degrade a wide range of molecules (Ye et al. 2018). 
Besides, they are more stable and mobile compared to the 
hydroxyl radicals which gives them the ability to react with 
the dye molecules present in the bulk of the solution (Ye 
et al. 2018). Furthermore, they can also act as quenchers and 
help in charge separation, thus preventing recombination (Ye 
et al. 2018). Similarly, bicarbonate ions in low concentration 
have also been depicted to enhance the rate of photocatalysis 
(Dalhatou et al. 2015).

Oxidizing agents are often added to the reaction mixture 
to increase the photocatalytic activity. Khataee and co-work-
ers reported that with increasing the concentration of  H2O2 
in the reaction mixture a higher number of free radicals are 
produced which boosts up the process of dye degradation 
(Khataee et al. 2016). However, beyond a certain concen-
tration, the  H2O2 molecules start acting as hydroxyl radical 
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scavengers which greatly reduces the rate of the reaction 
(Khataee et al. 2016). Also, at a high concentration, the 
 H2O2 gets adsorbed onto the surface of the photocatalyst, 
thus blocking the sites for the reaction to take place (Ala-
hiane et al. 2014). The presence of natural organic matters 
(NOMs) can also interfere with the rate of reaction. This can 
be attributed to the fact that NOMs compete with the dye 
molecules for the active site (Ye et al. 2018). Furthermore, 
they can also absorb the light being supplied for the catalysis 
reaction to take place (Ye et al. 2018). Both of these factors 
can attenuate the rate of photocatalysis.

Effect of temperature and irradiation intensity

Hu and co-workers studied the role of temperature on 
 TiO2-mediated degradation of methyl orange (Hu et al. 
2010). Sixfold increase in the value of the rate constant from 
3.52 × 10−4 to 2.17 × 10−3 min−1 was observed on increas-
ing the reaction temperature from 38 to 100 °C. Karimi 
and co-workers studied the photocatalytic degradation of 
azo dyes using nano strontium titanate (Karimi et al. 2014). 
On increasing the temperature from 30 to 50 °C, a gradual 
increase in the rate of photocatalysis was observed. This can 
be attributed to the fact that on increasing the temperature 
the production of photoexcitons and the rate of oxidation 
increase. Priyanka and Srivastava (2013) studied the effect 
of increasing temperature on iron-doped ZnO-mediated pho-
todegradation of azophloxine dye for the range 30 to 60 °C, 
and it was reported that with the increase in temperature 
up to 50 °C the efficiency of photocatalysis increased (Pri-
yanka and Srivastava 2013). However, at 60 °C, the effi-
ciency of the reaction was found to be lower. This was due 
to the self-scavenging effect of the hydroxyl radicals at high 
temperature.

The role of irradiation intensity on the rate of photoca-
talysis of various organic compounds was initially studied 
by Ollis et al. (1991) who reported that at lower irradia-
tion intensity the rate of the reaction follows the first-order 
kinetics, and there exists a linear relationship between the 
irradiation intensity and photocatalytic activity. On fur-
ther increasing the irradiation intensity beyond a certain 
value, the rate of photocatalysis becomes dependent on the 
square root of irradiation intensity. However, at a very high 
irradiation intensity, the rate of the reaction becomes con-
stant as all the active sites become saturated, and no more 
exposed active sites remain available for the exploiting 
the extra energy. Similar results were reported by Wu and 
co-workers whilst studying the degradation of HF6 coral 
pink in a photocatalytic slurry reactor using  TiO2 (Wu et al. 
2006). An increase in photocatalytic activity was obtained 
by increasing the intensity up to 64 W, beyond which no 
further changes were noticed.

Reusability of photocatalysts

One of the major challenges is to overcome the difficulties 
by which the photocatalysts can be recovered from the reac-
tion mixture for further reuse (Li et al. 2018) (Table 7). The 
small size of the photocatalytic NPs makes it difficult to 
separate them from the reaction mixture. Hence, in view to 
overcome the latter shortcoming, the photocatalyst is often 
immobilized onto various materials having a significant size. 
Immobilization of photocatalysts also addressed the process 
engineering issues related to photocatalytic particle washout 
(Zhu et al. 2018; Goutham et al. 2019), especially in contin-
uous-flow systems and aggregation of the particles observed 
particularly at high concentrations (Dong et al. 2015; Shet 
and Vidya 2016; Vaiano et al. 2017a; Argurio et al. 2018). 
This makes it easier to separate the photocatalysts from the 
reaction mixture for reuse. The different substances used for 
immobilizing photocatalysts are, for example, pumice (Shao 
et al. 2019), stainless steel wire-mesh (Chang et al. 2019), 
glass (Pickering et al. 2017; Xing et al. 2018; Pirinejad et al. 
2019), cellulose acetate film (Boruah et al. 2019), cellulosic 
fibres (Jouali et al. 2019), polyethersulfone matrix (Hir et al. 
2017), activated charcoal, zeolite, polymers, cement and 
clay (Hofstadler et al. 1994; Ao and Lee 2005; Mohamed 
and Mohamed 2008; Meng et al. 2008; Jafari et al. 2016; 
Pan et al. 2019) (Table 8). The physiochemical properties 
of the support being used play a major role in modulating 
the rate of photocatalysis, and they are (Pozzo et al. 1997): 
high porosity, low manufacturing cost, high stability, non-
toxicity, high transparency, chemical inertness, strong sur-
face binding with the photocatalyst and separability. In a 
comprehensive review, Srikanth et al. (2017) have concluded 
that ease of availability, high durability, chemical inertness, 
low density and mechanical stability are principal factors 
which have to be considered when selecting appropriate sup-
ports for photocatalysts. The use of activated charcoal offers 
a very high porosity which makes it possible to adsorb a 
high amount of dyes and provides a large surface area for 
the reaction to take place (de Brites-Nóbrega et al. 2013). 
Similarly, glass is used to overcome the problem with low 
permeability of light as in most of the supports used. This is 
because glass being transparent facilitates uniform illumi-
nation (Pozzo et al. 1997). One of the major drawbacks of 
this method of immobilization is that the catalyst-carrying 
carriers get settled down at the bottom which greatly reduces 
the active surface for the reaction. To overcome this, the 
carriers should be uniformly suspended in the solution, and 
accomplishing this can be quite resource-consuming.

In recent years, the use of a photocatalytic membrane 
made by fabricating photocatalysts onto a membrane matrix 
using the phase inversion technique has shown to be quite 
promising in overcoming the problem of reusability (Li 
et al. 2018). The advantage of using this technique is that it 
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combines the process of filtration and photocatalysis into a 
single unit (Li et al. 2018). It also reduces the rate of elec-
tron–hole recombination which then greatly increases the 
efficacy of the reaction (Juntrapirom et al. 2017). The most 
commonly used supporting membrane matrices are appar-
ently polyvinylidene fluoride, polysulfone and cellulose 
acetate (Wang et al. 2017; Melvin Ng et al. 2017; Kuvar-
ega et al. 2018; Li et al. 2018). The major limitation of this 
technique is that with usage time the reacting surface of 
the supporting matrix gets clogged due to the accumulation 
of products, thus decreasing the efficiency of the processes 
(Mozia 2010). In an attempt to overcome this limitation, 
various photocatalysts are being developed so that they can 
be easily separated from the reaction mixture just by apply-
ing an external magnetic field. According to Sreelekha et al. 
(2016), a photocatalyst having good magnetic properties at 
the nanoscale enables for the possibility to have magnetic 
separation of the used photocatalyst particles, which happens 
to be a relatively very simple and efficient strategy to remove 
suspended solids from aqueous solutions or effluents with 
no need for further separation. For example, Mohanta et al. 
(2013) evaluated the photocatalytic performance of mag-
netic  SrFe12O19 and  SrFe11.4Al0.6O19 under visible light and 
sunlight for the degradation of Congo red and reported that 
appreciably magnetization values of around ~ 52 emu/g at 
300 K had been obtained, and this magnetic property of the 
photocatalyst was helpful for its separation from the reaction 
cell when a low strength magnetic field was applied after 
the reaction. Later, Sreelekha et al. (2016) have prepared 
virgin and co-doped covellite copper (II) sulphide NPs (to be 
thereafter assessed for the sunlight photocatalytic degrada-
tion of rhodamine B) whereby the pristine CuS was found 
to be endowed with diamagnetic property and the co-doped 
NPs had increasing room-temperature ferromagnetism with 
higher doping precursor concentrations. Last but not least, 
Sanjeev Kumar et al. (2019) recently synthesized undoped 
and gadolinium-doped ZnS NPs to be assessed for their 
photocatalytic degradation capacity for methyl orange and 
methylene blue dyes and an industrial effluent and reported, 
inter alia, that room-temperature magnetic studies of gado-
linium-doped ZnS NPs indicated that this material exhibited 
magnetic hysteresis.

Photocatalytic degradation in mixed‑dye 
systems

Textile effluents have been reported to be recalcitrant with 
regard to their complete amenability for remediation by 
conventional biological and physico-chemical methods. 
Their refractory characteristic has been strongly associated 
with the various species (namely many types of dyes like 
acid, basic, dispersed, direct, reactive, sulphurous and azoic Ta
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having intricate but specific molecular structures, oxidants 
such as hydrogen peroxide, surfactants, sulphate, different 
salts such as NaCl and  Na2CO3, waxes and organic matter), 
and they may variably contain (Manenti et al. 2015; Chong 
et al. 2015; Gajera et al. 2015; Amaral et al. 2017). So, 
when taking into account the mutual influences and extents 
of competition amongst organic dyes and other organic and 
inorganic species which are present in real (textile) wastewa-
ter remediation systems, it becomes of significant relevance 
and importance to also investigate and understand thor-
oughly the different aspects of process dynamics of photo-
catalytic degradation of the mixed dyes. Amongst the several 
parameter influences existing within the reaction milieu and 
amidst the specific process parameter sensitivities which can 
be exerted on the different stages of the overall process of 
mixed-dye photocatalytic degradation, the adsorption of the 
individual-dye molecule from bulk of the mixture and the 
photocatalytic activity of the catalyst vis-à-vis the dyes are 
grow really complex. An analysis of the literature scoped for 
this review has indicated that relatively very few studies have 
studied the photocatalytic degradation of dyes in mixed-dye 
systems. Even fewer studies have investigated four-dye sys-
tems. Given the paucity of empirical data in this specific 
branch of mixed-dye photocatalytic degradation, the follow-
ing discussions attempt to capture some recent assorted find-
ings and very interesting features thereof in view to highlight 
the extent of complexity and possibilities associated with 
such mixed-dye systems.

In comparison with single-dye systems whereby a very 
wide variety and number of dyes have been analysed, mixed-
dye systems have been much less studied under the photoca-
talysis research banner and appear much to have used mostly 
different combinations of rhodamine B, methyl orange and 
methylene blue as the test dyes. As Tomei et al. (2016) have 
rightly argued, a large portion of the research investigations 
on the decolourization of textile wastewaters have been car-
ried out on synthetic solutions of single dyes, and such indi-
vidual-dye systems may barely be representative of the real 
situation. In another work, Rodrigues et al. (2020) fabricated 
silver- and palladium-impregnated ZnO-based catalysts to 
be examined for the photocatalytic degradation of Reactive 
Blue 19 and Reactive Blue 21 found in textile wastewaters 
using an annular low-power ultraviolet photoreactor. In Rod-
rigues et al. (2020), besides examining the photocatalytic 
degradation reactions, the concentration profiles developed 
in the photocatalytic reactor were mathematically modelled 
using the mass balance conservation law, and it was found 
that the best photocatalytic degradation of dyes predicted by 
the model could be achieved when using lower initial dye 
concentration, smaller catalyst size, and higher length/diam-
eter of the reactor. Some interesting notes made by Rodri-
gues et al. (2020) were that their analysis demonstrated that 
many catalysts assessed for the photodegradation of pure 

dyes do not function as expected in real wastewaters, and 
most studies reported in the literature have probed the pho-
todegradation of pure dyes using high-power radiation for 
obtaining high degradation rates. Whilst it might arguably 
be feasible to ‘mimic’ effectively the range and composi-
tion of textile effluents to some extent, dyes having similar 
spectra can be expected to respond in a different way during 
treatment. The latter complex behaviour is indeed both a real 
limitation and challenge when it comes to assessing potent 
dye-removing materials because certain limitations on per-
formance may then be observed already in the toned-down 
mixed-dye system under examination. In the end, the inher-
ent complexity of real dye-laden effluents and the search 
for highly effective dye-removing schemes with debatably 
representative (or rather, debatably non-representative) syn-
thetic dye solutions impede the applicability and scalability 
of the garnered investigational data to the formulation of 
real effluent remediation routes, which otherwise commonly 
contain several competing chemical species.

