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a b s t r a c t

Heterogeneous photocatalysis is considered a suitable approach for decontamining and mineral-
izing organic pollutants because of its high efficiency, low energy consumption, and satisfactory 
environmental compatibility. However, photocatalyst deactivation has been pointed out as a key dis-
advantage that hinders practical applications. This paper provides a literature review on deactiva-
tion and regeneration of photocatalysts, with aspects such as lifetime, deactivation mechanism, and 
regeneration efficiency/characterization of deactivated photocatalysts being comprehensively stud-
ied. We believe this work can help better understand the deactivation and regeneration processes of 
photocatalysts, which is necessary to prolong the lifetime of these materials and to further improve 
the practical application of photocatalysis.

Keywords: Photocatalysis; Photocatalyst; Deactivation; Regeneration; Lifetime

1. Introduction

Advanced oxidation processes (AOPs) such as UV/
H2O2 [1–5], ozonation [6–10], Fenton [11–15], sonolysis [16–
20], and photocatalysis [21–25] have been widely explored 
to mitigate a large variety of pollutants present in various 
environmental media. As one of the novel AOPs, heteroge-
neous photocatalytic oxidation was developed in the 1970s 
and acquires special interest when solar light is used. When 
photo energy is greater than or equal to the band gap energy 
of photocatalysts, the electron will be photoexcited to the 
empty conduction band in femtoseconds, meanwhile cre-
ating the electron-hole pair. After series of chain reactions, 
powerful active oxidants of hydroxyls formed, which is 
capable of decomposing almost all types of organic contam-
inants. Photocatalysis finds applications in air purification 

and wastewater treatment, although it suffers from pho-
tocatalyst deactivation as the reaction proceeds. By apply-
ing photocatalyst on polluted air, the strong adsorption 
of products or intermediates on the photocatalyst surface 
hindered the photocatalytic activity of the photocatalyst. 
When treating wastewater, deactivation mechanism is more 
complex considering the complicacy of effluent. From the 
economical point of view, photocatalyst deactivation rep-
resents a major drawback hindering industrial applications. 
Recently, significant effort has been devoted to clarify the 
origin of photocatalyst deactivation and overcome this 
issue. Some aspects related to photocatalyst deactivation 
and regeneration need to be emphasized: (i) determining 
photocatalyst deactivation, (ii) deactivation reasons other 
than strong surface adsorption of some intermediates and 
products, (iii) selection of a suitable regeneration methods, 
and (iv) methods solving or mitigating photocatalyst deac-
tivation other than regeneration.
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This paper provides a critical review on recent research 
studies dealing with deactivation and regeneration of pho-
tocatalyst. In particular, this review focuses on the following 
aspects: quantification of photocatalyst lifetime, photocata-
lyst deactivation mechanisms, regeneration of deactivated 
photocatalysts, additional anti-deactivation approaches, 
and characterization of deactivated/regenerated photo-
catalysts. Certain classification has been applied in terms 
of different research field (air or wastewater treatment) if 
possible in the main text. We believe that a better under-
standing of these aspects is helpful in further expanding the 
practical applications of photocatalysis. 

2. Summary of experimental conditions

According to the photocatalysts in liquid or gaseous 
media, the main experimental conditions (e.g., target con-
taminant, photocatalyst, light source, and photoreactor used) 
in published studies dealing with photocatalyst deactivation 
and regeneration are separately listed in Tables 1 and 2.

2.1. Target contaminant

The main gaseous target contaminants include toluene, 
NO, H2S, acetylene, and cyclohexane, while the main liquid 
target contaminants studied have been organic dyes, waste-
water, phenol, Cr(VI), and phthalic acid. Despite the large 
number of contaminants studied, published works mostly 
focused on the single removal of various compounds in the 
laboratory under idealized conditions [31]. Recently, target 
contaminants from real wastewater or ambient air were 
used to study photocatalyst deactivation under more real-
istic practical engineered treatment operations. Moreover, 
compared with single compounds under laboratory con-
ditions, real wastewater and ambient air samples contain 
numerous components that can complicate the deactivation 
process.

