
Citation: Xia, H.; Ahmad, M.A.; Guo,

J.; Yang, Y. Unraveling the Roles of

MW/UV/TiO2 Photocatalysis

Technologies for Organic Wastewater

Treatment. Catalysts 2023, 13, 754.

https://doi.org/10.3390/

catal13040754

Academic Editor: Vincenzo Vaiano

Received: 25 February 2023

Revised: 21 March 2023

Accepted: 13 April 2023

Published: 15 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

catalysts

Review

Unraveling the Roles of MW/UV/TiO2 Photocatalysis
Technologies for Organic Wastewater Treatment
Hui Xia 1,2 , Muhammad Arslan Ahmad 3,*, Jungang Guo 1,2,* and Yuesuo Yang 4

1 Zhengzhou Institute of Multipurpose Utilization of Mineral Resources, CAGS, Zhengzhou 450006, China
2 China National Engineering Research Center for Utilization of Industrial Minerals, Zhengzhou 450006, China
3 Shenzhen Key Laboratory of Marine Bioresource and Eco-Environmental Science,

College of Life Sciences and Oceanography, Shenzhen University, Shenzhen 518060, China
4 Key Laboratory of Groundwater Environment and Resources, Ministry of Education, Jilin University,

Changchun 130021, China
* Correspondence: arslan.slu@szu.edu.cn (M.A.A.); gjg801@163.com or guojungang@mail.cgs.gov.cn (J.G.)

Abstract: Microwave-induced oxidation and UV/TiO2 photocatalytic technologies are widely used for
organic wastewater treatment. Furthermore, the combination of these technologies (MW/UV/TiO2)
result in a new advanced oxidation process. As a green and efficient photocatalytic degradation
technology, MW/UV/TiO2 is favored for its advantages of high removal rate, short time use, wide
concentration range, low cost, good stability, and no secondary pollution. Herein, this paper has
summarized insights into the removal process by unveiling the degradation mechanism of organic
compounds with MW-assisted technology. Additionally, water quality factors and process parameters
affect the photocatalytic efficiencies, consisting of initial concentration, initial volume, TiO2 dosage,
UV intensity, microwave power, temperature, pH, and fluid velocity, which have been systematically
analyzed. Finally, possible future research directions and guidelines are proposed. Our findings will
provide a way forward for the development of effective microwave-assisted remediation technologies
that are broadly applicable to various environmental contamination scenarios.

Keywords: microwave; UV; TiO2; MW/UV/TiO2 photocatalysis; organic waste water

1. Introduction

Rapid industrialization and urbanization have aggravated the external inputs of or-
ganic contaminants to surface water, groundwater, and soil [1]. Various contaminants
are toxins that can accumulate in the system and be transported over long distances. Un-
fortunately, organic contaminants can significantly affect human health (e.g., mutagenic,
carcinogenic, and teratogenic) by entering food chains [2–5]. Traditional contaminants
generally include simple hydrocarbons, halogenated hydrocarbons, benzene, phenol, and
polycyclic aromatic hydrocarbons. Recent research has shown that emerging organic en-
vironmental pollutants are mainly from pharmaceuticals, personal care products (PCPs),
endocrine disruptor chemicals (EDCs), surfactants, pesticides, flame retardants, industrial
additives, etc. [6]. Specifically, pharmaceuticals mainly refer to analgesics, lipid-lowering
drugs, antibiotics, diuretics, non-steroidal anti-inflammatory drugs, stimulants, antimicro-
bials, and analgesics. In addition, PCPs include cosmetics, sunscreens, spices, etc. Typical
EDCs are steroid hormones, phthalates, bisphenol A, etc. [7–9]. Scientifically, there is
a high probability that the organic contaminants will migrate through natural driving
forces into environment media (such as soil, water, animals, and plants), and eventually
threaten human health [10]. For example, the lipid-soluble estrogenic compounds, as typi-
cal emerging contaminants, are absorbable, and chemically stable, and they can accumulate
in living organisms through the food chain and cannot be excreted [11]. After entering
the human target cells, these compounds bind to steroid receptors and form hormone
receptor complexes, further entering the cell nucleus and DNA to exert biological effects,
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and finally altering cell function and disrupting the normal metabolism of the human
endocrine system [12–14]. Considering their environmental toxicity, it is necessary to find a
friendly, efficient, and feasible treatment for organic pollution removal technology.

Recently, Tian and co-workers reviewed the research progress of microwave-induced
oxidation technologies in the treatment of organic wastewater, volatile organic compounds,
and hydrogen production [15]. It was noted that microwave-induced oxidation technolo-
gies combined with other advanced technologies were highly chosen by environment
researchers due to their efficiency, rapidity, and minimal secondary pollution. Extensive
technical and applied studies based on the novel MW/UV/TiO2 photocatalysis technol-
ogy have been reported [15–17]. However, as far as we know, no review study based
on the MW/UV/TiO2 technology has been published yet. As such, this review paper
presents the degradation of environmental organic pollutants in aqueous solution by the
MW/UV/TiO2 photocatalytic technology and summarizes the factors influencing the
catalytic efficiency, catalyst materials, and catalysis mechanism. Furthermore, external
conditions for optimizing the process and recently discovered technological features are
explained. This review is designed to benefit future research and provides pertinent infor-
mation on theoretical/technical grounds to support the remediation of organic pollution
using the MW/UV/TiO2 technology.

