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Microwave (MW)-induced oxidation and ultraviolet (UV)/TiO  photocatalytic technologies are widely used for organic

wastewater treatment. Furthermore, the combination of these technologies (MW/UV/TiO ) result in a new advanced

oxidation process. As a green and efficient photocatalytic degradation technology, MW/UV/TiO  is favored for its

advantages of high removal rate, short time use, wide concentration range, low cost, good stability, and no secondary

pollution.
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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, corresponding to wavelengths of 1 cm and 1 m (see Figure 1) . 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 . 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 .

Figure 1. The wavebands of microwave and ultraviolet in the electromagnetic waves.

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 . 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 sterilization, regeneration and preparation of functional

materials, and other physico-chemical and biological research fields .

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 

, sludge recycling , and solid waste reduction . For example, some substances (e.g., Cu/GAC) have minimal

degradation efficiencies under conventional conditions and belong to the non-catalysts in the degradation of organic

pollutants . However, a hotspot effect radiated by MW can be on the surface of these substances, resulting in the easy

degradation of organic pollutants . 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 .

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 . Moreover, MW

irradiation can treat solid waste to promote its solidification, reduce its volume, stabilize heavy metals, and reduce

leaching . More importantly, landfill leachate can be rapidly discolored, and total organic carbon (TOC) can be
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reduced by microwave treatment combined with strong oxidizers. Meanwhile, the elimination rates of chemical oxygen

demand (COD) and NH -N are significantly higher than that of the non-microwave treatment .

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 . 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 . UV

irradiation has a variety of applications in advanced oxidation processes (AOPs) for the degradation of organic

wastewater contaminants. . For example, two water pollutants, ranitidine and nizatidine, could be effectively degraded

under UV irradiation . In principle, some oxidants (e.g., H O , HClO, and S O ) 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 SO ·, respectively 

. The OH·, for example, could rapidly and non-selectively destroy most organic pollutants, degrading them to CO ,

H O, and mineral salts in water . The previous literature showed that organic effluents, such as azathioprine ,

sulfamethoxazole , ibuprofen , thiamphenicol , cyclophosphamide, and 5-fluorouracil  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 

.

3. UV/TiO  Photocatalysis Technology

Titanium dioxide (TiO ), 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 stability . Thus, it has been applied to significant applications as the most widely used

benchmark photocatalyst in the field of environmental protection . Figure 2 depicts the UV/TiO  photoactivation

mechanism. Under the action of UV irradiation, the electron (e )~hole (h ) pairs are formed on the surface of the TiO

catalyst in the aqueous solution. Subsequently, O  and OH  can trap the e ~h  pairs and adsorb on the surface, and then

generate the highly reactive O · and OH·, respectively, to degrade organic pollutants .

Figure 2. The mechanism of UV/TiO  photoactivation.

UV/TiO  photocatalysis has been shown to have strong redox potential, high photocatalytic efficiency, low cost, and no

secondary pollution . 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/TiO  reached up to 96% and 99%, respectively, after

240 min . In total, 97% of p-chlorophenol in the solution could be degraded by UV/TiO  in combination with a Fenton

reagent . In addition, UV/TiO  could be effective in treating dyes (e.g., rhodamine B, methyl orange, methyl blue,

amaranth dye), antibiotic compounds, and endocrine disruptors in water .

4. MW/UV/TiO  Photocatalysis Technology

MW/UV/TiO  photocatalysis, a novel technology for environmental organic pollutant disposal, was developed by

combining microwave irradiation with UV/TiO  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/TiO

photocatalysis. As a result, the degradation efficiency of organic pollutants is greatly improved, and the concentration
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range is wider, especially for refractory organics, with fast and efficient treatment effects through the synergistic actions of

MW, UV, and TiO  .

4.1. Technical Features

In detail, TiO  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.

The types of organic pollutants removed by MW/UV/TiO  are phenol, benzene, dyes, pesticides, carboxylic acids,

endocrine substances, 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/TiO , its removal rate could be as high as 96% within 15 min . Notably, herbicide could be

completely degraded in 5 min .