The following sections revisit studies which have dealt 
with the photocatalytic degradation of dyes in mixed-dye 
systems. A few years back, Huo et al. (2014) have reported 
that the degradation yields for both rhodamine B and meth-
ylene blue had decreased when during the photocatalytic 
degradation dynamics of their corresponding binary system 
when compared to those yields recorded when the dyes were 
analysed singly. Huo et al. (2014) explained that the dyes 
had occupied the same active sites inclusive of the photogen-
erated holes and ·OH radicals. Nevertheless, in the mixed 
methylene blue–methyl orange photocatalytic degradation 
process, degradation of methylene blue had been consider-
ably reduced, whilst that of methyl orange had been sig-
nificantly enhanced when compared with those degradation 
performances recorded with single methylene blue or methyl 
orange. Huo et al. (2014) explained the latter results on basis 
of the reaction chemistries involved such that the presence 
of methylene blue had facilitated methyl orange degrada-
tion because that of methylene blue had consumed photoin-
duced holes and thence decreased their recombination with 
photoelectrons consumed for triggering the degradation of 
methyl orange. As a result, the degradation of methyl orange 
was enhanced, and the degradation yield of methylene blue 
decreased due to methyl orange because the degradation of 
the latter was also using the photoinduced holes. A little 
later, from their findings, Arab Chamjangali et al. (2015) 
observed that the simultaneous degradation/decolourization 
of methyl orange and methylene blue under the action of 
Ag–ZnO multipods was influenced by the Ag–ZnO multi-
pods dosage, pH of the reaction solution, initial dye con-
centration and silver doping. Veldurthi et al. (2015) have 
analysed the photocatalytic activity of  LiMg0.5Mn0.5O2 on 
mixed aqueous solutions comprising methyl orange and 
methylene blue under visible light illumination. Veldurthi 
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et al. (2015) reported that the  LiMg0.5Mn0.5O2 photocata-
lyst had a preferential decomposition for methyl orange. 
Further analysis with isopropyl alcohol, benzoquinone and 
ammonium oxalate indicated that the isopropyl alcohol at 
2 mmol L−1 and ammonium oxalate at the same concentra-
tion had largely slowed down the degradation of the mixed 
dye, whilst 2 mmol L−1 of benzoquinone had little effect in 
decreasing the degradation rate. Veldurthi et al. (2015) then 
inferred that ·OH radicals and holes, rather than superox-
ide radicals, had a crucial part at play in the photocatalytic 
degradation dynamics of mixed. On basis of their findings, 
Veldurthi et al. (2015) have put forward the following mech-
anism for the mixed-dye photocatalytic degradation process:

LiMg0.5Mn0.5O2 + hv
(

≥ Eg

)

→ e−
CB

+ h+
VB

O2 + e−
CB

→ O⋅−
2

H2O + h+
VB

→ OH⋅ + H+

O⋅−
2
+ H+

→ HO⋅

2

2HO⋅

2
→ H2O2 + O2

H2O2 → 2OH⋅

h+
VB

∕OH⋅ + dye → By-products.

In an extensive and comprehensive study, Ji et al. (2015) 
reported that the xM/InBi-3D materials had produced high 
visible light photocatalytic activities for the degradation of 
rhodamine B, methylene blue and mixed rhodamine B and 
methylene blue under the influence of a small quantity of 
hydrogen peroxide. Moreover, amongst the several materi-
als that had been synthesized, Ji et al. (2015) found that the 
0.08%Au/InBi-3D had brought about a complete degrada-
tion of rhodamine B, methylene blue and mixed rhodamine 
B and methylene blue within 50, 90 and 120 min, respec-
tively (Fig. 10 and Fig. 11). 

Fig. 10  a Rhodamine B concentration versus irradiation time for pho-
tocatalytic degradation of rhodamine B aqueous solution (initial con-
centration of 15  mg  L−1) over InBi-3D and M/InBi along with that 
of rhodamine B aqueous solution (initial concentration of 15 mg L−1) 
over InBi-ref, and of rhodamine B aqueous solution (initial concen-
tration of 15 mg L−1 and 30 mg L−1) over Au/InBi-3D (inset in top 
half of this image) under the influence of 0.6  mL hydrogen perox-
ide under visible light (λ ≥ 400  nm) illumination; b methylene blue 
(shown in solid lines) and rhodamine B (depicted in dotted lines) 
concentrations versus irradiation time over InBi-ref, InBi-3D and Au/
InBi-3D for photocatalytic degradation of methylene blue (initial con-
centration of 20  mg  L−1) and rhodamine B (initial concentration of 
15 mg L−1) aqueous solution under the influence of 0.6 mL hydrogen 
peroxide under visible light (λ ≥ 400 nm) illumination; and c rhoda-
mine B (depicted in dotted lines) plus methylene blue (shown in solid 
lines) concentration versus irradiation time for photocatalytic degra-
dation of mixed rhodamine B and methylene blue aqueous solution 
over InBi-ref, InBi-3D and Au/InBi-3D under same conditions of 

hydrogen peroxide treatment and under visible light (λ ≥ 400 nm) illu-
mination (all three images and conditions reported by Ji et al. (2015)). 
In image (C), after 110  min of photocatalytic degradation reaction, 
the concentrations of methylene blue and rhodamine B in the mixed 
rhodamine B and methylene blue had reached ca. 1.0  mg  L−1 and 
0.44  mg  L−1 over the Au/InBi-3D catalyst, ca. 14.1  mg  L−1 and 
7.2 mg L−1 over the InBi-ref catalyst, ca. 6.5 mg L−1 and 2.1 mg L−1 
over the InBi-3D catalyst, and ca. 3.5 mg L−1 and 10.4 mg L−1 over 
Degussa P25, respectively (Ji et al. 2015). Also, despite that the con-
centration of methylene blue was lower for the scenario with Degussa 
P25, the observed ‘tile blue’ colour of the final titanium dioxide 
powders indicated that methylene blue had probably been adsorbed 
onto the titanium dioxide surface [the latter observation being even-
tually inferred based on the changes of the FTIR bands recorded for 
different degradation time (Fig. 11) (Ji et al. 2015)]. This figure has 
been reproduced from Ji et al. (2015) with the permission of Elsevier 
(Copyright © 2014 Elsevier B.V. All rights reserved) under licence 
number 4855160932810 (for both print and electronic formats)

Fig. 11  FTIR spectra of a Degussa P25, b Au/InBi-3D and c InBi-
3D obtained as a result of the degradation of aqueous solution of 
methylene blue + rhodamine B at different irradiation times as the 
reaction progressed; d FTIR spectra of original samples; and e FTIR 
peak relative intensity versus irradiation time of the degradation reac-
tion of aqueous solutions of methylene blue, rhodamine B and rho-
damine B + methylene blue over the samples under the influence of 
0.6 mL hydrogen peroxide (Ji et al. 2015). This figure has been repro-
duced from Ji et  al. (2015) with the permission of Elsevier (Copy-
right © 2014 Elsevier B.V. All rights reserved) under licence number 
4855160932810 (for both print and electronic formats)
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In their study, Nipane et al. (2015) analysed the photocat-
alytic degradation performance of a ZnO nanorod-reduced 
graphene oxide (ZnONR-RGO) composite for a methylene 
blue and methyl orange mix. Thereinafter, it was observed 
that absorption at 664 nm, by reason of methylene blue, had 
decreased fast when compared to unmixed methylene blue. 
Nipane et al. (2015) inferred that in a methylene blue–methyl 
orange mixture, methylene blue gets degraded faster under 
the action of the ZnONR and ZnONR–RGO composite. 
Interestingly, one unexpected result obtained by Nipane 
et al. (2015) was that the degradation of methyl orange still 
took place to an appreciable extent of 77% within 90 min in 
the mix although no catalyst had been used. Nipane et al. 
(2015) put forward a explanation to the observations made 
whereby it was argued that because the zeta potential of 
the ZnONR–RGO composite is − 23.7 mV, the absorp-
tion of methylene blue (which is a cationic dye) was more 
pronounced in effect when compared to that of methyl 
orange which is anionic. Here, use of the term ‘absorption’ 
seems somewhat confusing since it is more likely that the 
methylene blue molecules, being effectively cationic, had 
adsorbed onto the surface of the ZnONR–RGO composite 
most plausibly as a result of electrostatic interactions. In 
their work wherein a dyeing effluent was simulated by a 
binary dye mixture, Han et al. (2016a) reported that the as-
fabricated 2%  Er3+-doped BiOI porous microspheres had 
yielded outstanding performance in the removal of unmixed 
and mixed methyl orange, rhodamine B and methylene blue 
under visible light irradiation. Han et al. (2016a) noted 
that the photodegradation efficiency of rhodamine B in the 
methyl orange + rhodamine B binary dye system had risen 
up to almost 95%, whereas that of methyl orange reached 
93%, 88% and 76% for initial concentrations of 20 mg L−1, 
30 mg L−1 and 40 mg L−1, respectively. Furthermore, in the 
other binary dye mixture with methyl orange and methylene 
blue, the photodegradation efficiency of methyl orange had 
reduced significantly from 83 to 67% when initial concentra-
tion of methyl orange was increased from 20 to 30 mg L−1, 
whilst the photodegradation efficiency of methylene blue 
experienced a small rise of 5% from 90%. Based on the spe-
cific dye total removal data, Han et al. (2016a) reported that 
total dye removal quantities had increased when their initial 
concentrations were increased in the aqueous solutions.

In Han et  al. (2016b), the time variation of spectral 
changes occurring during the photodegradation of mixed 
dyes (rhodamine B and mixed-dye effluent (Orange IV, 
methyl orange and malachite green)) solution over a Sn-
doped BiOCl photocatalytic material synthesized in a solu-
tion of pH 6 was analysed. A number of interesting results 
were reported in Han et al. (2016b), and they are: mixed 
rhodamine B and methyl orange solution could be easily 
degraded after 8 h; maximum absorption of a rhodamine 
B and Orange IV mixture had a decreasing profile with the 

band for rhodamine B shifted from 553 to 500 nm and the 
peak absorption of Orange IV reduced after 8 h of irradia-
tion; for the rhodamine B–malachite green mix, the latter 
could be entirely degraded within 8 h, and that this excellent 
photodegradation performance had been set on account of 
the similarity in chemical structure of the latter two dyes. 
Han et al. (2016b) also conducted some innovative analysis 
for the photocatalytic degradation of a mix of all the dyes 
involved in the study. Based on the notion that rhodamine B 
and malachite green have similar chemical structures and can 
apparently exhibit such a similarity in a positively charged 
state, whereas methyl orange and Orange IV share some 
structural similarity in a negatively charged state, Han et al. 
(2016b) have argued that the latter specificities in chemical 
structural could be possible reasons explaining why rhoda-
mine B–malachite green mix is likely to be degraded ‘in 
preference’ to the methyl orange–Orange IV mix.