2. Technology
2.1. Microwave Radiation Technology

Microwave (MW) is a part of the electromagnetic spectrum that occurs in the frequency
range of 300 MHz to 300 GHz and lies between infrared and radio frequencies, correspond-
ing to wavelengths of 1 cm and 1 m (see Figure 1) [18,19]. The scientific consensus is that
MW is barely absorbed when passing through non-polar compounds such as glass, plastic,
and porcelain. However, MW can be rapidly absorbed by polar compounds such as polar
organic solutes, water, and food, and these matters are then heated via polar molecules and
ions [18]. Dielectric parameters are linked to the molecular structure that affects the parity
of materials. As such, the change in the dielectric parameters of the processed materials
significantly affects the efficiency and economy of microwave heating processes [20].
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Compared with traditional heating methods, MW-based technology offers several
advantages, including high speed, high efficiency, mild conditions, high selectivity, easy
controllability, and no contact with heating materials [21,22]. As a result, MW is widely
applied in environmental pollution control, the food industry, plasma processing, organic
synthesis, analytical chemistry, polymer treatment, metal sintering, disinfection and steril-
ization, regeneration and preparation of functional materials, and other physico-chemical
and biological research fields [22–28].

It is scientifically known that MW irradiation can enhance the removal reaction rates
and induce selective heating of contaminants through internal molecular vibrations in the
treatment of organic wastewater/flue gas/landfill leaching [15,29,30], sludge recycling [31],
and solid waste reduction [32,33]. For example, some substances (e.g., Cu/GAC) have
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minimal degradation efficiencies under conventional conditions and belong to the non-
catalysts in the degradation of organic pollutants [34]. However, a hotspot effect radiated
by MW can be on the surface of these substances, resulting in the easy degradation of
organic pollutants [22,35–37]. This process would therefore transform the materials into
highly efficient catalysts. Similarly, MW irradiation can be used to improve the catalytic
efficiency of conventional catalysts [21].

In addition, MW heating can pyrolyze sewage sludge to produce activated carbon
(AC) with high adsorption properties, and AC has been confirmed to effectively remove
phenolic organic compounds in an aqueous solution [31]. Moreover, MW irradiation can
treat solid waste to promote its solidification, reduce its volume, stabilize heavy metals,
and reduce leaching [32,33]. More importantly, landfill leachate can be rapidly discolored,
and total organic carbon (TOC) can be reduced by microwave treatment combined with
strong oxidizers. Meanwhile, the elimination rates of chemical oxygen demand (COD) and
NH3-N are significantly higher than that of the non-microwave treatment [30,38].

2.2. Ultraviolet Photodegradation Technology

As shown in Figure 1, the wavelength range of ultraviolet (UV) light (10~400 nm) falls
between visible light and X-ray electromagnetic radiation [39]. The energy of the UV wave
is high and UV can directly destroy the structure of organic matter in wastewater. Currently,
UV radiation technology is primarily used to disinfect and sterilize water in conventional
water treatment applications due to its low-toxic by-products, chemical-free process, and
no overdose risk [40,41]. UV irradiation has a variety of applications in advanced oxida-
tion processes (AOPs) for the degradation of organic wastewater contaminants. [42]. For
example, two water pollutants, ranitidine and nizatidine, could be effectively degraded
under UV irradiation [43]. In principle, some oxidants (e.g., H2O2, HClO, and S2O8

2−)
radiated by UV could produce the corresponding higher oxidation of free radicals, which
would accelerate the degradation of organic pollutants; then, these oxidants could be
excited by UV to generate highly reactive radical species such as OH·, Cl·, and SO4

−·,
respectively [44–46]. The OH·, for example, could rapidly and non-selectively destroy most
organic pollutants, degrading them to CO2, H2O, and mineral salts in water [47]. The
previous literature showed that organic effluents, such as azathioprine [48], sulfamethoxa-
zole [44], ibuprofen [49], thiamphenicol [50], cyclophosphamide, and 5-fluorouracil [51]
have been investigated with UV photodegradation technology. Furthermore, ronidazole,
metoprolol, ibuprofen, carbamazepine, chloramphenicol, and benzalkonium chloride were
effectively decomposed using UV/chlorine as an advanced oxidation process [46,52–56].

2.3. UV/TiO2 Photocatalysis Technology

Titanium dioxide (TiO2), as a special type of semiconductor, has demonstrated great
potential as an ideal photocatalyst material due to its advantages of high reactivity, non-
toxicity, water insolubility, resistance to photocorrosion, relatively cheap price, and sta-
bility [57–59]. Thus, it has been applied to significant applications as the most widely
used benchmark photocatalyst in the field of environmental protection [60,61]. Figure 2
depicts the UV/TiO2 photoactivation mechanism. Under the action of UV irradiation, the
electron (e−)~hole (h+) pairs are formed on the surface of the TiO2 catalyst in the aqueous
solution. Subsequently, O2 and OH− can trap the e−~h+ pairs and adsorb on the surface,
and then generate the highly reactive O2

−· and OH·, respectively, to degrade organic
pollutants [62,63].

UV/TiO2 photocatalysis has been shown to have strong redox potential, high photocat-
alytic efficiency, low cost, and no secondary pollution [62,64,65]. Therefore, it is a promising
technology for wastewater treatment. For example, the decolorization rate of acid blue
113 and acid red 114 treated with UV/TiO2 reached up to 96% and 99%, respectively, after
240 min [66]. In total, 97% of p-chlorophenol in the solution could be degraded by UV/TiO2
in combination with a Fenton reagent [67]. In addition, UV/TiO2 could be effective in
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treating dyes (e.g., rhodamine B, methyl orange, methyl blue, amaranth dye), antibiotic
compounds, and endocrine disruptors in water [59,68,69].
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2.4. MW/UV/TiO2 Photocatalysis Technology

MW/UV/TiO2 photocatalysis, a novel technology for environmental organic pollutant
disposal, was developed by combining microwave irradiation with UV/TiO2 photocatalysis.
In essence, it is a new advanced oxidation process for the improvement of photocatalytic
technology. In addition, it congregates all the advantages of MW irradiation and UV/TiO2
photocatalysis. As a result, the degradation efficiency of organic pollutants is greatly
improved, and the concentration range is wider, especially for refractory organics, with fast
and efficient treatment effects through the synergistic actions of MW, UV, and TiO2 [70,71].