Carbonaro et al. [45] monitored the degradation of four 
pharmaceutical micropollutants (i.e., iopromide, acetamin-
ophen, sulfamethoxazole, and carbamazepine) from both a 
pH-buffered electrolyte solution and a biologically treated 
wastewater effluent (WWE) with the aim to study the effects 

Table 1
Experimental conditions of published studies dealing with photocatalyst deactivation and regeneration in gaseous phase

Year Target contaminant Photocatalyst
(self-made/commercial)

Light source
(UV/VL)

Photoreactor 
(batch flow/
continuous flow)

Ref.

2003 Octamethyltrisiloxane TiO2 thin films Self-made Black light bulbs UV Batch flow [26]
2003 Diethyl sulfide UV-100 TiO2 deposited 

onto the internal surface 
of a Pyrex coil

Self-made Six 8W UV UV Continuous flow [27]

2004 n-C7H16, SO2 ZnO, TiO2 Self-made 400W high pressure 
mercury lamp (365 nm)

UV Batch flow [28]

2008 Toluene TiSn, TiZr,
TiO2/SnO2,
TiO2/ZrO2

Self-made Four 6W UV (356 nm) UV Continuous flow [29]

2008 H2S TiO2/M-MCM-41  
(M = Cr or Ce)

Self-made OSRAM L8W/954 
(460, 540 and 615 
nm);PHILIPS TL8W/05 
FAM (365 nm)

UV/VL Continuous flow [30]

2010 Ambient office air in 
two office building 

Degussa P25, 3wt% WO3 
coated on Degussa P25

Commercial/ 
Self-made

Philips TUV 16W T5 
4P-SE

UV Continuous flow [31]

2011 NO Pt/TiO2 Self-made 15 W low pressure 
mercury lamp(365 nm)

UV Batch flow [32]

2011 Toluene 
methylcyclohexane

TiO2-ZnO thin film Self-made Four 4 W Black light 
lamps 

UV Continuous flow [33]

2011 Cyclohexane MoOx/TiO2 Self-made 40 W fluorescent lamp 
(365 nm)

UV Continuous flow [34]

2012 H2S TiO2 was loaded on the 
support.

Self-made 8 W (185 nm, 254 nm, 
365 nm)

UV Continuous flow [35]

2013 Toluene TiO2 P25 Commercial 4 W UV (365 nm) UV Continuous flow [36]
2014 Acetylene P25 Degussa TiO2 

nanoparticles deposited 
on glass fibres

Self-made Two 24 W Philips UV 
lamps (365 nm).

UV Continuous flow [37]

2015 NO TiO2-rGO Self-made 35 W incandescent 
lamp from Philips 
Company

VL Continuous flow [38]
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of non-target constituents present in theWWE matrix. The 
reactor performance remained stable for over 7d when treat-
ing micropollutants in the buffered electrolyte. When the 
reactor influent was switched to WWE, the treatment effi-
ciencies decreased to varying degrees. A large fraction of the 
initial catalytic activity was recovered upon switching back 
to the buffered electrolyte influent after 4 d. However, a frac-
tion of the activity was not recovered, thereby revealing that 
both the effluent organic matter and the inorganic constitu-
ents in the WWE contributed to the observed photocatalyst 
deactivation. These results demonstrated the marked influ-
ence of non-target constituents present in complex matrices 
on the long-term photocatalyst activity. In addition, these 
results highlighted the need for further study on this import-
ant issue with the aim to advance the development of practi-
cal photocatalytic water treatment technologies.

Hay et al. [31] carried out field tests by prototype reac-
tors in two office building locations in CT, USA with the aim 
to investigate photocatalyst deactivation by silicon-contain-
ing volatile and semi-volatile organic compounds (VOCs 
and SVOCs, respectively) and to in situ determine the dura-
bility of the photocatalyst in an office environment. A rapid 
catalyst deactivation was observed in photocatalytic air 
purifiers deployed in ambient office air. This deactivation is 
complex since it likely involves multiple mechanisms and 
requires further study.

Hence, photocatalyst deactivation under real wastewa-
ter or ambient air practical treatment conditions requires 
further study.

2.2. Photocatalysts

In the photocatalyst research, there are commercial pho-
tocatalysts (e.g. Degussa P25 and Hombikat UV 100) and 
self-made photocatalysts. Most self-made photocatalysts 
are investigated in order to enhance photocatalytic activity 
and efficiency, the photostability and anti-photocorrosion 
[49–53]. Nevertheless,the main factors influencing photo-
catalyst lifetime require further study.