Li et al. (2016) simulated a wastewater as an aqueous 
solution containing 10 mg L−1 methyl orange, rhodamine 
B and methylene blue, respectively. Based on UV–Vis 
absorption spectra data, Li et al. (2016) inferred that mixed 
dyes could not be entirely completely removed using the 
 Bi2O2CO3 and  Ag2CO3 synthesized catalysts after 180 min 
under visible light irradiation. Still, these the latter observed 
that all peaks had steadily diminished and eventually dis-
appeared after 180 min using  Ag2CO3/Bi2O2CO3 as cata-
lyst (with no fresh peaks depicted in the UV and visible 
light region). In this study, Li et al. (2016) eventually dem-
onstrated that a priority can develop for the catalyst used 
(herein, being a  Ag2CO3/Bi2O2CO3 composite [(having 
molar ratio of  Ag+/Bi3+= 1/1)]) vis-à-vis its individual com-
ponent in regard to dye effluent remediation. Moreover, in 
view to elucidate the plausible reaction mechanism(s) oper-
ating, Li et al. (2016) tested benzoquinone (1.0 mmol L−1), 
tertiary butanol (1.0  mmol  L−1) and ethylene diamine 
tetraacetic acid (1.0 mmol L−1) as potential scavengers of 
radicals and holes. Li et al. (2016) made a series of interest-
ing observations which shed some light on the involvement 
of radicals and holes in the dye degradation mechanistic 
pathways. First, Li et al. (2016) noted that photocatalytic 
degradation of rhodamine B over one of the  Ag2CO3/
Bi2O2CO3 composite (with a molar ratio of  Ag+/Bi3+ of 1/1) 
was only little influenced by tertiary butanol addition, thus 
indicating that hydroxyl radicals had a minimal involvement 
in this dye’s degradation; conversely, the photocatalytic deg-
radation efficiency of rhodamine B diminished when benzo-
quinone was added and this bore testimony that superoxide 
radicals played an important role her; and finally, the pho-
tocatalytic activity of  Ag2CO3/Bi2O2CO3  (Ag+/Bi3+ of 1/1) 
composite had been totally suppressed by the addition of 
ethylene diamine tetraacetic acid, thus indicating that holes 
could have also been part of the mechanism leading to rho-
damine B degradation.
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Using a facile pH-mediated chemical precipitation pro-
cedure along with a self-built Z-scheme heterojunction 
under visible light illumination, Yang et al. (2016) prepared 
new  Ag2O@Ag-modified  BiVO4 composites. In Yang et al. 
(2016), it was observed that in comparison with pure  Ag2O 
and  BiVO4, AgAgBV had yielded an elevated photocata-
lytic activity as a result of the favourable separation of elec-
tron–hole pairs in the heterojunction construction. Moreo-
ver, the  Ag2O@Ag-modified  BiVO4 composite having an 
initial  BiVO4/Ag2O mass ratio of 10:1 produced the most 
significant degradation efficiency for dye under test whereby 
empirical findings indicated that individual rhodamine B or 
methylene blue system could undergo complete photodegra-
dation within a relatively short irradiation time (48 min for 
20 mg L−1 methylene blue and 15 min for 10 mg L−1 rhoda-
mine B. However, it also becomes apparent that the dye mol-
ecules and the intermediates produced during the degrada-
tion process competed with each other for initial absorption 
and catalytic sites on the surface of  Ag2O/BiVO4 composite 
material such that direct competition with the active spe-
cies led to a lowering in the degradation rate for rhodamine 
B and methylene blue. Yet, irrespective of the observed 
mutual suppression (i.e. understandable in the form of an 
inhibition to reaction) phenomenon, an appreciably higher 
photocatalytic performance was recorded for the dye mix-
ture. Based on the time-based absorption spectrum changes 
of rhodamine B, methylene blue and rhodamine B + meth-
ylene blue aqueous solutions, and the photodegradation of 
rhodamine B + methylene mixture under the effect of  Ag2O/
BiVO4 (1:10) composite under visible light illumination 
from Yang et al. (2016), a number of important observations 
and inferences could be made. These were: (i) rhodamine B 
and methylene blue had been fully photodegraded in 20 and 
48 min, respectively, whereas methylene blue had attained 
a high decomposition rate in both mixed-dye solutions but 
that of rhodamine B was considerably inhibited (particularly 
at elevated starting dye concentrations) and (ii) the degrada-
tion rate of methylene blue was significantly faster than that 
of rhodamine B and this could be set on account of methyl-
ene blue having a more pronounced affinity to the catalyst 
composite than rhodamine B had, and hence, favourable 
absorption led to better dye photodegradation. Moreover, 
based on the total organic carbon removal profiles, it was 
observed that TOC removal in individual-dye and mixed-dye 
degradation varied appreciably, whereby in the degradation 
process of the single rhodamine B and methylene blue, TOC 
removal reached 90.2% and 93.2%, respectively (Yang et al. 
2016). Moreover, the corresponding TOC removals for the 
mixed-dye scenarios were significantly lower wherein TOC 
removal for the 10 mg L−1 rhodamine B + 20 mg L−1 meth-
ylene blue was only at 32.5% (Yang et al. 2016). On the 
whole, it was deduced that although the overall degradation 
time in a 5 mg L−1 rhodamine B + 10 mg L−1 methylene blue 

mixed-dye solution was longer than for any of the individ-
ual dye, the final TOC removal reached an acceptably high 
88.2%, and this performance was indicative of the  Ag2O/
BiVO4 heterojunction having a desirable capacity for min-
eralization (Yang et al. 2016). More experiments indicated 
that degradation efficiencies of rhodamine B significantly 
diminished from 99.80% to a very low 26.55% and even 
lower 3.12% when benzoquinone and triethanolamine were 
added to the dye system, respectively (Yang et al. 2016). A 
similar degradation behaviour was observed with methylene 
blue when treated with benzoquinone and triethanolamine. 
Yang et al. (2016) eventually deduced that superoxide and 
h+ were the principal active photogenerated species account-
able for much enhanced photocatalytic performance for dye 
degradation.

Choi et al. (2016) fabricated nano-assembled  TiO2/BiOX 
hybrid microspheres wherein X was Cl, Br or I, and then 
extensively analysed these microspheres for their respec-
tive photocatalytic activities with individual (tartrazine 
and orange G), mixed dyes (methyl orange + rhodamine 
B + methylene blue), natural dyes extracted from grapes 
and cabbages and a commercially available drink in the 
presence and absence of hydrogen peroxide under visible 
light illumination. Based on their findings, Choi et al. (2016) 
observed that for the mixed dyes,  TiO2/BiOI had the greatest 
adsorption capacity whilst  TiO2/BiOCl exhibited the high-
est photocatalytic activity. Moreover, methyl orange in the 
mixed-dye systems had been the fastest to be photodegraded 
for all photocatalysts analysed (Fig. 12).

Lee et al. (2016b) examined the effectiveness of photo-
catalysts for a mixed-dye system of methyl orange, rhoda-
mine B and methylene blue under visible light prior to and 
after AgX-loading (X being Cl, Br and I). The concentration 
used for each dye here was kept at 10 mg L−1 for X = Cl and 
Br, whilst for X = I, the concentrations were all 20 mg/L, 
and an adsorption run was undertaken over the mixed dye 
for 60 min under dark conditions and then applied visible 
light irradiation. Amongst the several new findings, it was 
thereafter found that the photocatalytic activity was in the 
order of BiOCl ≤ BiOBr < BiOI microspheres, and photo-
degradation rate was in the order methylene blue < rhoda-
mine B < methyl orange (Lee et al. 2016b). Quite of a sur-
prise, loading of AgX led to a decrease in photocatalytic 
activities but still AgCl/BiOCl composite had been endowed 
with an enhanced photocatalytic activity for methylene blue 
degradation. Moreover, the dye degradation rate was in the 
order of methylene blue ≈ rhodamine B < methyl orange for 
AgCl/BiOCl and AgBr/BiOBr microspheres, whereas the 
corresponding dye degradation rate order was methylene 
blue < rhodamine B ≈ methyl orange for AgI/BiOI micro-
spheres (Lee et al. 2016b). With the nanoplate format of 
BiOX and AgX/BiOX, results were particularly more inter-
esting wherein now the dye degradation rate had the order 
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of rhodamine B < methylene blue ≪ methyl orange. Lee et al. 
(2016b) also observed that methyl orange was degraded the 
fastest and rhodamine B had the slowest rate of degradation. 
In the case of nanoplates, and unlike the microspherical for-
mat of the composites, the photocatalytic activities of BiOX 
did not decrease following loading with AgX, and AgBr/
BiOBr nanoplates had an enhanced photocatalytic activity 
(Lee et al. 2016b). In the case of BiOX nanoplates, photo-
catalytic activity was in an order of BiOI < BiOBr ≤ BiOCl. 
Upon AgX loadings, the change in catalytic activity 
could be attributed to freshly aligned energy levels and 
interfacial wavefunction mixing (Lee et al. 2016b). For 

rhodamine B and methylene blue, the order changed to 
BiOBr < BiOI ≈ BiOCl whereas for methyl orange, catalytic 
activity was ordered as follows: BiOBr ≈ BiOI ≈ BiOCl.

In more recent studies, other diverse photodegradation 
performances have been reported. For example, Wang 
et al. (2018b) reported that 4-I/C-TiO2 had exhibited good 
photocatalytic activity for methyl orange and rhodamine B 
mixed degradation and that the photocatalyst could equally 
fulfil photocatalytic degradation (manifestly higher than 
that with commercial P25) in mixed system under a 60-min 
lasting natural sunlight irradiation. Other than the findings 
of dark catalytic tests, I/C-codoping was also observed 

Fig. 12  Photodegradation (C/Co) of the mixed dyes in the presence of 
(right column) and in the absence of (left column) hydrogen perox-
ide over the fabricated 1 mol% (top row) and 10 mol% (bottom row) 
 TiO2/BiOI microspheres (in the amount of 10 mg), and with photo-
degradation data with hydrogen peroxide in dark conditions shown in 
images located in the middle column, reported in Choi et al. (2016). 
Some of the highlights of this set of results primarily discussed in 
Choi et  al. (2016) are: (i) after a 1-h adsorption under dark condi-
tions and hydrogen peroxide addition, under visible light irradiation 
thereafter for 4  h, the  TiO2 (1  mol%)/BiOI microspheres led to the 
total degradation of methyl orange, but less degradation for methyl-
ene blue (80%) and rhodamine B (60%); under a similar treatment, for 
the  TiO2 (10  mol%)/BiOI, dye degradation performance was some-
what different with 98% for methyl orange, 64% for methylene blue 
and 54% for rhodamine B; for the  TiO2 (1  mol%)/BiOI used under 

dark conditions with hydrogen peroxide, no degradation was noted 
for methylene blue but methyl orange had undergone 80% degrada-
tion; with  TiO2 (10 mol%)/BiOI, dye degradation had been improved 
(almost total degradation for methyl orange, 98% for rhodamine B 
and 80% for methylene blue after 4 h; quite of an interest, adsorbed 
dyes had desorbed upon hydrogen peroxide except in the case where 
 TiO2 (1 and 10  mol%)/BiOCl and  TiO2 (1 and 10  mol%)/BiOBr 
microspheres were examined; hence, for the case  TiO2 (1 mol%)/BiOI 
was examined under visible light irradiation with hydrogen peroxide, 
methyl orange had been totally degraded, whilst the degradation for 
rhodamine B was 78% and 59% for methylene blue (after 4 h). This 
figure has been reproduced from Choi et al. (2016) with the permis-
sion of Elsevier (Copyright © 2016 Elsevier B.V. All rights reserved) 
under licence number 4855161215967 (for both print and electronic 
formats)
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to have effectively speeded hydroxyl radical production 
from the generated hydrogen peroxide, which was formed 
for enhanced photocatalytic dye degradation (Wang et al. 
2018b). Along with the weakening in the intensities of the 
distinguishing absorption peaks for methyl orange and rho-
damine B under the effect of the 4-I/C-TiO2 upon xenon 
lamp irradiation (which thus hinted to the remarkable pho-
tocatalytic activity of the latter material for mixed-dye deg-
radation), the XRD and XPS results indicated no apparent 
change in the crystal structure and chemical composition of 
4-I/C-TiO2, and this led to the inference that the latter pho-
tocatalyst had acceptably good catalytic stability.