2.4.1. Technical Features

Table 1 shows the current state of research on the partial use of MW/UV/TiO2 pho-
tocatalytic technology for the treatment of organic wastewater. In detail, TiO2 catalysts,
microwave electrodeless lamps (MEDLs), and oxidants are added to the reactor vessel
containing wastewater. Then, organic pollutants can be degraded by UV emitted from
MEDLs under MW irradiation.

It can be clearly seen from Table 1 that the types of organic pollutants removed by
MW/UV/TiO2 are phenol, benzene, dyes, pesticides, carboxylic acids, endocrine sub-
stances, etc. Among them, dyes and pesticides are the main ones. Overall, all the removal
efficiencies of pollutants are very high. Most of the removal efficiencies exceed 80%, with
efficiencies approaching 100% in more than half of the studies. The initial concentration
of the treated organic pollutants is higher, with a maximum value of 400 mg/L, and the
degradation process is very rapid. For example, when methylene blue dye was degraded
under the optimized conditions using MW/UV/TiO2, its removal rate could be as high as
96% within 15 min [72]. Notably, herbicide could be completely degraded in 5 min [73].

The majority of the catalysts in the MW/UV/TiO2 are newer and more effective
commercial powders of P25 [74,75]. The P25 powders are a mixture of anatase and rutile
crystallites, and the reported ratio is typically 70:30 or 80:20 [76]. As the co-presence
of anatase and rutile crystallites increases the density defects in the TiO2 lattice, it can
enhance the charge separation and improve the utilization efficiency of electron–hole
pairs [74,75]. Scientifically, nanoscale TiO2 has a greater ability to trap solution components
(e.g., water, oxygen, and organic matter) on its surface than conventional TiO2 [77–79].
More importantly, nano-sized TiO2 has excellent UV absorption capability [80]. Therefore,
nano-P25 has a better effect on the degradation of organic pollutants and has become the
most widely used catalyst in the MW/UV/TiO2 photocatalytic system.

The UV lamp sources for the MW/UV/TiO2 are microwave-powered electrodeless
discharge lamps (MEDLs), which have many advantages including the absence of elec-
trodes, low price, low energy cost, and simple reactor configuration [81]. The luminescence
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mechanism of MEDLs is that the UV light is generated by gas discharge through the excited
emission of electrons from metal electrodes. More specifically, the production approach
has generally been to fill a mixture of vaporizable metals and rare gases into a sealed body
made of quartz, glass, etc., and then UV will be produced by irradiating the mixture with
MW. [82–84]. Microwave irradiation can heat the metals to form a vapor state and stimulate
rare gases to produce a low-pressure plasma, eventually leading to a high luminescence
efficiency [85–87]. It has been reported that the MEDLs can emit photons in the UV as well
as in the visible regions (254, 313, 365, 405, 436, 546, and 577–579 nm) [81]. This degradation
method using MEDLs is a promising technology for the treatment of recalcitrant organic
compounds based on economy and efficiency [81].

Generically, most of the MW reactors used in studies operated at 2.45 GHz [18]. The
MW power in the process was predominantly in the range of 200–900 W, the wavelength of
the effective UV was around 254 nm, and the initial volume was 10–1000 mL. In addition,
the temperature, air flow, light intensity, pH, and solution circulation velocity were critical
technological conditions for MW/UV/TiO2 photocatalysis to remove the organic pollutants.

Table 1. List of studies on the removal of aqueous organic contamination with MW/UV/TiO2

photocatalysis 1.

Year Contaminant and
Its Type

Initial Con-
centration t MW

Power Other Experimental Conditions Removal
Efficiency References

2022 Oxytetracycline
(antibiotics) 50 mg/L 60 min 200–800 W

Volume: 1000 mL; initial pH = 2~10;
temperature: 288 K; circulating fluid

velocity: 500 mL/min; TiO2
photocatalyst ball;

H2O2 = 1~ 100 mM; lamp source:
electrodeless mercury lamp

Max removal
rate ≈ 95% [88]

2022
2,4-

dichlorophenoxyacetic
acid (herbicides)

0.05 mM 60 min 65 W

Volume: 200 mL; circulating fluid
velocity: 350 mL/min; initial

pH = 6.7; lamp source: 14 pieces
MDLED-TiO2 (D = 7 mm,

L = 26–30 mm)

Removal rate
85% [89]

2022 Methylene orange (dyes) 20 mg/L 60 min 600 W
Volume: 40 mL; temperature: 333 K;

nano-mixed TiO2/CNT = 40 mg;
lamp source: mercury UV lamp

Max removal
rate 98% [90]

2021 Lignin (mill industry
effluents) 100 mg/L 60 min /

Volume: 400 mL; temperature:
308 K; initial pH = 8.5; TiO2 coated

AC = 1 g/L; lamp source: EDLs

Removal rate
100% [91]

2020
Cimetidine

(pharmacologically active
compounds)

20 mg/L 180
min 200~600 W

Temperature: 298 K; initial
pH = 2~10; dissolved

oxygen = 20~60 mg/L; circulating
fluid velocity: 500 mL/min;

300 TiO2 photocatalytic balls; lamp
source: microwave electrodeless

lamps (MEDLs)

Removal rate
87% [92]

2019
p-chlorophenol (phenols) 10 mg/L 60 min 300~600 W

Volume: 400 mL; 1.4 wt% Ag/TiO2
catalyst = 50 mg; lamp source: a UV

lamp with 300W high pressure

Removal rate
of TOC = 51% [93]