2.3. Light sources

The number of studies dealing with photocatalyst 
deactivation and regeneration under visible light (VL) is 
increasing. Xenon, incandescent, and halogen lamps have 
been used as solar light simulators and visible light source. 
Shavisi et al. [46] used natural solar light to degrade ammo-
nia in petrochemical wastewater.

Photocatalysts are typically doped with the aim to make 
them active towards visible light. Therefore, the deactiva-
tion and regeneration mechanisms of photocatalysts under 
UV light are different than those of doped photocatalysts 
under visible light conditions. Portela et al. [30] reported 
Cr6+/Cr5+ as the only photospecies susceptible to absorb 
visible wavelength photons. However, Cr6+ was reduced 
to Cr3+ as a result of the photocatalytic process, thereby 
increasing the concentration of Cr3+ and contributing to the 
deactivation of the catalyst. Kaewgun and Lee [43] reported 
on a failed regeneration of a NMP-200 catalyst, and this was 

Table 2
Experimental conditions of published studies dealing with photocatalyst deactivation and regeneration in liquid phase

Year Target contaminant Photocatalyst 
(self-made/commercial)

Light source 
(UV/VL)

Photoreactor 
(batch flow/
continuous flow)

Ref.

2005 Cr(VI) TiO2 Self-made 125W (300–400 nm) UV Batch flow [39]
2006 Phenol TiO2-anatase thin films 

were deposited on a 
fiberglass 

Self-made 15 W low pressure 
mercury lamps 

UV Batch flow [40]

2009 Dyes CdS/HMS-PDDA Self-made Xenon lamp 120 W 
(>420 nm)

VL Batch flow [41]

2010 Cyclohexane HombikatUV 100, 
Hombikat was calcined 
at 600ºC, Solaronix 
nanopowder is designed for 
coatings(S450)

Commercial/ 
Self-made

50 W high pressure 
mercurylamp  
(275 nm–388 nm)

UV Continuous flow [42]

2010 Organic dye WACS-200
NMP-200

Self-made A Spectrolineblack 
light lamp (365 nm 
and 182 W) and a  
150 W halogen lamp

UV/ VL Batch flow [43]

2012 Phthalic acid TiO2 P25 Commercial 120 W high pressure 
mercury lamp

UV Batch flow [44]

2013 Wastewater effluent TiO2 thin films Self-made 15W UV-A (365 nm) UV Continuous flow [45]

2014 Waste water TiO2/LECA Self-made Natural solar light VL Batch flow [46]
2014 15 selected emerging 

contaminants in water
TiO2 immobilized on glass 
spheres

Self-made 2.2 kW Xenon arc 
lamp

VL Batch flow [47]

2016 Methyl orange TiO2 P25 Commercial 12 W lamps (254 nm) UV Continuous flow [48]
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tentatively ascribed to the removal of some of the nitrogen 
species responsible for visible light activation and to the 
decrease in the surface area produced by the high regener-
ation temperature.

2.4. Photoreactor

Batch or continuous-flow photoreactors have been used 
to study the deactivation of photocatalysts. Compared to 
batch photoreactors, continuous-flow reactors can better 
simulate real treatment systems and are therefore preferred 
to study photocatalyst stability, inhibition, and deactivation 
[37]. Among all the continuous flow reactors, the hard-core 

photocatalytic reactor equipped with built-in light source 
manufactured by W.-W Yang has shown the potential appli-
cation. From Fig. 1 [38], we can see the reactor is connected 
with flue gas analyzer, making it convenient to evaluate 
NO removal. Continuous-flow photoreactors are typically 
based on immobilized photocatalyst systems in which the 
catalyst particles are deposited on substrates such as glass 
fibers (Fig. 2) [37], foam nickel catalyst support (Fig. 3) [35], 
and pyrex coil (Fig. 4) [27].

Photocatalytic membrane reactors (PMRs) combining 
photocatalysis with membrane filtration represent a prom-
ising approach for separating and reusing suspended 
photocatalysts. These reactors open the possibility for 

Fig. 1. Schematic diagram of experimental apparatus for photocatalytic activity evaluation [38].