In yet another interesting study not using rhodamine B, 
methyl orange and/or methylene blue this time, Abdelsa-
mad et al. (2018) examined the photodegradation of a syn-
thetic textile wastewater consisting of three reactive azo 
dyes, namely Reactive Red 195, Reactive Orange 122 and 
Reactive Yellow 145 under the effect of Ag-doped ZnO thin 
films. Abdelsamad et al. (2018) reported the difference in 
decolourization between single and mixed dyes followed 
the order: Reactive Yellow > Reactive Red 195 > Reactive 
Orange 122. Recently, Palanivel et al. (2019) observed that 
in the mixed-dye system, the degradation range of methyl-
ene blue was quite higher than that with rhodamine B under 
sunlight illumination under the presence of hydrogen per-
oxide and that the methylene blue photodegradation reached 
100% under sunlight irradiation within 35 min, whereas the 
photodegradation of rhodamine B attained 92% after the 
same duration in the presence of hydrogen peroxide. Lastly, 
Lebedev et al. (2019) examined the photocatalytic degrada-
tion of mixed basic and acidic dyes by a single catalyst, Ag/
Ag2O/BiNbO4. Whilst the mixed system comprising rho-
damine B and Acid Red 1 was not examined due to their 
overlap of absorption spectra observed in the 500–550 nm, 
complete photodegradation of methylene blue and Acid Red 
1 in methylene blue–Acid Red 1 mixed systems of 1:1, 2:1 
and 1:2 (on a volume basis) was observed with treatment by 
0.015 g of 7 wt% Ag-loaded  BiNbO4 (Lebedev et al. 2019). 
Moreover, Lebedev et al. (2019) reported that the net deg-
radation of Acid Red 1 (attaining 85%) was independent 
of volume ratio, whilst the degradation of methylene blue 
was influenced by the volume ratio; degradation behaviours 
which were set on account of the different p-type and n-type 
materials taking part in the reactions during the degradation 
process.

Biocompatibility and ecotoxicological 
implications

Biocompatibility refers to the property of a material to be 
compatible with living tissues. The photocatalytic NPs to 
be used for decontaminating the environment from harmful 

dyes will eventually enter the environment even after its use. 
These NPs deposited into the environment have high chances 
of being in contact with living tissues in the future, through 
direct or indirect means. Hence, the NPs to be used in the 
natural environment should be, in principle, highly biocom-
patible. Otherwise, they might cause immense damage to 
nature. Although photocatalytic NPs are reported to be bio-
compatible to some extent, some recent studies suggest that 
they can be cytotoxic to a certain degree (Khan et al. 2015b).

Several studies suggest that NPs can be harmful to the 
cells in a variety of ways. They can give rise to reactive 
oxygen species which may lead to oxidative stress (Ng et al. 
2017; Gallo et al. 2018), can also interact with the proteins 
(Bourgeault et al. 2017; Cao et al. 2019) or can also enter the 
cell and cause damage to the DNA and the organelles (Wag-
ner et al. 2011; Abudayyak et al. 2017; Sayed and Soliman 
2017). Horie and co-workers studied the cytotoxicity of  TiO2 
NPs on Human keratinocyte HaCaT cells (Horie et al. 2016). 
Under non-illuminated condition, the anatase  TiO2 NPs did 
not show any cytotoxicity. However, it was observed that 
the rutile  TiO2 NPs inhibited cell proliferation and induced 
the expression of HO-1 gene expression. Under UVA irra-
diation, no cytotoxicity was observed for the anatase NPs. 
However, the rutile NPs were observed to cause cell damage 
due to poration of the cell membrane, induction of oxidative 
stress and a decrease in mitochondrial activity. The cyto-
toxicity of  TiO2 NPs on human skin was also tested using 
EPI-200, consisting of epidermal keratinocytes as the human 
3D skin model. LDH leakage, IL-8 secretion and skin irrita-
tion were not observed under irradiated and non-irradiated 
condition. Hence, it was inferred that they are non-toxic to 
human skin, which may be due to the presence of stratum 
corneum that prevented the NPs from entering the cell. 
Cui and co-workers studied the cytotoxicity of  TiO2-based 
nanofibres on macrophages, human liver cells and kidney 
cells and observed no cytotoxicity up to a concentration of 
220 μg mL−1 (Cui et al. 2015). The cytotoxicity of six com-
mercially available  TiO2 NPs against Escherichia coli in 
an aquatic environment was studied by Tong et al. (2013). 
In the latter work, cytotoxicity was observed for P25, Pig-
ment White 6 (Cat. 4162-01), anatase powder (Cat. 232033) 
and anatase nanopowder (Cat. 637254) under stimulated 
solar irradiation. Rutile powder (Cat. 204757) and rutile 
nanopowder (Cat. 637262) were found to be non-toxic. Sai 
Saraswathi and Santhakumar studied that zirconium oxide 
used for the remediation of azo dyes was cytotoxic to breast 
cancer cells (MCF 7) only beyond a high concentration 
of 500 μg mL−1 (Sai Saraswathi and Santhakumar 2017). 
Hence, its use is safe and environment friendly. Fakhri and 
Nejad studied the antimicrobial, antifungal and cytotoxic 
properties of molybdenum trioxide  (MoO3) nanoparticles 
and came to observe that these NPs inhibited the growth of 
E. Coli, Bacillus subtilis, Candida albicans and Aspergillus 
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niger (Fakhri and Nejad 2016). Furthermore, the cytotoxic-
ity of the  MoO3 nanoparticles was tested on MCF-7 and 
Hep G2 cells by MTT assay, and it was observed that with 
an increase in the concentration of the NPs the viability of 
the cells decreased. Owing to its biocompatibility, ZnO is 
widely used in a variety of cosmetic products. However, 
many recent pieces of research suggest that ZnO is cytotoxic 
to some extent (Singh 2019). Baek et al. reported that the 
cytotoxicity of ZnO NPs is related to their size and surface 
charge (Baek et al. 2011). Smaller-sized NPs were found to 
be more cytotoxic than larger particles. This may be because 
a larger size makes it more difficult for the nanoparticles 
to enter into the cell. Furthermore, positively charged NPs 
were found to be more cytotoxic than negatively charged 
ZnO NPs as they were more efficient in producing reactive 
oxygen species. Punnoose and co-workers reported that the 
cytotoxicity of ZnO can be altered by modulating the chemi-
cal groups bound to its surface (Punnoose et al. 2014).

For ecological safety, the degradants and by-products 
formed as a result of photocatalysis should be non-toxic. In 
one study, the cytotoxicity of the reaction mixture formed as 
a result of the degradation of MB by H-TiO2 was studied by 
MTT method on HeLa, HaCaT and MCF-7 cells (An et al. 
2016). The reaction mixture showing a high degree of dye 
degradation (up to 90%) was found to be non-toxic to the 
cells in that study. In the case of immobilized photocata-
lysts, the carrier to be used should also be biocompatible and 
non-toxic. Several carbon derivatives such as lignin, wood, 
chitosan, cellulose and biochar are used for immobiliza-
tion because of their high biocompatible and biodegradable 
nature (Colmenares et al. 2016). Similarly, cellulose acetate 
is being used to produce photocatalytic membranes because 
of its biodegradable and non-toxic nature (Li et al. 2018). 
Moreover, nanotoxicology is an emerging field and it lacks 

standardized tests which make it difficult to find out the com-
plete toxicity profile of the photocatalytic NPs (Wagner et al. 
2011). The introduction of standardized cytotoxicity tests 
aided by the advances in nanotechnology will make it easier 
to develop highly efficient and environmentally friendly pho-
tocatalysts soon.

Delving deeper in the analysis for this section, a very 
large proportion of the doped photocatalysts described in 
the literature and discussed in this review achieve high effi-
ciencies in the removal of several dyes, and constitute a 
potential avenue for developing a promising technology for 
the control of release of contaminants of emerging concern 
(CEC) in the actual environment. However, there appears to 
be a significant paucity of comprehensive studies which have 
investigated the detailed potential ecotoxicological impacts 
and their respective implications related to the release of 
these overwhelmingly nanostructured doped photocatalysts 
into the environment. Nanocatalysts, and expectedly nano-
structured doped photocatalysts, released into the aquatic 
ecosystems may interact with the biota inducing potentially 
adverse effects at different levels of biological organization 
making up the food chains and biodiversity (Saggioro et al. 
2015) resulting, in the end, in fast growing and critical envi-
ronmental and human health concerns. Once released into 
the environment, it is expected that nanostructured doped 
photocatalytic materials will interact amongst themselves 
and also with the surrounding components of the environ-
ment. The rate of aggregation/agglomeration and sedimen-
tation of ENMs is controlled by the concentration, surface 
area and forces involved in collision; however, the fate of 
these ENMs might be also determined by parameters such 
as osmolarity, pH and natural organic matter content, which 
will eventually have an influence on the uptake and toxicity 
levels in exposed organisms (Corsi et al. 2014). In Fig. 13, 

Fig. 13  Potential fate of 
engineered nanomaterials in 
seawater (Corsi et al. 2014). 
This figure has been reproduced 
from Corsi et al. (2014) with the 
permission of American Chemi-
cal Society (Copyright © 2014)
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the potential fate of ENMs once released into seawater is 
depicted.

There is much apparently a very scarce pool of data in 
the literature on the assessment of the toxicity levels associ-
ated with the use of nanostructured doped photocatalyts for 
dye degradation. The very few studies which were short-
listed in this regard for the present analysis are discussed 
briefly below. It is observed that such studies have dealt 
with the toxicity assessment of the undoped and doped 
photocatalytic nanomaterials before the dye degradation, 
the dye alone and the photodegradation products on dif-
ferent plants, aquatic and human cellular entities normally 
used in the specific context. The variations and paucity of 
results reported in these few studies do not allow in reach-
ing a definite inference with respect to the types and degrees 
of toxicity expected in the real milieus of potential release 
or contamination by the nanomaterials and other species 
generated during the photodegradation of the dye. This is 
because each study is ‘unique’ in itself with respect to the 
scale of the assessment, the dye tested, the photocatalytic 
dye degradation conditions, the extents of degradation of the 
dye and degree of mineralization reached, the test subject(s) 
used to assess the toxicity levels and the specific architec-
ture and chemical composition of the photocatalytic mate-
rials used (de Sousa Filho et al. 2020; Serrà et al. 2020). 
For example, recently, Ozmen et al. (2018) reported several 
interesting findings when studying the photodegradation 
of disperse red 65 using core@shell nano-TiO2 particles. 
Amongst the complete set of observations made in Ozmen 
et al. (2018), the highlights comprised the following: (1) 
even at the maximum test concentration of core@shell NPs 
of 250 mg L−1, there was little mortality in comparison 
with the control groups in Danio rerio and Xenopus laevis 
embryos, (2) the lower concentrations of NPs had not caused 
lethality to the embryos of the D. rerio and X. laevis spe-
cies, (3) the prepared core@shell NPs had not brought about 
developmental abnormalities in the embryos, (4) however, 
an exposure to the photocatalytic degradation products of 
disperse red 65 obtained after 1 h of photodegradation led 
to 100% mortality in both test species after a 96-h exposure, 
(5) a photocatalytic degradation reaction lasting 2 h could 
partially lessen the lethal effect for X. laevis embryos, (6) 
3 h of photocatalytic degradation of disperse red 65 had 
not led to mortality in the X. laevis embryos, viand in the 
case of D. rerio embryos, a 3-h photocatalytic degradation 
of disperse red 65 using the synthesized  TiO2 and  SiO2@
TiO2 catalysts had eliminated the lethal effects of disperse 
red 65 on the zebrafish embryos. Serrà et al. (2020) recently 
reported a significant enhancement in algal viability when 
using supported ZnO@ZnS core@shell micro/nanoferns 
after noting that the corresponding ecotoxicity after a 96-h 
light exposure was considerably lower in comparison with 

the ZnO films, ZnO NPs, ZnO micro/nanoferns or ZnO@
ZnS NPs at concentrations ranging from 25 to 400 mg L−1.