Methyl orange (dyes) Removal rate
of TOC = 69%

2018

1-methyl-4-phenyl-
1,2,3,6-

tetrahydropyridine
(neurotoxin compounds)

1 mg/L
60 min /

Volume: 100 mL; temperature:
298 K; dosage of TiO2

quantum-dot-decorated WO3
nanosheets: 0.1g/L; lamp source:

300 W Xe lamp equipped with a UV
mirror module (λ < 400 nm)

Removal
rate ≈ 88% [94]

Tetanus toxin (neurotoxin
compounds) 20 mg/L Removal

rate ≈ 83%

2017 4-chlorophenol (phenols) 0.15 mM / 400 W

Volume: 500 mL; light intensity:
5.56 W/cm2; temperature: 298 K;

aeration rate: 0.03 m3/h; circulating
fluid velocity: 400 mL/min; TiO2

coated onto Al2O3 balls; lamp
source: MEDLs

/ [95]
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Table 1. Cont.

Year Contaminant and
Its Type

Initial Con-
centration t MW

Power Other Experimental Conditions Removal
Efficiency References

2017 Nitrobenzene (benzenes) 0.2 mM 100
min 500 W

Volume: 500 mL; light intensity:
5.56 W/cm2; temperature: 298 K;

aeration rate: 0.03 m3/h; circulating
fluid velocity: 400 mL/min; initial

pH = 7, TiO2 coated onto Al2O3
balls; lamp source: MEDLs

Removal rate
99% [96]

2016 4-Chloro-2-nitrophenol
(phenols) 30 mg/L 100

min 150 W
Volume: 500 mL; temperature:

298 K; initial pH = 6; TiO2 is anatase
type material; TiO2 dosage: 0.2 g/L

Removal rate
80.5% [97]

2015 Alizarin Green (dyes) 0.08 mM 60 min /

UV light intensity: 1.31 MW/cm2

(main wavelength of 254 nm);
temperature: 338 ± 2 K; aeration

rate: 70 L/h; initial pH = 6.85; TiO2
is nano-scale P25; lamp

source: MEDLs

Decolorization
rate 82% [98]

2014 Active Black 5 (dyes) 400 mg/L 300
min /

pH = 3; TiO2 is P25; TiO2 dosage:
2 g/L; vacuum pressure: −75 kPa;

temperature: 338 K; lamp
source: MEDLs

Decolorization
rate 100% [99]

2012 Cyromazine (insecticides) 100 mg/L 20 min 800 W Volume: 50 mL; TiO2 dosage:
1.0 g/L; lamp source: MEDLs

Removal rate
99.6% [100]

2011 Crystal violet (dyes) 20 mg/L 3 min 800 W
Volume: 30 mL; WM frequency:

2.450 GHz; TiO2 is P25; TiO2 dosage:
1.5 g/L; lamp source: MEDLs

Removal rate
94.4% [101]

2010 Indole (dyes) 50 mg/L 60 min 700 W

Volume: 1000 mL; UV light
intensity: 1450 lx (main wavelength
of 254 nm); pH = 7; aeration process

is added in the system; TiO2 is
prepared by sol-gel method; TiO2

dosage: 0.2 g/L; lamp
source: MEDLs

Removal rate
81.8% [102]

2006 Phenol (phenols) 10 mg/L 30 min 900 W

Volume: 50 mL; circulating fluid
velocity: 15 mL/min; TiO2 is

prepared by sol-gel method; TiO2
dosage: 1~4 g/L; lamp

source: MEDLs

Removal rate
92% [103]

2008 Monochloroacetic acid
(carboxylic acids) 0.1 mol/L 490

min
900–1000

W

Volume: 150 mL; light intensity:
5.56 W/cm2; temperature: 373 K;

aeration rate: 0.03 m3/h; TiO2
coated onto MEDLs; lamp

source: MEDLs

Removal rate
100% [104]

2008 Acid Orange 7 (dyes) 100 mg/L 120
min 700 W

Volume: 750 mL; temperature:
311 ± 1 K; aeration rate: 0.15 m3/h;

TiO2 is P25; TiO2 dosage: 0.5 g/L;
lamp source: U-shaped MEDLs

Decolorization
rate 100% [105]

2007
2,4-

Dichlorophenoxyacetic
acid (herbicides)

0.05 mM 10 min 200 W
Volume: 30 mL; TiO2 is Degussa P25;

TiO2 dosage: 1.67 g/L; lamp
source: MEDLs

Removal
rate ≈ 90% [84]

2007 Atrazine (herbicides) 20 mg/L 5 min 900 W

Volume: 50 mL; initial pH = 8.1;
TiO2 is nanotube; TiO2 dosage:

1 g/L; lamp source; MEDLs
(dominant wavelength is 254 nm)

Removal rate
100% [73]

2007 Reactive Brilliant X-3B
(dyes) 400 mg/L 180

min 700 W

Volume: 1000 mL; temperature:
311 ± 1 K; aeration rate: 0.25 m3/h;

TiO2 is bonded to alumina; TiO2
dosage: 4 g/L; lamp source: MEDLs

Decolorization
rate 100% [106]

2006 Methylene blue (dyes) 100 mg/L 15 min 900 W

Volume: 50 mL; initial pH = 7; TiO2
is prepared by sol-gel method; TiO2

dosage: 0.1–0.4 g/L; lamp
source: MEDLs

Removal rate
96% [72]
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Table 1. Cont.