Fig. 2. The scheme of photocatalyst system using glass fibers as support [37].
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performing continuous-flow photocatalysis degradation, 
and can be used to study deactivation and regeneration of 
photocatalysts. As shown in Fig. 5, Yan et al. [48] designed 
a new PMR with the UV lamp and the hollow-fiber MF 
membrane unit placed at the center of the PMR tank and 
continuous aeration provided by an air diffuser placed at 
the bottom of the tank. The reactor helped to perform con-
tinuous-flow experiment and collect spent photocatalysts 
for degradation analysis.

Based on the experimental conditions, a summarized 
conclusion could be drawn: the deactivation mechanism is 
more complex by adopting the real waste water or ambi-
ent air as the target pollutants. Recently, the steady of the 

self-made photocatalyst are focused on. The main effect-
ing factors on photocatalyst lifetime are still required fur-
ther study. The mechanism and the experimental methods 
under the visible light are different than those under the UV 
light. The continuous photo-reactor with the catalyst sup-
port such as the glass fiber, is convenient to the deactiva-
tion mechanism. However, the detached troubles could not 
be ignored either. PMR could be an alternative continuous 
photo-reactor, because the membrane could intercept the 
powder photocatalyst in PMR.

3. Quantification of photocatalyst lifetime

The deactivation of photocatalysts and the quantifica-
tion their lifetime are reviewed in Table 3. Photocatalyst 
deactivation is calculated as by dividing the target con-
taminant concentration after and before degradation (Cout/
Cin) or by determining the conversion rate for a target con-
taminant concentration. Yang et al. [41] reported a C/C0 of 

Fig. 3. The scheme of photocatalyst system using foam nickel catalyst as support [35].

Fig. 4. The scheme of photocatalyst system using pyrex coil as 
support. (1) Pyrex coil with TiO2 deposited on the inner side; 
(2) coil inlet and outlet; (3) ultraviolet lamps; (4) housing with 
attached aluminum foil [27].

Fig. 5. The general scheme of PMR setup [48].



X. Yan et al. / Desalination and Water Treatment 124 (2018) 160–176 165

0  after the first run, and this value increased to ca. 1 after 
the third run, thereby revealing an activity loss. Jeong et al. 
[36]reported that the Cout/Cin of toluene increase up to 0.7, 
which implied that the photocatalyst was deactivated by 
reaction intermediates. Li et al. [35] reported a H2S conver-
sion drop from 99.60 to 25.88% after 50 h of illumination, 
thereby revealing a serious deactivation.

Quantification of the photocatalyst lifetime depends on 
the photoreactors type (i.e., batch or continuous-flow pho-
toreactors).

Jing et al. [28] used a batch photoreactor and consid-
ered a reactive period of 3 h during the lifetime measure-
ment process. The next reactive period began once the 
earlier reactive period was finished. The above process was 
repeated until constant concentration. The overall reaction 
time was referred to as lifetime. Yang et al. [41] also used a 
batch photoreactor with a C/C0 of ca. 1 after the third run, 
thereby revealing that the photocatalyst lost its activity (i.e., 
the photocatalyst remained active for 3 runs).

Continuous-flow photoreactors are more suitable for 
quantifying photocatalyst lifetime by determining the reac-
tion time. Jeong et al. [36] reported a photocatalyst lifetime 
of 1200min, while Li et al. [35] reported a photocatalyst life-
time of 50 h. Moreover, the mass of the target contaminants 
degraded by a unit mass of the photocatalyst can also be 
used to describe the photocatalyst lifetime. Vorontsov et al. 
[27] reported that ca. 2.5 g of DES were degraded by 310 
mg of photocatalyst before complete photocatalyst deacti-
vation, leading to a lifetime of 8.06 g DES/gTiO2, which is 
more accurate and practical.

There is no unique definition for the unit of photocat-
alyst lifetime. The most exact definition is gDES/gTiO2 in 
Vorontsov et al. [27] by using the continuous-flow photo-

reactors. Based on the limited literature, it is suggested to 
apply g target contaminant/g photocatalyst to characterize 
photocatalyst lifetime treating liquid contaminant. 