In the study of Khataee et al. (2015), it was found that 
5 mg L−1 of malachite green dye had given rise to an appre-
ciable degree of toxicity after a week and that had induced a 
significant decrease of the total carotenoids and total chlo-
rophyll in fully grown fronds of Spirodela polyrhiza. Con-
versely, in the latter study itself, in the cases of exposure to 
undoped and a 4% Er-doped PbSe NPs, the total chlorophyll 
content was not significantly reduced when compared to the 
behaviour observed for the control test scenario. Balbi et al. 
(2017) reported both different and common particle behav-
iours in the different media used for the screening of cellular 
toxicity. The latter workers observed a number of biological 
effects brought about by different Fe-doped n-TiO2 particles 
examined in the different cellular systems, and those effects 
were indicative of a certain degree of cytotoxicity. It is also 
important to highlight that an increased production of nitric 
oxide was observed in some cases and this behaviour was 
indicative of a propensity for the onset of pro-inflammatory 
processes in the cell models studied at concentrations that 
had not induced any cytotoxicity in human vascular endothe-
lial cells or had induced a low cytotoxicity in immune cells 
(Balbi et al. 2017). Notwithstanding the removal of lethal 
effects in certain tests, the latter studies still transpire to 
some appreciable extent that the overall dynamics involved 
in dye degradation using photocatalytic nanomaterials even-
tually do induce certain ecotoxicological and environmen-
tal risks which can persist and may not therefore be down-
played. Therefore, the development of new nanostructured 
doped photocatalytic materials and their commercialization 
must be imperatively accompanied by thorough studies for 
elucidating the ecotoxicological aspects and environmen-
tal risk levels and also for examining the modes of action 
and impacts of potential residues to non-target organisms 
(Almeida et al. 2019). Hence, comprehensive ecotoxicologi-
cal studies are strongly required in the real milieus of poten-
tial release points of nanostructured doped photocatalytic 
materials. The results of such studies will most expectedly 
lead to garner a whole assessment and ecotoxicity profile of 
the potential applications of these engineered nanomateri-
als (ENMs) and thence determine the selection of the eco-
friendly and sustainable ENMs for environmental remedia-
tion programs (Corsi et al. 2018).

Developments in the design 
of photocatalytic reactor processes

Besides the operational concerns of separation, recovery 
and particle agglomeration, the use of photocatalysts in the 
powdered state has also been associated with potential dam-
age to recirculation pumps (Vaiano et al. 2017b). In view 
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of addressing the latter issues, the immobilization of the 
catalyst in one way or the other to a specific support mate-
rial has brought a number of advantages. These advantages 
have been revisited earlier in this review but are associated 
with findings based on batch-type laboratory-scale experi-
mental systems having small reaction volumes. Given that 
the core requirement is to remediate real dye-laden waters 
which vary significantly in their environmental conditions, 
characteristics and flows, it becomes primordial to formulate 
and examine the performances of larger and novel reactor-
type systems employing immobilized photocatalysts, which 
come out being the better performing ones on the whole. 
Yet, additional studies and optimization analysis are needed 
to probe the behaviour of slurry-type reactor systems having 
suspended particles. The aim of this section is not to make 
an elaborate review (which might otherwise be viewed as 
redundant) of all the recent types of photocatalytic reactors 
employed in the remediation of organic pollutants such as 
dyes or pharmaceuticals, but rather to take stock of some 
of the salient reactor design parameters, operational pro-
cess variations and key findings of recently designed and 
assessed photocatalytic reactors using photocatalysts (both 
dispersed and immobilized) for dye degradation. At this 
stage, the reader is welcomed to browse the following excel-
lent reviews (amongst others) which have been published 
recently on photocatalytic reactors and given a broad range 
of useful information on the topic: Argurio et al. (2018) 
whereby the use and numerous characteristics of photocata-
lytic membranes in photocatalytic membrane reactors have 
been extensively discussed; Zheng et al. (2017) wherein a 
very large number of photocatalytic membrane reactor con-
figurations and the related influencing factors for operations 
have been discussed; Abdel-Maksoud et al. (2016) whereby 
the selection criteria of reactor design for scale-up purposes 
and potential commercialization of titania-based solar pho-
tocatalytic reactor systems have been analytically reviewed; 
Mazierski et al. (2016) who classified and described a num-
ber of photoreactors used for gas phase and liquid phase 
reactions; Iglesias et al. (2016) who performed a critical 
review and comparison of photocatalytic processes which 
include membranes, photocatalysis and membrane filtra-
tion and photocatalytic membrane reactors, identified the 
related process intensification indices and reflected on the 
future trends; Zhang et al. (2016) who reviewed the research 
and development advances achieved in membrane foul-
ing mechanisms of photocatalytic membrane reactors, the 
influences and interactions of photocatalytic processes on 
membrane fouling, and various fouling control approaches; 
Molinari et al. (2017) whereby the different application of 
various photocatalytic membrane reactor configurations in 
water treatment for the degradation of organic pollutants 
and in the preparation of synthesis of organic compounds 
have been critically reviewed; Sundar and Kanmani (2020) 

who have recently extensively reviewed 24 photocatalytic 
reactor designs and compared them using the following 
benchmarks: apparent reaction rate constant, photocatalytic 
space–time yield, space–time yield, specific removal rate 
and electrical energy consumption, and then inferred that 
the design of a photocatalytic reactor requires the careful 
consideration of reactor throughput, performance of reactor 
system, energy efficiency of system and the cost; and last but 
not least, Kumari et al. (2020) who have compared photo-
catalytic membrane reactors on account of the degradation 
rate of some common POPs found in wastewater.

An analysis of the recent literature shows a number of 
positive developments in the design of novel photocatalytic 
reactors and the attempts made to ‘process intensify’ the 
reactor systems intended for potential scale-up and indus-
trial application under stable steady-state regimes. Das and 
Mahalingam (2020) have indicated that when it comes to 
the use of immobilized photocatalysts intended to service 
large-scale systems, a paucity of adequate light irradiation 
on the catalyst surface can be a major drawback encountered 
in conventional reactors. Das and Mahalingam (2020) have 
also indicated that airlift reactor configurations can offer 
favourable mixing or agitation between the different phases 
involved without the need to have a standalone or separate 
mechanical agitation unit, hence allowing for better mass 
transfers.

There are also microreactors (microfluidic reactors) 
which have been gaining research attention in the design 
of pollutant remediation systems in contrast to the con-
ventional macroscale reactors (CoMRs) (Hamaloğlu et al. 
2017; Zhao et al. 2017c; de Sá et al. 2018; Yusuf et al. 2018; 
Rashmi Pradhan et al. 2019). Unlike the case of CoMRs 
which are impeded in their performance because of mass 
transfer limitations and poor photon management (Jayamo-
han et al. 2016; Zhao et al. 2017c), microfluidic reactors 
are characterized by the presence of a thin liquid layer on 
the surface of the catalyst which limits the loss of photons 
(Jayamohan et al. 2016). There are key advantages which 
are associated with microfluidic reactors, namely that they 
offer more interaction of species involved with the catalysts 
because of greater surface-to-volume ratio, they have shorter 
diffusion distance, better mass transport, higher photocata-
lytic efficiency (Meng et al. 2013; Jayamohan et al. 2015), 
low consumption of reagents, decreased generation of waste 
materials and reduced energy consumption. For example, 
Jayamohan et al. (2015) examined the photocatalytic degra-
dation methylene blue in a microfluidic system using 12 μm 
titania nanotubular arrays photocatalyst under simulated AM 
1.5 irradiation (Fig. 14) and observed that (1) the latter cata-
lyst yielded enhanced degradation for the flow rates studied, 
(2) it could function under diffusion-limited conditions for 
all the flow rates applied, whilst P25 photocatalyst film could 
operate under reaction-limited conditions at higher flows. 
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Subsequently, the enhanced performance of the titania nano-
tubular arrays photocatalyst over P25 had been associated 
with a better diffusion of the reacting species involved and 

better charge separation. Jayamohan et al. (2015) equally 
developed a model to simulate methylene blue degradation 
in the microfluidic channel using COMSOL Multiphysics 
(Fig. 14), and based on the outcome of the simulations, it 
was reported that the effect of the diffusion coefficient on the 
fractional conversion turned out being more sensitive than 
that obtained from the rate constant. Although Jayamohan 
et al. (2015) brought forward that the model was amenable to 
modifications for accommodating pollutants having different 
diffusion coefficients, different channel geometries or differ-
ent rate constants, it remained rather challenging to compare 
the performance of the titania nanotubular arrays photocata-
lyst with other similar systems because of the variability in 
flow rates which can exist, variations in channel geometries, 
differences in concentration of pollutant species and actual 
surface area of photocatalyst involved in the reaction. Yet, 
Jayamohan et al. (2015) could eventually use the dimension-
less Péclet number to interpret the results. More recently, Liu 
et al. (2018) have constructed an on-column  TiO2 photocata-
lytic microreactor in microchannel to study the photocata-
lytic degradation of rhodamine B and thereafter reported that 
the photocatalysis kinetics as per the Langmuir–Hinshel-
wood model in the confined microsystem turned out being 
tenfold greater than that obtained in macrosystem which 
had a pseudo-first-order rate constant of 0.033 min−1. Liu 
et al. (2018) also reported that the photocatalytic activity of 
the immobilized  TiO2 photocatalyst in the microreactor had 
good stability under flowing conditions.

However, microfluidic reactor scale-up, which is more 
of significance when having to remediate larger volumes 
of contaminated water, is particularly demanding since the 
working dimensions of the microfluidic devices have to 
be kept in their appropriate range so that favourable flows 
and transport regimes are preserved and the same excellent 
performances are maintained (Yusuf et al. 2018). Notwith-
standing the progress achieved in microfluidic reactor design 
and operation over the recent years, there still remain some 
hurdles before the robust scale-up of microfluidic reac-
tors becomes fully mastered. One of them is the need to 
accommodate large processing throughputs with sufficient 
residence time. This, in turn, will require many microfluidic 
reactor units to be installed in a most optimal configuration 
after implementing the best suited numbering-up strategy 
(Su et al. 2016; Rossetti and Compagnoni 2016; de Sá et al. 
2018, 2019; Yusuf et al. 2018). The requirements to still have 
a uniform enough distribution of fluid and incident light in 
every microfluidic reactor then also become rather complex 
to achieve. Moreover, potential scale-up using microreactors 
added up in parallel might also not be sustainably feasible 
because of the additional auxiliary equipment then needed 
at increased costs (Rossetti and Compagnoni 2016).