Year Contaminant and
Its Type

Initial Con-
centration t MW

Power Other Experimental Conditions Removal
Efficiency References

2004 Reactive Brilliant
X-3B (dyes) 400 mg/L 150

min 750 W

Initial pH = 7; TiO2 is a powdery
P25; TiO2 is nanoscale; prepared by
sol-gel method and loaded on the
glass plate; lamp source: MEDLs

Decolorization
rate 56.35% [107]

2005 4-chlorophenol (phenols) 30 mg/L 120
min 750 W

Volume: 1000 mL; TiO2 is a
powdery P25; TiO2 dosage: 1 g/L;

lamp source: 8 UV lamps

Removal rate
82.85% [108]

2004 Bisphenol A (endocrines) 0.1 mM 90 min 300 W

Volume: 30 mL; light intensity:
0.9 mW/cm2; temperature: 423 K;
pressure: 1 MPa; initial pH = 6.7;
TiO2 is Degussa P25; TiO2 dosage:

2 g/L; lamp source: 250 W Mercury
UV lamp

Mineralization
rate 100% [109]

2004
2,4-

Dichlorophenoxyacetic
acid (herbicides)

0.04 mM 20 min 700 W

Volume: 10 mL; initial pH = 3; UV:
310–400 nm; 0.3–0.4 MW/cm2; light

intensity: 2 mW/cm2; TiO2 is
Degussa P25; TiO2 dosage: 5 g/L;

lamp source: Mercury-neon
vacuum lamps

Removal rate
100% [110]

1 the symbol “/” in Table 1 stands for missing information in the literature.

2.4.2. Technical Advantages

As shown in Table 2 and Figure 3, MW/UV/TiO2 provided the best photodegradation
effect compared to other technologies (i.e., MW/UV, MW/TiO2, MW only, UV only, or
TiO2 only). Essentially, MW was recommended to prevent the recombination between the
generated positive holes and electrons on the surface of TiO2. Actually, MW could raise
the pollutants to a higher electronic excited state. This would favor the formation of more
OH· [19]. Even in the absence of the TiO2 catalyst, the effect of organic pollutant removal
could therefore be achieved. However, the degradation efficiency of the pollutants was
significantly reduced when UV light irradiation was not available, even with the presence of
microwave and TiO2. The scientific foundation was that the catalytic system of MW/TiO2,
MW, and TiO2 only could not effectively produce hydroxyl radicals if UV was absent [98,99].
The energy of MW only and the adsorption of TiO2 only were insufficient to break the
chemical bonds of organic pollutants. Thus, it was clear that the microwave played an
auxiliary role in the degradation of organic pollutants using the MW/UV/TiO2 technology.
For example, the difference between the effects of MW/UV/TiO2 and heating/UV/TiO2
on the degradation of bisphenol A was insignificant, indicating that microwave radiation
might play a role in heating [109]. It should also be noted that the addition of oxidizing
agents (e.g., H2O2) would further improve the degradation efficiency of target organic
pollutants in the MW/UV/TiO2 process [95].

Table 2. Ranking of organic pollutants degradation efficiency under different conditions 1.

Type of Pollutant Name of Pollutant Ranking of Organic Pollutants Degradation Efficiency

Phenols

Phenol [103] MW/UV/TiO2 > MW/UV > MW/TiO2 > MW
Bisphenol A [109] MW/UV/TiO2 ≈ Heating/UV/TiO2 > UV/TiO2 > MW

4-Chloro-2-nitrophenol [97] UV/TiO2/MW > UV/TiO2 > MW/UV > UV > MW
4-Chlorophenol [95] MW/UV/TiO2/H2O2 > MW/UV/TiO2 > MW/UV > UV > MW

Dyes

Reactive Black 5 [111] MW/UV/TiO2 > MW/UV >> MW/TiO2 > MW ≈ TiO2
Alizarin green [98] MW/UV/TiO2 > MW/UV >> MW/TiO2 > MW ≈ TiO2

Indole [102] MW/UV/TiO2 > MW/UV/TiO2/Aeration > UV > 40 °C water
bath/Aeration > UV ≈MW
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Table 2. Cont.

Type of Pollutant Name of Pollutant Ranking of Organic Pollutants Degradation Efficiency

Dyes

Reactive Black 5 [111] MW/UV/TiO2 > MW/UV >> MW/TiO2 > MW ≈ TiO2
Alizarin green [98] MW/UV/TiO2 > MW/UV >> MW/TiO2 > MW ≈ TiO2

Indole [102] MW/UV/TiO2 > MW/UV/TiO2/Aeration > UV > 40 °C water
bath/Aeration > UV ≈MW

Reactive Brilliant X-3B [107] MW/UV/TiO2 > MW/UV > MW/TiO2 > UV
Reactive Brilliant X-3B [106] MW/UV-Vis/TiO2 > MW/UV-Vis > MW

Methylene blue [72] MW/UV/TiO2 > MW/UV > MW/TiO2 > MW

Pesticides
2,4-Dichlorophenoxyacetic acid [110] MW/UV-Vis/TiO2 > UV-Vis/TiO2 > MW/TiO2 > MW

Atrazine [73] MW/UV/TiO2 > MW/UV
Cyclizine [100] MW/UV/TiO2 > MW/UV > MW > TiO2

1 The table is derived from the literature and its charts. “≈” means that the values of the two processes are very
close and cannot be visually identified from the literature.
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2.4.3. Photocatalytic Degradation Mechanism

The MW/UV/TiO2 photocatalytic degradation technology is an advanced oxidation
technology based on using hydroxyl radicals to degrade organic pollutants. The principle
of OH· generation is the same as that of UV/TiO2. However, it is true that more OH· can be
produced with MW radiation than without MW radiation, as shown in Figure 4. The OH·,
with a redox potential of 2.8 V, is the second most reactive after the fluorine atom [112]. It is
very highly oxidative and can attack organic contaminants non-selectively [113,114]. As a
result, the photodegradation efficiency of MW/UV/TiO2 was better than that of UV/TiO2.