4. Photocatalyst deactivation mechanisms

The main reasons behind photocatalyst deactivation 
recently reported are listed in Tables 4 and 5. According 
to Tables 4 and 5, the deactivation mechanisms are similar 
when treating gas and liquid pollutant. Catalyst deacti-
vation is typically explained via reduction in the number 
of available surface active sites by strong surface adsorp-
tion of some intermediates and products formed during 
the photocatalytic degradation. Compare with the gas, the 
intermediates and products are more easily detached from 
the surface of the photocatalyst in the liquid phase. The 
intermediates leading to photocatalyst deactivation have 
been studied in detail. Cao et al. [54] reported that, during 
the degradation process of toluene, deactivation of TiO2 
catalysts was produced by the chemisorption of interme-
diates such as benzaldehyde and benzoic acid. Yang et al. 
[38] studied the degradation process of NO by Fourier 
transform infrared spectroscopy (FTIR) and showed that 
the nitrates attached to the photocatalysts were respon-
sible for deactivation of TiO2-rGO/ASC. Vorontsov et al. 
[27] studied the degradation of diethyl sulfide and identi-
fied sulfuric acid as the final surface product causing cat-
alyst deactivation.

The reasons behind the deactivation of modified pho-
tocatalysts are not constrained to strong surface adsorption 
of some intermediates. Thus, Zhang and Yu [55] studied the 
degradation of acetone by Ag-TiO2 and invoked aggregation 

Table 3
Summary of photocatalyst lifetime quantification

Target 
contaminant

Photocatalyst Photoreactor (Batch 
/Continuous flow)

Determination of photocatalyst deactivation 
and quantification of photocatalyst lifetime 

Description of 
the lifetime

Ref.

n-C7H16, SO2 ZnO, TiO2 Batch Three hours was considered as a reactive 
period. The process was repeated until the 
concentration of n-C7H16 (or SO2) did not 
change. The total reactive times was referred 
to as lifetime. 
ZnO nearly lost all activity after 6 reactive 
periods (18 h) for degradation of n-C7H16.
ZnO and TiO2 both lost nearly all activity after 
5 reactive periods(15 h) for degradation of SO2.

15 h or 18 h [28]

Toluene TiO2 P25 Continuous flow As the reaction was progressed for 1200 min, 
Cout/Cin of toluene increase up to 0.7, this 
implies the photocatalyst was deactivated.

1200 min [36]

Diethyl 
sulfide

Deposited TiO2 Continuous flow About 2.5 g of DES would be destroyed on 310 
mg of photocatalyst before complete catalyst 
deactivation.

8.06 g DES/g 
TiO2

[27]

Eosin B CdS/HMS Batch The catalyst CdS/HMS after 1st run C/C0 is 
0, however in 3rd run, C/C0 was ca. 1, which 
implies loss of activity. 

3rd run [41]

H2S TiO2 Continuous flow Under continuous flow mode, H2S conversion 
dropped from 99.60 to 25.88% after 50 h of 
illumination, indicating a serious deactivation.

50 h [35]
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of silver nanoparticles during the photocatalysis to explain 
the photocatalyst deactivation. Portela et al. [30]studied the 
degradation of H2SonTiO2/M-MCM-41 (M = Cr or Ce) and 
explained the catalytic deactivation by the reduction of Cr6+ 
to Cr3+. Wu et al. [32] studied the degradation of NO on Pt/
TiO2 and observed changes in the oxidation sates of Pt of 

spent samples by X-ray photoelectron spectroscopy (XPS), 
which could result in the deactivation of Pt/TiO2.

As indicated above, most of the research studies pub-
lished focused on the single removal of various compounds. 
Carbonaro et al. [45] investigated the long-term perfor-
mance of photocatalysts when dealing with more complex 

Table 4
Summary of the reasons of photocatalyst deactivation in gaseous phase

Target contaminant Photocatalyst Reason of photocatalyst deactivation Ref.

n-C7H16, SO2 ZnO, TiO2 The deactivation mainly resulted from a semiconductor surface 
conduction change from N-type to P-type after the deactivation.

[28]

Toluene TiO2 P25 The adsorbed toluene produced deactivation, and the benzaldehyde 
generated mainly under low RH conditions by partial oxidation of 
toluene was the other cause of TiO2 deactivation.