Hence, there has always been the need to continually 
develop more novel photocatalytic reactor configurations 

Fig. 14  a Top and side views of the microfluidic reactor device devel-
oped by Jayamohan et al. (2015) for studying the photodegradation of 
methylene blue, b experimental set-up designed for carrying out the 
photodegradation of methylene blue in the microfluidic device with 
the inset in the top left corner showing the actual microfluidic reactor 
with titania nanotubular arrays photocatalyst embedded thereon and 
c boundary conditions applied in the simulation of the three-dimen-
sional model by Jayamohan et  al. (2015) whereby it was assumed 
that methylene blue molecules need to diffuse to photocatalyst sur-
face for being degraded threat. This figure has been reproduced from 
Jayamohan et  al. (2015) with the permission of Elsevier (Copyright 
© 2015 Elsevier B.V. All rights reserved) under licence number 
4855170131604 (for both print and electronic formats)
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which are optimized in their performance and photodegra-
dation efficiency for dyes and other pollutants. Hereinafter, 
some recent innovative photocatalytic reactor configurations 
are briefly revisited in Table 9 and other specific configu-
ration and various process operation-related novelties are 
discussed in more depth below. One interesting feature of 
these studies is that many of the experimental methods were 
tailored (as far as practicable) to perform the laboratory-
scale and/or bench-scale photocatalytic processes reactions 
in a way which would give an acceptable ‘ground plan’ for 
considering potential scale-up routes eventually leading 
to potential industrial-scale application. Indeed, in these 
studies and others, many of the process parameters likely 
to influence the photocatalytic degradation of the pollutant 
have been examined. Amongst other, the parameters have 
included extent of reusability and regeneration, adherence 
of particles on support material during immobilization pro-
cess and actual flow-controlled processes, contact angle 
analysis, influence of type of membranes, interactions of 
differently synthesized nanophotocatalytic materials in the 
specific reactor configuration and flow regimes, mass analy-
sis of intermediates and final expected degradation products, 
mass transport and resistances to mass flow, holes scavenger 
formation analysis, effects of recirculating mode, conden-
sate flow channel and film thickness, modelling approach of 
photocatalytic degradation process and reactor configuration 
modelling, energy consumption, costs involved (e.g. costs 
for reactants/chemicals like solvents and costs for construc-
tion, installation and operation), and last but not least, effects 
of irradiation intensity, irradiation duration, sonication tem-
perature and time.

Athanasiou et al. (2016) have developed a comprehen-
sive design of an upgraded photocatalytic membrane water 
purification reactor using advanced titania nanomaterials 
which comprised, in its final configuration, the following 
main components and features (Fig. 15): 30 monolithic mul-
tichannel ultrafiltration membranes with each membrane 
counting 19 channels; fibre optics (31 optical fibres) in view 
of obtaining energy autonomy and cater for uniform light-
ing provision throughout the reactor interiors; reactor shell 
enclosing the totality of the fibre optics and multichannel 
monolithic membranes; recirculation tank; clean water tank; 
a reactor cover; and optimized pressure drop profiles along 
membranes. Furthermore, Athanasiou et al. (2016) enhanced 
the photodegradation capability of the novel photoreactor 
by minimizing the static volumes of raw and intermediate 
flow channels, and in doing so, the photocatalyst mass-to-the 
fluid mass ratio prevalent within the static reactor volume 
could be expected to augment and promote photocatalytic 
reactions. Summing up, Athanasiou et al. (2016) concluded 
that the innovative design formulated was in line with the 
ultimate goal of scale-up for an eventual treatment of a rela-
tively large flow of 50 m3 daily of contaminated water. In 

another interesting work, Colombo and Ashokkumar (2017) 
indicated that the CSTR configuration for process operations 
tends to be limited to the use of fixed-bed reactors, and this 
leads to significant decrease in the efficiency of the process. 
In an attempt to address the latter concern, these workers 
have developed combined dispersed photocatalyst–CSTR 
system for continuous operation using two dyes (rhodamine 
B and metanil yellow) and a C-doped  TiO2 micron-sized 
catalyst. Colombo and Ashokkumar (2017) reported some 
very encouraging features of their system in that it could 
give an increase in degradation reaching as high as 110% 
in comparison with the batch mode of operation, and also 
to more prolonged (> 42 h) of continuous operation with 
no blockage of the filter material and no catalyst deactiva-
tion. Additionally, the incorporation of short and periodic 
sonication was found to be effective in inhibiting catalyst 
accumulation on the filter surface and hence leading to sta-
ble flow regimes (Colombo and Ashokkumar 2017). From 
reactor optimization studies involving differently combined 
Ag, Pd and/or  TiO2 nanoparticulate photocatalyst assessed 
for the degradation of methyl orange and Rose Bengal, Pick-
ering et al. (2017) have demonstrated the significance of 
configurational effects of the plasmonic phenomena occur-
ring in photocatalytic reactors. Specifically, Pickering et al. 
(2017) showed that a layered configuration of plasmonic and 
photocatalytic phases in a recirculating thin film photoreac-
tor makes an optimal use of plasmonic enhancement (two-
fold improvement in comparison with a much lower 10% 
improvement obtained in control experimental runs) towards 
photocatalysis and that, on the whole, geometric arrange-
ment is a crucial aspect to be considered in such systems. 
According to the latter workers, the use of the layered con-
figuration improves process efficacy through lesser block-
age of the active  TiO2 surface sites, minimized inhibition of 
light absorption and less oxidation of silver when in contact 
with  TiO2. Consequently, the cascading benefits to the pho-
tocatalytic reaction environment are (1) higher available area 
of photocatalyst per illuminated area and absorption area 
of photocatalyst in metal-modified photocatalysts and (2) a 
more realistic configuration of the reactor sustaining flow 
experiments.

Mosleh et al. (2018) have fabricated CuO/CuO2/Cu NPs 
which were assessed for their photocatalytic performance in 
degrading safranin O and methylene blue in an innovative 
rotating packed bed reactor (RPBR) comprising blue light-
emitting diode as the irradiation source (Fig. 16). (Mosleh 
et al. 2018) reported a number of interesting results and 
enhanced features of the RPBR which led to having better 
degradation efficiencies and relatively less irradiation time 
in comparison with conventional reactor systems. Moreo-
ver, the high centrifugal field and the use of a distributor in 
the reactor system for the dispersion of solution led to the 
formation of thin layers and small droplets from the thick 
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Fig. 15  Images of a the lower base, b the upper base of the assem-
bled photocatalytic reactor, c, d the corresponding cross sections and 
e the finally assembled upgraded continuous-flow photocatalytic reac-
tor comprising monolithic multichannel ultrafiltration membranes 
and optic fibres developed by Athanasiou et al. (2016). The essential 
features comprise: (1) 30 monolith multichannel ultrafiltration mem-
branes each of diameter 29 mm and 1.23 m long and each membrane 
consisting of nineteen 3.5-mm-diameter channels and (2) 31 opti-

cal fibres (each 1.18 m long) whereby one optical fibre of diameter 
23.5  mm is placed in the centre and six optical fibres of diameter 
9.5  mm and 24 optical fibres of diameter 17  mm have been placed 
cyclically in the photocatalytic reactor. This figure has been repro-
duced from Athanasiou et al. (2016) with the permission of Elsevier 
(© 2015 Elsevier B.V. All rights reserved) under licence number 
4855170331342 (for both print and electronic formats)

Fig. 16  Rotating packed bed reactor developed by Mosleh et  al. 
(2018) which comprises a rotating porous packed bed of porosity 
0.85, bed height 40 mm, inside diameter of 30 mm and rotation speed 
ranging from 400 to 1200 rpm (1), motor (2), stripe LED (3), pump 
(4), storage tank (5), air pump (6), stirrer (7), flow meter (8), sam-

pling point (9) and a control box to control the rotational speed of 
the motor (10). This figure has been reproduced from Mosleh et  al. 
(2018) with the permission of Elsevier (© 2017 Elsevier B.V. All 
rights reserved) under licence number 4855170487624 (for both print 
and electronic formats)
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films, as a result of which the liquid–solid interfacial area 
was considerably increased (Mosleh et al. 2018). Besides 
the enhancement of mass transport, the reactor developed by 
Mosleh et al. (2018) also allowed for a proper distribution 
of light which was suitable to sustain adequate photocata-
lytic activity. Recently, Das and Mahalingam (2020) have 
developed a novel reactor which contained an immobilized 
photocatalytic film within an internal loop airlift reactor 
(Fig. 17). On basis of their findings, Das and Mahalingam 
(2020) discussed the merits of the novel reactor developed 
and indicated that only 2 h had been sufficient to achieve a 
near total mineralization of the very recalcitrant remazol 
turquoise blue under ultraviolet irradiation, and the design 
was relatively simple and could be amenable to scale-up. 
Still, Das and Mahalingam (2020) reported that use of doped 
photocatalysts and waste polystyrene as a potential substrate 
under sunlight could bring more advantages to the system 
in its being then cost-efficient and eco-friendly. In an earlier 
study, Sheydaei et al. (2019) synthesized Ce-, La- and Ho-
doped ZnO photocatalyst to be used in a continuous-flow 
sono-photocatalysis/membrane separation reactor for the 
visible light sono-photocatalytic removal of Reactive Orange 
29. This study was particularly interesting in its scope to 
taken into account a large number of process parameters 
and undertake a Taguchi optimization of the photocatalysis 

process run in the sono-photocatalysis/membrane separa-
tion. The removal of the RO29 dye by the Ce-ZnO photo-
catalyst via the sono-photocatalysis process was observed 
to be significantly higher than those obtained via photoca-
talysis, sonocatalysis and sonolysis, and under optimized 
operational conditions of photocatalyst concentration at 
1.5 g L−1, initial pH 10, a hydraulic retention time of 50 min, 
the RO29 removal efficiency was very high at 97.84% via the 
sono-photocatalysis/membrane separation reactor process 
(Fig. 18). In addition, Fig. 19 and Fig. 20 give two examples 
of innovative flow-type photoreactor systems.  