Scientifically, the degradation process of organic pollutants in the MW/UV/TiO2
system is achieved via OH· generated by catalytic TiO2 absorption of UV with microwave
assistance according to Equations (1)–(8), where the reaction formula (3) occurs in the
alkaline condition, notably [11,60,61,73]. Environmental organic contaminants (EOCs) are
eventually mineralized to CO2, H2O, and salts by OH· oxidation [73,105].

TiO2 + hv→ e− + h+ (1)

h+ + H2O→ OH· + H+ (2)

h+ + OH− → OH· (3)
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e− + O2 → O2
−· (4)

O2
−· + H+ → OOH· (5)

2OOH· → O2 + H2O2 (6)

H2O2 + O2
−· → OH· + OH− + O2 (7)

EOCs + OH· → CO2 + H2O + salts (8)

It can be explained that the microwave causes the TiO2 surface to produce the addi-
tional defect spot, increases the probability of h+ to e− transfer, and simultaneously reduces
the reorganization of h+ to e−. Thus, the MW radiation can enhance the surface activity
of the TiO2. The surface becomes more hydrophobic under the irradiation of both MW
and UV, and it is beneficial to generate a large amount of OH− and O2, which can be
easily converted to OH· by Equations (3)–(7) [115]. Horihoshi et al. demonstrated that
the amount of OH· produced by microwave-assisted photocatalysis was 20% higher than
that of conventional photocatalysis, and therefore MW increased the production rate of
OH· [116]. Additionally, it was found that EOCs could be directly broken down by UV
light under the MW/UV/TiO2 photocatalytic system [73].
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2.4.4. Treatment Application of Wastewater Selection

It can safely be concluded from Table 1 that in the MW/UV/TiO2 system, TiO2 is
the catalyst and UV is the basic requirement to excite the catalyst to produce high-energy
hydroxyl radicals. Microwave radiation serves to enhance the degradation efficiency of
the pollutants. Essentially, MW/UV/TiO2 technology belongs to an advanced oxidation
process based on free-radical degradation reactions. Therefore, this technology has certain
requirements for the selection of wastewater treatment. Technically, MW/UV/TiO2 is more
suitable for refractory organic wastewater containing high concentrations of substances
(e.g., phenol, benzene, dyes, pesticides, etc.). However, it is not capable of treating wastew-
ater involving heavy metals due to the different removal mechanisms, as indicated in
Table 1.

2.4.5. Potential Applications

Synthetically, the catalyst of TiO2 is green and economical, and the cost of the UV-
producing MEDLs is low. Therefore, the MW/UV/TiO2 is an economically viable and
promising technology for the treatment of refractory high-concentration organic wastewater.
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However, the current research was mostly carried out on a laboratory scale, as indicated in
Table 1. The lack of integrated large-scale equipment is a basic constraint to its practical
application on an industrial scale. There is thus an urgent need for manufacturers to develop
specialized equipment tailored to the technical characteristics that meet the requirements
for the wastewater treatment process.

2.5. Factors Affecting the Photocatalytic Efficiency of MW/UV/TiO2.
2.5.1. Pollutant Concentration

The initial concentration of pollutants is a parameter to be considered in the MW/UV/TiO2
photocatalytic treatment of organic wastewater. The target pollutants and their intermediates
can be adsorbed on the surface of the TiO2 and occupy the position of reaction activity, thus
affecting the removal effect [117]. Normally, the removal efficiency decreases as the concentra-
tion increases. Because the organic matter with high content can absorb UV, the UV intensity
is reduced and the arrival of UV at the surface of the catalyst will be also delayed. Subse-
quently, this process limits the availability of OH· and UV photons, resulting in a decrease in
the degradation efficiency of the organic compounds. Conversely, the proportion of organic
matter adsorbed on the TiO2 surface is relatively higher at low initial concentrations, and the
degradation efficiency is therefore better. This conclusion was further strengthened by the fact
that the degradation rate was higher in a system with a lower initial concentration of organic
pollutants, according to the studies conducted by Shokr [97], Xiong [98], and Wang [102].
Moreover, it was true that the MW/UV/TiO2 can effectively mitigate the negative effect of
high concentrations [73,98,111].

2.5.2. TiO2 Dosage

It is clear that the TiO2 dosage significantly affects the treatment effect of the
MW/UV/TiO2 [118]. When the TiO2 dosage is lower, the amount of the generated OH·
is lower, and the photocatalytic oxidation ability to degrade pollutants is lower or even
non-functional. Conversely, as the amount of TiO2 increases, the degradation efficiency
will increase continuously. However, if the amount of TiO2 is more than a certain amount,
the turbidity of the solution will increase, the transmittance of the system will decrease,
the UV incidence will be obstructed, the photon yield will reduce, and the degradation
efficiency will progressively decrease. For this reason, it is recommended to use a moderate
amount of TiO2 [72,97,98,104].

It was worth noting that Crkva coated TiO2 powers to investigate the effect of the
number of coating turns on the photocatalytic degradation efficiency, and found that
multiple coatings did not significantly affect the degradation, suggesting that the active
center of the reaction was at the surface of the TiO2 [104]. In addition, the other study
showed that TiO2 nanotubes would enhance the catalytic activity and would adsorb
more organic compounds due to their larger specific surface area, thereby promoting
photodegradation efficiency [73].

2.5.3. UV Intensity

There is a consensus that the photocatalytic degradation effect of MW/UV/TiO2
improves significantly with increasing UV intensity. At higher UV intensities, more energy
is available to the TiO2 catalyst, and more active centers are formed on the surface. The
production rate of OH· will then be faster, and a higher photocatalytic efficiency can be
achieved. In fact, there is a competitive relationship between the absorption of light energy
by the catalyst and the water solvent. If the UV intensity is low, the pollutant degrading
activity is insufficient, and the photocatalytic reaction is slow [72,103,104]. For example,
Zhang pointed out that UV intensity can raise the temperature of the system, and then
the high temperature can accelerate the degradation of target pollutants [106]. Moreover,
Shokri was of the opinion that the effect of UV light on the degradation efficiency was
related to the type of organic pollutants [97]. However, if the UV intensity is too high, the
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intermediates formed in the process will block the photon attacking the initial contaminant,
ultimately reducing the photocatalytic efficiency [97].