The majority of the catalysts in the MW/UV/TiO  are newer and more effective commercial powders of P25 . The

P25 powders are a mixture of anatase and rutile crystallites, and the reported ratio is typically 70:30 or 80:20 . As the

co-presence of anatase and rutile crystallites increases the density defects in the TiO  lattice, it can enhance the charge

separation and improve the utilization efficiency of electron–hole pairs . Scientifically, nanoscale TiO  has a greater

ability to trap solution components (e.g., water, oxygen, and organic matter) on its surface than conventional TiO  

. More importantly, nano-sized TiO  has excellent UV absorption capability . 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/TiO  photocatalytic

system.

The UV lamp sources for the MW/UV/TiO  are microwave-powered electrodeless discharge lamps (MEDLs), which have

many advantages including the absence of electrodes, low price, low energy cost, and simple reactor configuration .

The luminescence 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. . 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 . 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) . This degradation method using MEDLs is a promising technology for the treatment of recalcitrant

organic compounds based on economy and efficiency .

Generically, most of the MW reactors used in studies operated at 2.45 GHz . 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/TiO  photocatalysis to remove the organic pollutants.

4.2. Technical Advantages

As shown in Figure 3, MW/UV/TiO  provided the best photodegradation effect compared to other technologies (i.e.,

MW/UV, MW/TiO , MW only, UV only, or TiO  only). Essentially, MW was recommended to prevent the recombination

between the generated positive holes and electrons on the surface of TiO . Actually, MW could raise the pollutants to a

higher electronic excited state. This would favor the formation of more OH· . Even in the absence of the TiO  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 TiO . The

scientific foundation was that the catalytic system of MW/TiO , MW, and TiO  only could not effectively produce hydroxyl

radicals if UV was absent . The energy of MW only and the adsorption of TiO  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/TiO  technology. For example, the difference between the effects of MW/UV/TiO  and

heating/UV/TiO  on the degradation of bisphenol A was insignificant, indicating that microwave radiation might play a role

in heating . It should also be noted that the addition of oxidizing agents (e.g., H O ) would further improve the

degradation efficiency of target organic pollutants in the MW/UV/TiO  process .
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Figure 3. Degradation of organic pollutants efficiency under different process conditions.

4.3. Photocatalytic Degradation Mechanism

The MW/UV/TiO  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/TiO . 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 . It is very highly oxidative and can attack

organic contaminants non-selectively . As a result, the photodegradation efficiency of MW/UV/TiO  was better than

that of UV/TiO .

Figure 4. The role of microwave in MW/UV/TiO  photocatalytic technology.

Scientifically, the degradation process of organic pollutants in the MW/UV/TiO  system is achieved via OH generated by

catalytic TiO  absorption of UV with microwave assistance according to Equations (1)–(8), where the reaction formula (3)

occurs in the alkaline condition, notably . Environmental organic contaminants (EOCs) are eventually

mineralized to CO , H O, and salts by OH· oxidation .

TiO  + hv → e  + h (1)

h  + H O → OH· + H (2)

h  + OH  → OH    (3)

e  + O  → O ·    (4)

O  + H  → OOH    (5)

2OOH· → O  + H O (6)

H O  + O · → OH· + OH  + O (7)

EOCs + OH· → CO  + H O + salts    (8)
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It can be explained that the microwave causes the TiO  surface to produce the additional 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 TiO . 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 O , which can be easily converted to OH· by Equations

(3)–(7) . 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· .

Additionally, it was found that EOCs could be directly broken down by UV light under the MW/UV/TiO  photocatalytic

system .

4.4. Treatment Application of Wastewater Selection

It can safely be concluded that in the MW/UV/TiO  system, TiO  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/TiO  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/TiO  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 wastewater involving heavy metals

due to the different removal mechanisms.

4.5. Potential Applications

Synthetically, the catalyst of TiO  is green and economical, and the cost of the UV-producing MEDLs is low. Therefore, the

MW/UV/TiO  is an economically viable and promising technology for the treatment of refractory high-concentration

organic wastewater. However, the current research was mostly carried out on a laboratory scale. 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.
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