[36]

Diethyl sulfide Deposited UV-100 
TiO2

Sulfuric acid was detected as the final surface product causing catalyst 
deactivation.

[27]

Toluene TiBTiC Deactivation of TiO2 catalysts was produced by chemisorption of 
intermediates such as benzaldehyde and benzoic acid. 

[54]

Acetylene Deposited P25 
Degussa TiO2

Deactivation of catalyst was produced byadsorbed organic acids on the 
surface of the photocatalyst.

[37]

Toluene 
methylcyclohexane

TiO2-ZnO thin film Deactivation of catalyst was produced by the accumulation of highly 
stable partially oxidized compounds on the catalyst surface.

[33]

Acetone Ag-TiO2 The partially oxidized products not only accumulate on the surface 
of TiO2, but also interact with Ag nanoparticles. Deactivation may 
also be caused by the aggregation of silver nanoparticles during the 
photocatalytic process.

[55]

H2S TiO2 Catalyst poisoning was caused by the by-product S0. [35]
NO Pt/TiO2 Deactivation of TiO2 catalysts was produced by the changes in the 

oxidation sates of Pt observed in the XPS scans over used samples.
[32]

NO TiO2-rGO Deactivation of catalysts was produced by nitrates attaching on 
photocatalysts.

[38]

H2S TiO2/M-MCM-41 
(M = Cr or Ce)

Deactivation of catalysts was caused by the reduction of Cr6+ to Cr3+and 
the blockage of active sites by sulfate accumulation on the surface.

[30]

Ambient office air in 
two office building 
locations in CT, USA

3 wt% WO3 coated 
on Degussa P25

Deactivation of catalysts was produced byoxidable species that coated the 
photocatalyst surface.

[31]

Octamethyltrisiloxane TiO2 thin films Deactivation of catalysts was produced by accumulation of hydroxylated 
SiOx on the TiO2 surface.

[26]

Table 5
Summary of the reasons of photocatalyst deactivation in liquid phase

Target contaminant Photocatalyst Reason of photocatalyst deactivation Ref.

Cyclohexane H, H600, S450 Deactivation of Hombikat UV 100 (H) and Hombikatcalcined at 600ºC (H600) was 
found to be irreversible owing to a high thermal stability of surface-adsorbed 
carbonates and carboxylates. For Solaronixnanopowder designed for coatings 
(S450), thermal stability of surface population was found to be significantly lower.

[42]

Phthalic acid TiO2 P25 Deactivation of catalyst was produced by surface adsorption of some carboxylic 
acid compounds reducing the number of available surface active sites. The 
deactivation of catalyst was not produced by pore blockage.

[44]

Four 
pharmaceutical 
micropollutants 

TiO2 thin films Four pharmaceutical micropollutants were monitored in a biologically treated 
wastewater effluent. Deactivation of catalyst was produced by both effluent 
organic matter and inorganic constituents from wastewater effluent.

[45]

Organic dye NMP-200 
WACS-200

Deactivation of catalysts was produced by the deposition of the decomposed MO 
or the carbonaceous deposit.

[43]
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matrices representative of contaminated water sources. The 
results indicated that effluent organic matter and inorganic 
constituents of these matrices contributed to the observed 
photocatalyst deactivation. Thus, the reasons behind deac-
tivation are more complicated when using complex matri-
ces as compared to single compounds.

The main reason of photocatalyst deactivation is the 
adsorption of intermediates, products and target pollutant 
onto the photocatalyst. However, deactivation of the mod-
ified photocatalyst may be due to the steady of the modi-
fying. The deactivation mechanism is more complex when 
treating the real water and mixture. Under practical condi-
tion, the issue is more complex because non-target ingredi-
ent constitute the majority of dissolved solids and organic 
matter will act to scavenge a major fraction of reactive spe-
cies generated by photocatalysts [45].

5. Regeneration of deactivated photocatalyst

Effective regeneration methods can overcome photo-
catalyst deactivation. The effectiveness of the regenera-
tion methods was reviewed. For practical applications, the 
repeatability of the regeneration method is as important as 
its performance and should be emphasized.

5.1. Regeneration methods and efficiency

Deposition of some species was observed to produce 
photocatalyst deactivation, and a regeneration method 
using physical or chemical methods allowing the removal 
of such species have been considered. The main reported 
regeneration methods and their performance are listed in 
Table 6.