2.5.4. Solution Volume

In MW/UV/TiO2, the initial volume of the solution influences the photocatalytic
efficiency by indirectly absorbing MW and affecting the UV intensity. Since the H2O
solvent is a polar substance, it can absorb MW and compete with MEDLs for microwave
energy absorption [103]. This will cause the MW for excitation MEDLs luminescence
to become less. Then, the effective UV intensity will be lower, resulting in a shorter
effective irradiation time. Finally, it will be detrimental to the degradation of target organic
contaminants [72].

2.5.5. MW Power and Temperature

Variations in MW power can affect the irradiance of MEDLs. Under normal circum-
stances, the UV intensity emitted by MEDLs will increase with the enhancement of MW
radiation [98]. For example, in a study on microwave-assisted photocatalytic degradation
of phenol, it was shown that the effective photocatalytic degradation deteriorated with
decreasing microwave power from 900 W to 450 W. Furthermore, it was believed that
the low MW power could reduce the luminescence time of MEDLs, and then the phenol
exposure time would be shortened. However, it should be noted that the degradation rate
per unit of MW power was higher at low MW power [103].

In the MW/UV/TiO2 photocatalytic system, the thermal effect also influences the
catalytic reaction. Solvent water in the system absorbs microwave energy, and the tempera-
ture will rise. However, too high a temperature will affect the performance of the EDLs.
Therefore, the influence of temperature generally has a tipping point. In the initial stage, the
photocatalytic efficiency increases with the temperature increase. When the temperature
turning point is reached, the efficiency starts to gradually decrease. For example, Xiong
et al. found that the temperature turning point for degrading alizarin green was 65 ◦C [98].
In addition, the optimum temperature for the degradation of reactive brilliant red was
40–45 ◦C with the addition of iron filings [119].

2.5.6. pH

The pH is one of the most critical factors that affect the photocatalytic efficiency of
MW/UV/TiO2. It is clear from Table 1 that all previous studies analyzed the influence of
pH on the degradation of organic pollutants. It is interesting to note the different action
mechanisms in both acidic and alkaline conditions and the optimum pH for removing
organic substances varies significantly.

On the one hand, the pH can alter the surface properties of TiO2. The TiO2 is an
amphoteric oxide with a zero charge (pHzpc) in 5.8–6.4. When the solution is in an acidic
state, the pH value is less than pHzpc. To generate the electron (e−), it is advantageous that
the TiO2 surface is positively charged TiO2

+. The e− combines with adsorbed O2 to form
H2O2 and OH·. This process inhibits the recombination of electrons and holes and thus
improves the reaction rate [60,73,108,119–122]. When the system’s pH is greater than pHzpc,
the surface is negatively charged with TiO2

−. This facilitates the migration of h+ holes
to the surface, and the h+ reacts with the H2O and OH− adsorbed on the surface to form
OH· [73,108,119–121]. Therefore, MW/UV/TiO2 can effectively degrade the target organic
pollutants under both acidic and alkaline conditions, reflecting its superiority [98,108,111].
For example, an experiment for removing alizarin green showed that the difference in
degradation efficiency was small under different pH conditions [98]. Additionally, the
degradation efficiency of cyromazine was excellent in acidic to alkaline conditions [100].
It was also explained why the degradation rate of 4-chlorophenol, which was used by
MW/UV/TiO2, seemed to be slightly increased at both pH = 3 or 9 [108]. Theoretically,
under alkaline conditions, the OH· is produced according to Equations (1)–(3).
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On the other hand, the pH can also affect photocatalytic efficiency by changing the
properties of the target organic pollutants. The organic compounds exhibit electronega-
tivity under acidic conditions and will undergo electrostatic adsorption with positively
charged catalysts (TiO2

+). Because the adsorption of contaminants on the catalyst’s sur-
face is a prerequisite for effective photocatalytic degradation, the degradation efficiency
under acidic conditions was higher than that under alkaline conditions. For example,
while the reactive black was under acidic conditions, they would be negatively charged
sulfonic groups (R-SO3

−) [99]. Ki’s research showed that the photodegradation efficiency of
4-chlorophenol did not increase significantly when the pH was reduced from four to two
by adding hydrochloric acid.

In addition, the degradation rates of nitrobenzene at pH = 2, 4, and 7 were not
shown to differ significantly [96]. Although it was easy to produce OH· under strong
acid conditions, nitrobenzene was a less or non-polar compound that would be better
adsorbed on an uncharged catalyst TiO2 surface near the ZPC [123,124]. As the effects of
the two opposite aspects canceled each other out, the decomposition reaction rate was not
drastically changed [95,123].

2.5.7. Adding an Oxidant

The oxidant H2O2 is added to the MW/UV/TiO2 photocatalytic system and can be
excited by UV light to generate OH· according to Equations (3)–(9). Moreover, it can also
directly react with O2

−· to generate OH· via Equation (10). Consequently, this process
will produce more OH· and accelerate the degradation of organic matter [95,104,107,125].
However, the excessive addition of H2O2 can reduce the surface activity of TiO2 and eliminate
the OH·, which is not conducive to photocatalysis [95,126,127]. Similarly, the appropriate
addition of oxygen via aeration contributes to the degradation of contaminants but excessive
aeration is detrimental [95,104]. If S2O8

2− and Fe3+ are added to the MW/UV/TiO2 system,
the degradation efficiency of reactive bed X-3B can be improved. The S2O8

2− can generate
SO4

−· (Eθ = 2.6 eV), which is another strong oxidant, according to Equation (11). Fe3+ can also
cause OH· according to Equations (12) and (13) [97].