Still more on innovative photocatalytic reactor systems, 
there is indeed quite a number of recent patents in the lit-
erature (https ://paten ts.googl e.com/) which compile reports 
demonstrating prowess in the development of novel designs 
for photoreactor systems intended to house configurational 
conditions which are conducive for highly efficient photo-
chemical reactions and processes leading to the degradation 
of different pollutants and/or purification of contaminated 
liquids. Some of the configurational conditions encountered 
during the writing of this review can be lumped into those 
related to enhancing fluid exchange and fluid flows using 
structural components like blades and baffles, adjustable 
configurations of optical components and variable/opti-
mized extents of illumination, or still variable operating 

Fig. 17  Internal loop airlift photocatalytic reactor developed by Das 
and Mahalingam (2020). As per the descriptions in Das and Mahal-
ingam (2020), this new design comprised an internal loop airlift pho-
tocatalytic reactor constructed of quartz glass column 8  cm ID and 
0.3 m long (volume = 1.5 L) housing an inner draft tube of 2/4/6 cm 
OD (22  cm in length); the reactor is installed in a 60  cm × 50    cm 
wooden chamber with vertically fixed ultraviolet lights of intensity 

1.97 Klux on the walls; and having a mixing or liquid circulation 
brought about through air bubbling using a sintered porous sparger 
located at the bottom of the reactor through an inner draft tube. This 
figure has been reproduced from Das and Mahalingam (2020) with 
the permission of Elsevier (© 2019 Elsevier B.V. All rights reserved) 
under licence number 4855170706370 (for both print and electronic 
formats)

https://patents.google.com/
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photodegradation modes which can be either standalone, 
combined or hybridized with other degradation processes 
such as ozonation. The innovative design features originate 
from diverse areas of system improvement and optimiza-
tion and eventually contribute in significantly better pho-
tochemical performances. For example, Lin and Huang 
(2017) (Source: Lin K and Huang YJ, 2017. Photocatalyst 
apparatus and system. U.S. Patent Application 15/607,567; 
https ://paten ts.googl e.com/paten t/US201 70259 254A1 /en) 
reported that the fine-array porous materials present in the 
photocatalyst equipment could efficiently reflect the ultravio-
let light emitted by the optical pump and that the resulting 
illumination had led to considerably higher photocatalytic 
activity of the photocatalyst system and also lowered the 
impairment to living organisms caused by the ultraviolet 

light. In an invention coming later, Keith (2018) (Source: 
Keith J, Uvairx Inc, 2018. Reaction Core System for Pho-
tocatalytic Purifiers. U.S. Patent Application 15/740,322; 
https ://paten ts.googl e.com/paten t/US201 80185 539A1 /en) 
also explored the interplay of system components (frame 
housing the source of light, blades and coating of material) 
and their mutual angular arrangements in a photocatalytic 
reactor to induce reflection of part of the light emitted by the 
source of light onto certain parts of the exterior surface of 
an adjacent blade. Still on the relative interplay of system 
components, Barreto (2019) (Source: Barreto RD, Purdue 
Research Foundation, 2019. Continuous-flow photo-reactor 
for the photocatalytic destruction of water-soluble ethers. 
U.S. Patent 10,364,167; https ://paten ts.googl e.com/paten t/
US103 64167 B2/en) invented different photocatalytic sys-
tems whereby one comprised a series of photoreactors oper-
ating on a continuous-flow mode, and another system which 
consisted of at least 2 photoreactors in parallel connection 
and operating in continuous flow too with glass materials 
coated with the catalyst. In another example of an interesting 
invention coming earlier, Schuetz (2018) (Source: Schuetz 
R, 2018. UV Light Reactor for Contaminated Fluids. U.S. 
Patent Application 15/924,255; https ://paten ts.googl e.com/
paten t/US201 80265 382A1 /en) developed a system for 

Fig. 18  Mechanism for the degradation of Reactive Orange 29 via 
the sono-photocatalysis process (based on GC–MS data) proposed by 
Sheydaei et al. (2019). According to the latter workers, the sono-pho-
tocatalytic degradation of RO29 under optimized conditions brought 
a 50% removal of chemical oxygen demand, and a total organic car-
bon removal of 45% (under the best operational conditions) which 
was considered a relatively high degree of mineralization. This figure 
has been reproduced from Sheydaei et al. (2019) with the permission 
of Elsevier (© 2019 Elsevier B.V. All rights reserved) under licence 
number 4855170883735 (for both print and electronic formats)

Fig. 19  a Arrangement of PET bottles in PET flow reactor with 
about 160  cm2 of PET area removed from the side of every of the 
two PET bottles horizontally aligned so as to enable direct light har-
vesting in solution and b modified PET flow reactor configuration 
whereby bottoms of both PET bottles have been joined horizontally 
in view of avoiding junction of tops in design shown in a (a zone 
whereat no reaction is expected because of a paucity in light penetra-
tion) developed by Do Nascimento et al. (2019). This figure has been 
reproduced from Do Nascimento et al. (2019) with the permission of 
Elsevier (© 2019 Published by Elsevier Ltd.) under licence number 
4855171052085 (for both print and electronic formats)

https://patents.google.com/patent/US20170259254A1/en
https://patents.google.com/patent/US20180185539A1/en
https://patents.google.com/patent/US10364167B2/en
https://patents.google.com/patent/US10364167B2/en
https://patents.google.com/patent/US20180265382A1/en
https://patents.google.com/patent/US20180265382A1/en
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treating a contaminated fluid using UV light. The latter sys-
tem comprised several removable baffles (loaded with photo-
catalytic coatings) arranged at pre-set radial distance within 
the system boundaries which gave rise to meandering path-
ways running parallel to the light source for exposing the 
fluid to the ultraviolet light over the full length of the path-
ways. In the invention of Allcroft (2017) (Source: Allcroft I, 
CatalySystems Ltd, 2017. Photocatalytic reactor stator and 
method of use. U.S. Patent Application 15/501,672; https ://
paten ts.googl e.com/paten t/US201 70225 139A1 /en), a photo-
catalytic reactor stator was designed with a specific arrange-
ment of surfaces which enabled fluid flows that eventually 
contributed in enhancing the performance of the system as a 
photocatalytic reactor. In this invention, the arrangement of 
surfaces and fluid flow regimes had increased the movement 
of the photocatalyst which induced larger catalyst surface 
areas being exposed to the reacting species and source of 
ultraviolet light. In their disclosure, Yongbing et al. (2017) 
(Source: Yongbing XIE, Cao H, Sheng Y and Li Y, Chi-
nese Academy of Sciences Institute of Process Engineer-
ing, 2017. Ozone-photocatalysis reactor and water treat-
ment method. U.S. Patent Application 15/544,460; https ://
paten ts.googl e.com/paten t/US201 70369 346A1 /en) give the 
details of an integrated water treatment system combining 
ozonation and ozone  (O3) photocatalysis housed within one 
reactor whereby the strong oxidizing influence of  O3 on 

unsaturated bond-containing pollutants and the pronounced 
removal effect of  O3-photocatalysis and photocatalysis on 
carboxylic acid pollutants are harnessed. The latter design 
improved the matching degree between  O3 and UV and also 
overcame the limitations associated with poor efficiency of 
sewage treatment and high equipment cost. Other interesting 
inventions which embody novel and more effective photo-
catalytic reactor systems harnessing the positive influences 
of tunable/controllable fluid flow regimes, hydrodynamic 
behaviours, degree of illumination and/or radiation patterns 
are described in the following patents:  

• Development of a photochemical reactor incorporating 
a fluid flow-through device in ‘Usami H, Kuroda Y and 
Imaizumi M, Showa Denko KK and Shinshu University 
NUC, 2017. Fluid flow vessel and photochemical reac-
tor. U.S. Patent Application 15/325,605’ (https ://paten 
ts.googl e.com/paten t/US201 70136 438A1 /en)

• Flow reactors and flow processes developed to obtain 
modular, flexible, high-efficiency and high-throughput 
photochemical flow reactor system in ‘El Jami F, Grem-
etz SMF, Horn CR, Lobet O and Maury A, Corning Inc, 
2020. Flow reactor for photochemical reactions. U.S. 
Patent Application 16/491,041’ (https ://paten ts.googl 
e.com/paten t/US202 00016 568A1 /en)

Fig. 20  Schematic diagram of the helical flow photoreactor devel-
oped and operated in the random packing reactor, wire gauze struc-
tured packing reactor and slurry reactor configurations by Mesgari 
and Saien (2017). Labels are metal halide visible lamp indicated by 
1, circulating pump denoted by 2 and water flow condenser indi-
cated by 3. Based on the descriptions of Mesgari and Saien (2017), 
the operation of the annular photoreactor occurs in a closed circuit 
configuration with recirculation of contents at 45 mL s−1 of flow rate; 

the reactor is irradiated with visible light from an Osram 150 W lamp 
located in the axis of annulus, and the tangential inclined inlet allows 
material flow in the reactor to follow a precise upward helical path 
around the source of light until the contents reach the top tangential 
downward exit. This figure has been reproduced from Mesgari and 
Saien (2017) with the permission of Elsevier (© 2017 Elsevier B.V. 
All rights reserved) under licence number 4855171221234 (for both 
print and electronic formats)

https://patents.google.com/patent/US20170225139A1/en
https://patents.google.com/patent/US20170225139A1/en
https://patents.google.com/patent/US20170369346A1/en
https://patents.google.com/patent/US20170369346A1/en
https://patents.google.com/patent/US20170136438A1/en
https://patents.google.com/patent/US20170136438A1/en
https://patents.google.com/patent/US20200016568A1/en
https://patents.google.com/patent/US20200016568A1/en
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• UV-LED reactor concept housing UV-photoreactions or 
UV-photoinduced reactions and with a reactor design 
endowed with precise control of both fluidic and optical 
milieus in ‘Taghipour F, University of British Columbia, 
2018. UV-LED collimated radiation photoreactor. U.S. 
Patent 9,938,165’ (https ://paten ts.googl e.com/paten t/
US993 8165B 2/en)

Limitations and research directions

The remediation of dye-laden waters is indeed a serious 
and still challenging environmental issue which is garner-
ing significant and sustained research efforts worldwide. 
In particular, the area of research dealing with the various 
aspects of heterogeneous photocatalysis for dye remediation 
has been propagating very fast. More research is to follow 
since certain techno-economic issues still persist and limit 
full-fledged process operation. Based on the above analysis 
and discussions made within the scope of research articles 
scouted and examined, it becomes pretty evident that the 
synthesis and assessment of doped photocatalytic materi-
als for dye degradation is, first of all, a very fertile research 
discipline. Fertile in a number of ways, viz. with respect 
to the number and very wide variety of heteroatoms which 
can be incorporated into a semiconductor material or com-
bination of such materials, with respect to the extremely 
high number of types and adaptations of the synthetic pro-
cedures of fabrication and functionalization of the doped 
photocatalysts, with regard to the very large panoply of dye 
molecules which have been assessed as model dye molecule, 
with respect to the breadth and depth of analysis conducted 
in view of elucidating the influences of a series of environ-
mental factors expected to play a certain determining role in 
a specific photocatalytic degradation reaction, with regard 
to the analytical techniques and data processing tools (e.g. 
empirical modelling, mathematical analysis and modelling, 
and statistical analysis) employed to present and interpret 
primary datasets, with regard to monitoring and proposing 
realistic reaction mechanisms of dye photocatalytic deg-
radation at the atomic and molecular levels, and last but 
not least, with regard to the multifarious efforts (such as 
immobilization, membrane development, reactor design and 
process scale-up) rather recently started in view of dealing 
with issues related to photocatalytic process design and opti-
mization in relation to dye degradation.

Indeed, following the above analysis, it becomes quasi-
undisputable to infer that painstaking research efforts are 
here being made fast and consistently in several regions of 
the world by different research groups to design and exam-
ine the dye degradation performance of doped photocata-
lysts. The resulting findings are all, in their own respective 
context, bringing some form of novel information plausibly 

important to advance the understanding and potential appli-
cation of photocatalytic dye degradation processes. It has 
been interesting and encouraging to note that many different 
dyes (different in chemical and physical properties) have 
been assessed in their photocatalytic degradation process 
by an even larger number of photocatalysts under variable 
light illumination regimes comprising UV light, visible light 
and sunlight. This specific trend of considering dye and 
photocatalyst variability is interesting because it somehow 
implies that there is not a general combination of these spe-
cies which can be held as a representative model. This being 
most ostensibly the case, further work is hence extensively 
needed in making fair attempts to standardize such heavily 
complex interactions of chemical species in variable condi-
tions. Notwithstanding the progress achieved so far, there 
are still a number of limitations which will require earnest 
consideration in the area of photocatalytic degradation of 
dyes by doped photocatalysts. When viewed as scientific 
and engineering challenges, these limitations are expected to 
foster further research and development in developing more 
potent photocatalysts (which is, for the least, being green in 
their synthesis, stable, reusable and cheap in use) and more 
efficient photocatalytic reactor configurations for treating 
more and more complex dye-laden waters.