H2O2 + e− → OH· + OH− (9)

H2O2 + O2
−· → OH· + H2O (10)

S2O8
2− + e− → SO4

−· + SO4
2− (11)

Fe3+ + e− → Fe2+ (12)

Fe(OH)2+ + hν→ OH· + Fe2+ (13)

Furthermore, the effect of additional O3 is also investigated in the microwave-assisted
photocatalytic system. The degradation rate of 2,4-D increases with increasing ozone
dosage. O3 molecules can enhance OH· radical formation according to the following
Equation (14) [126].

O3 + H2O→ 2OH· + O2 (14)

2.5.8. Anions

The degradation efficiency of the target organic pollutants will be reduced in the
presence of anions (such as Cl−, CO3

2−, SO4
2−, NO3

−, I−, etc.) in the MW/UV/TiO2
system. On the one hand, as shown in Figure 5, these anions have competitive adsorption
with organic pollutants. They can be adsorbed on the surface of the catalysts to occupy
reactive sites, resulting in a decrease in the activity of the catalyst. On the other hand, these
anions can react with OH· and consume OH· according to Equations (15)–(17) [104,106].
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For example, CO3
2− can consume OH· and change the pH of the reaction system, and

records the most significant negative effect [128]. The NO3
− can generate OH· according

to Equation (18), which is beneficial to the occurrence of photocatalysis. The promotion
will be counteracted by the side effects caused by the anion adsorption. Therefore, NO3

−

has little impact on the degradation rate [106]. Iodide ion is an excellent scavenger that
can react with valence band holes and OH· [129]. When I- was used as a diagnostic tool
to suppress the hole and OH· process, the photocatalytic degradation of the system was
primarily inhibited [105].

Cl− + OH· → Cl· + OH− (15)

CO3
2− + OH· → CO3

2−· + OH− (16)

SO42− + OH· → SO4
−· + OH− (17)

NO3
− + hν + H2O→ OH· + OH− + NO2· (18)
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2.5.9. Circulating Fluid Velocity

The fast circulating fluid velocity can improve the degradation rate up to certain
threshold levels. For example, the degradation efficiency of 4-chlorophenol increased
significantly when the flow rate was increased from 200 mL/min to 400 mL/min. However,
the growth effect was not evident thereafter and even decreased when it was increased
to 600 mL/min [95]. Moreover, Hong et al. also considered that the residence time
of the solution in the reactor would be shortened at high flow rates. Explicably, the
effective time of the photocatalytic reaction was shortened, which reduced the degradation
efficiency [103].

3. Conclusions

(1) The MW/UV/TiO2 photocatalytic technology is an efficient and new oxidation treat-
ment technology with excellent application prospects in organic wastewater treatment.
It has the advantages of a high removal rate, a short time, a wide concentration range,
low cost, and higher stability;

(2) The MW/UV/TiO2 photocatalytic technology can be used to treat a wide range of
organic pollutants, including phenols, benzene, dyes, pesticides, carboxylic acids, en-
docrine substances, and so on. The processes have optimized the variables such as the
wavelength of ultraviolet light (254 nm) and microwave power (700–900 W), and the
catalyst TiO2 is nanomaterial P25. The photodegradation effect of the MW/UV/TiO2
process was preferable to that of MW/UV, MW/TiO2, UV, TiO2, and MW;

(3) The strong oxidation OH· was rapidly produced on the surface of catalyst TiO2 under
microwave and ultraviolet irradiation. The number and speed of OH· played decisive
roles in the degradation efficiency of organic pollutants;
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(4) The main factors influencing the photocatalytic efficiency of MW/UV/TiO2 are initial
pollutant concentration, initial solution volume, TiO2 dosage, UV intensity, microwave
power, temperature, pH, oxidants, anions, and solution circulation fluid velocity.
Overall, the high initial pollutant concentration, the large initial solution volume, and
the addition of anions are unfavorable to the photocatalytic reaction. However, the
strong UV and MV irradiation can promote photocatalytic efficiency. There was a
turning point in the effect of TiO2 dosage, temperature, and solution circulation speed
on the photocatalytic efficiency;

(5) The addition of oxidants generally improved the degradation of the contaminants.
The pH of the system is a critical factor due to the completely different reaction
mechanisms under acidic and alkaline conditions.

4. Proposed Future Research Directions

(1) The MW/UV/TiO2 photocatalysis technology was implemented on a laboratory scale
with a single pollutant source presently. It is proposed to apply this technology to
complex natural water bodies such as surface and groundwater, industrial effluents,
etc. In addition, this technology should address emerging environmental pollutants
and broaden the scope of applications

(2) Currently, most of the MW-emission equipment used in the experiment is household
microwave ovens, where the operation is unstable and the microwave transmitter
is unreasonable. Therefore, efforts should be done to improve the professional MW
transmitting device;

(3) Modification of titanium dioxide catalyst can be opted for alteration in its structure to
increase its active specific surface area. Metals with the catalytic activity carried on
the surface of TiO2 (e.g., metal-doped TiO2) can also be further explored/optimized;

(4) Current research rarely involves the study of the energy consumption of MW/UV/TiO2
photocatalytic systems. However, most of the microwave energy is absorbed by polaristic
water and converted into thermal energy. The effective part utilized to excite MEDLs
and TiO2 is less. Therefore, this shortcoming seriously restricts the technical application
and development of high-efficiency wastewater treatment. Urgent efforts are needed to
overcome this fundamental challenge in order to effectively utilize microwave energy
on an industrial scale.
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