Right at the outset, it is crucial to understanding and 
stressing that the limitations discussed below cannot not be 
(so) readily downplayed (for some possible gain in simpli-
fication of the underlying photocatalytic process dynamics) 
when it comes to finding much more comprehensive ways 
for developing such doped photocatalytic dye-degrading 
systems which will bring a definite and measurable restora-
tive effect to the issue of dye-laden pollution which contin-
ues to pervade in many real locations. Making a start onto 
some of the major limitations and research avenues, it is 
observed that the efficiency of photocatalyst recovery and 
the costs associated thereof remain as process bottlenecks 
for large-scale implementation of photocatalytic water treat-
ment processes using doped photocatalyst. It is impera-
tive to encourage the development of suitable methods for 
recovering spent doped photocatalysts in an economic and 
cost-effective way given such processes are expected to be 
expensive because of their inherent complexity, and the 
sought purity of raw materials involved and production costs 
of doped photocatalysts. Attached to an effective and effi-
ciency post-separation and recovery of nanoscale doped pho-
tocatalysts at large-scale operation is also the need to ensure 
that immobilization of these nanomaterials be feasible on 
relatively larger supports or immobilizing substrates. In this 
same line of thinking with regard to sustaining threshold 
photocatalytic efficiencies in large-scale doped immobilized 
photocatalytic reactor units, other considerations which then 
become relevant and of high significance for analysis are 
the possible rate of erosion of immobilized doped, any rate 

https://patents.google.com/patent/US9938165B2/en
https://patents.google.com/patent/US9938165B2/en
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of substrates corrosion, any such fluctuations in mechani-
cal strength, structural integrity, shear behaviour, creep and 
failure behaviour of the composite-doped nanophotocatalyst-
supported ensemble. Indeed, as Sharon et al. (2016) have 
rightly proposed, there is a need to investigate the stability 
of nanosized photocatalytic composites using Tafel plots 
in view to probe into their corrosion current and corrosion 
potential. Additionally, the latter workers also suggested that 
thermodynamic analyses be also made to quantify param-
eters such as the free energy of corrosion and enthalpy of 
corrosion before the nanosized photocatalytic composites 
may qualify for commercial use.

Delving deeper in the analysis, one of the most notewor-
thy observations made when preparing this review has been 
that there is an overwhelmingly large number of studies 
which have examined the photocatalytic degradation of a 
synthesized doped photocatalyst material using one single-
dye molecule species as the model pollutant. Gratifyingly, 
the number of patents which have been filed on the synthesis 
of photocatalyst materials capable of dye degradation has 
also been increasing since a decade or more. (Some recent 
examples of such patents are listed in Table 10.) Whilst it 
is believed that these studies are all original in their respec-
tive results and interpretations and have hence progressively 
been contributing to an incremental understanding of the 
photocatalytic degradation of dye molecules under a whole 
range of variable environmental factors, it still remains a 
major challenge to come up with some general and widely 
applicable model dye wastewater that could be used as a 
benchmark to assess and compare the performances of sev-
eral doped photocatalysts at a time and under quasi-similar 
operational constraints. At present, the wide variations in 
reaction conditions and characteristics of the photocatalyst 
material(s) and dye(s) examined in the uncountable pho-
tocatalyst–dye systems does not make ample room for an 
objective comparison of the performances. In the event 
such objective comparisons were possible, the development 
of standard photocatalyst assessment kits could have been 
probably envisaged. Moreover, it also remains a major chal-
lenge to couple the formulation of one benchmark model dye 
wastewater with one representative photocatalytic process 
or photocatalytic reactor design which in turn will (have to) 
embody sufficient resilience in performance after different 
modes of operation are selected to accommodate changes in 
process parameters. Hence, the state of affairs with regard 
to representativeness of results and their reliable transfer-
ability to industrial application in doped photocatalytic dye 
degradation processes remain pretty complex and highly 
demanding in terms of further research, analysis and process 
intensification when designing large-scale photoreactors. In 
the same breath, elucidating the precise range of intermedi-
ates and final photodegradation products, their respective 
characteristics, fate and set of interactions in the ultimate 

receiving environments remain collectively a pretty ‘grey 
area’ which requires significant research work.

As at present, and equally in this review, it was difficult 
to make an objective comparison of the dye degradation 
dynamics of the hundreds of dye-doped photocatalyst(s) 
pairs tested. It was, however, encouraging to note that since 
some years, appreciable research efforts have been devoted 
in studying binary-, ternary- and four-dye systems. The 
corresponding results have shed some new insights with 
regard to the complexity in degradation behaviour of such 
multicomponent dye systems in comparison with single 
dye-single doped photocatalyst systems. Yet, an extrapo-
lation of such multicomponent dye systems to robust full-
scale photocatalytic reactor systems seems to be limited 
as they do not match the highly variable compositions 
and complexity of real dye-laden effluents. In corollary, 
it then becomes very crucial to develop multifunctional 
doped photocatalysts which could be endowed with such 
environmental factor-dependent self-modulated properties 
which reduce their selectivity towards one, two or three 
specific dyes, but instead allows them to interact with and 
degrade many more dyes in a highly competitive milieu 
which could be justifiably expected to prevail in real tex-
tile effluents. Such tailor-made requirements in one doped 
photocatalyst will still require substantial research and 
development ahead.

Another area of research which can be further expanded 
for enhancing the photocatalytic degradation of dyes using 
doped photocatalysts is working out such schemes which 
integrate optimized Pickering emulsions (Mohaghegh et al. 
2015; Nawaz et al. 2017; Fessi et al. 2019; Li et al. 2019) 
within the photocatalytic reactor system design. There are 
few studies (though not restricted to dye degradation pro-
cesses) which have made gratifying efforts in using Picker-
ing emulsions to prepare novel materials which had finally 
contributed in enhancing efficiencies and performance 
of a specific system. In another study, Shi et al. (2019b) 
reported that a Pickering emulsion stabilized by  TiO2 Janus 
particles (fabricated using toposelective surface modification 
approach) had given the best photocatalytic performance and 
very good degradation efficiencies in regard to the degra-
dation of high-concentration kerosene and nitrobenzene 
wastewaters. Hence, it will be an interesting set of further 
work wherein the knowledge acquired and relatively facile 
techniques devised in other similar systems can be borrowed 
to polish the effectiveness of doped photocatalyst synthesis 
in view of reaching enhanced efficiencies of photocatalytic 
dye degradation systems.

When analysing the literature scoped for this review, it 
has been observed that a relatively large number of possible 
mechanisms have been composed for rationalizing the dif-
ferent photocatalytic degradation processes of dyes. Whilst 
these mechanisms sound pretty logical and acceptable at the 
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scale they were investigated and for the exceptionally high 
photocatalytic activities they explain, there is no clear-cut 
indication as to the same sequence of reactions happening in 
actual large-scale photocatalytic reactors comprising doped 
photocatalysts either in slurry (suspended) or immobilized 
forms. Bearing in mind that actual large-scale photocatalytic 
reactors will impose significantly harsher and more dynamic 
environmental conditions to the doped photocatalysts sys-
tems, in corollary, it is therefore a real challenge to design 
such reactor units which will encompass all the expected 
process irreversibilities of large-scale operation and still be 
reproducing the same performance reaped at laboratory-
scale testing. A priori, how the mechanisms (otherwise mak-
ing sense for laboratory-scale systems) will be influenced 
or altered under the real constraints of large-scale doped 
photocatalyst reactors will demand more extensive experi-
mentation, and especially so, by using advanced modelling 
and simulation approaches combining chemical sciences, 
engineering sciences, computational fluid dynamic tools and 
cost estimation. The implementation of statistically sound 
‘Design of Experiments (DoE)’ at all successive scales (pot 
or laboratory scale, pilot scale and eventually large scale) of 
process investigation, analysis and iterative optimization will 
also be crucial when considering scale-up of the selected 
(optimal) doped photocatalytic dye degradation systems 
(Fig. 21). Moreover, in the way towards scale-up, it will be 
crucial to designing such systems which limit opacity of the 
substrate(s), enhance the penetration and optimal distribu-
tion of irradiation, and harness the hydrodynamic regimes 
prevailing within the reactor. The latter conditions become 
more complex to optimize if an additional stimulus such 
as sonication or microwave irradiation is imposed on the 
system. Hence, the need to make elaborate enough math-
ematical analysis and computationally feasible simulation of 
such extremely complex systems remains widely pertinent.

Conclusion

In the last decade and more, a vast body of literature has 
been accumulated dealing with the synthesis and examina-
tion of several types of doped photocatalysts. The above 
descriptions and discussions provide a comprehensive analy-
sis of the research trends and development in regard to the 
fabrication and functionalization of a broad range of novel 
doped photocatalysts and of their respective capabilities 
and overall performance for the degradation and minerali-
zation of selected model dyes in mostly single-dye single 
doped photocatalyst systems and multi-dye single doped 
photocatalyst reaction environments. In specific, the pre-
sent review has discussed the upgrading routes of pristine 
semiconductor photocatalysts using doping and heterostruc-
turing approaches, the mode of action of a large number Ta
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of photocatalytic NPs, the parameter-dependent dye deg-
radation/mineralization efficiency and reusability of doped 
photocatalysts, the photocatalytic degradation behaviours of 
doped photocatalysts in mixed-dye systems, the biocompat-
ibility and ecotoxicological implications associated with the 
use of doped photocatalytic materials, the recent progress 
made in photocatalytic reactor process design and finally 
the limitations and research directions.

Based on the major observations garnered from this 
review, it is very encouraging to apprise that significant 
efforts are being deployed by several research groups in 
designing and preparing doped photocatalysts which are 
superior in those properties sought after to enhance the 
degradation dynamics of many dyes. The application of 
nanoscience and Green Chemistry Principles are inher-
ent to the fabrication and functionalization methods of 
the novel doped photocatalysts, and do eventually produce 

exceptionally potent photocatalytic materials which exhibit 
a certain versatility in their dye-degrading performance 
within the reaction conditions they are examined in. Yet, 
the very fact that most of the performance analysis of the 
novel doped photocatalysts has been conducted in single-dye 
systems seems to limit the further use of these materials in 
much more complex dye-laden aqueous milieus. Such more 
complex dye-laden aqueous milieus being the ones expected 
in real dye-contaminated systems, it now becomes almost 
imperative to gear up and intensify research efforts in the 
analysis of the doped photocatalysts in multiple-dye systems. 
Alongside, the development of process-optimized pilot-scale 
and plausibly large-scale photocatalytic dye degradation and 
mineralization reactor units should also be major branches 
of research, innovation and development in this area of envi-
ronmental pollution control and remediation. Equally impor-
tant, all the associated costs and cash flows involved during 

Fig. 21  Flow of reaction and 
process development links and 
important considerations for 
each major stage involved in 
the formulation of an effective 
and optimized doped photocata-
lytic reactor for multiple-dye 
degradation
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the developing, commissioning, operation and maintenance 
of eventual large-scale doped photocatalytic dye-degrading 
systems have to be comprehensively surveyed and optimized 
both from the technical and financial feasibility perspectives.

The above analysis also transpires that it is important to 
assess the ecotoxicological characteristics of doped photo-
catalysts on a case-to-case basis because of the high specific-
ity of their toxic properties emanating from their respective 
elemental components and the relative coatings. Moreover, 
the main limitation associated with the current ecotoxico-
logical studies appears much to be that only one (or one 
specific set of) species is employed to investigate the toxicity 
properties (i.e. the species used in one study differ(s) from 
those used in another work). Hence, there is a paucity of a 
battery of toxicity tests and integrated toxicity data. Conse-
quently, the results are then quite very difficult to interpret 
comprehensively and be of use in environmental impact 
assessment procedures thereafter. It will also be crucial to 
conducting comprehensive ecotoxicological studies in real 
environments where the nanostructured doped photocatalytic 
materials are most likely to enter the natural ecosystem and 
downstream so that a whole risk-related assessment of the 
potential applications of these nanomaterials be made.
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