Miranda-García et al. [47] developed the concept of 
in-situ and ex-situ regeneration. For the in-situ regeneration 
treatments these authors used a fix bed system which was 
treated under a constant flow (0.45 L min−1) of one of the 
following aqueous solutions: (i) 1 M H2O2 along with UV 
irradiation for 8 h; (ii) 3 MNaOH for 1 h; or (iii) 3 M NH4OH 
for 1 h. For the ex-situ regeneration, the used photocatalysts 
was thermally treated in air at 400ºC for 180 min. The in-situ 
regeneration method does not required extracting the pho-
tocatalyst from the reactor and therefore is easier than the 
ex-situ regeneration method.

Four kinds of the regeneration methods (i.e., calcination, 
washing, oxidation, and adsorption) are studied herein.

5.1.1. Calcination

Calcination is one of the usual regeneration method 
of photocatalysts. It involves burning the intermediates 
absorbed on the photocatalyst surface and responsible for 
deactivation. An important point of calcination lies in find-
ing the suitable temperature of the treatment. 

Cao et al. [54] reported TiB to be only partially regener-
ated at 350ºC. In contrast, the activity of TiC was completely 
recovered after being regenerated at 420ºC. Tempera-
ture-programmed oxidation (TPO) was used to investigate 
the burning process of adsorbed carbon species on deacti-
vated catalysts. As depicted in Fig. 6 [54], the TPO profile 
showed three peaks at 280, 360, and 420ºC, revealing that 

different carbon species were present on the deactivated cat-
alyst. These results were in line with the regeneration tests 
revealing 420ºC as the temperature required to burn out all 
the adsorbed carbon species on the deactivated catalyst.

Kaewgun and Lee [43] studied the deactivation and 
regeneration of visible light-active brookite titania during 
the photocatalytic degradation of an organic dye. The deac-
tivated photocatalysts were regenerated by calcination. 
Both NMP and nitrogen, responsible for the VLA properties 
in NMP-200 samples, were likely released by air calcination 
at temperatures above 250ºC for 2 h. Moreover, the surface 
area of the NMP samples calcined at temperatures above 
350ºC rapidly decreased, and the average particle size 
increased with temperature because of sintering. Therefore, 
the NMP-200 samples were calcinated at either 200 or 250ºC 
in air. As expected, the deactivated photocatalyst was not 
completely be recovered after calcination at 200 and 250ºC. 
Thus, as shown in Fig. 7 [43], thermogravimetric analysis 
(TGA) revealed that the carbonaceous deposits on the used 
NMP-200 sample were only removed by combustion at 
temperatures above 420ºC.

Portela et al. [30] studied the photodegradation H2S on 
TiO2/M-MCM-41 (M = Cr or Ce) under UV-A and visible 
light. Deactivation was mainly caused by the reduction of 
Cr6+ to Cr3+ and the blockage of active sites via accumulation 
of sulfate on the catalyst surface. The deactivated catalyst 
was analyzed by thermogravimetry coupled with mass 
spectrometry (TG-MS). Since the sulfur species (SO and 
SO2) were formed up to 460ºC, they can be also decomposed 
by calcination.

Excessive calcination temperatures may cause phase 
transformation (from anatase to rutile) and the sintering of 
nano-TiO2. Therefore, some researchers regenerated their 
self-made photocatalysts at the same temperature used to 
prepare them [40,54]. Medina-Valtierra et al. [40] regener-
ated deactivated catalysts by burning out the chemisorbed  
carbon species in air at the preparation temperature (450ºC). 
For one regeneration cycle, the activity of the catalysts was 
almost completely recovered. 

TPO and TGA analyses can be used to determine the cal-
cination temperature. The effects of the calcination tempera-
ture on the photocatalyst surface should be also considered. 
The calcination regeneration method should not be used in 
the case of relative high temperatures are required to burn 
the pollutant from the photocatalyst surface. Thus, this treat-
ment can seriously influence the characterization of the pho-
tocatalyst and reduce the photocatalytic activation.

5.1.2. Washing

Deactivated photocatalyst can be regenerated by wash-
ing with pure water, sonication, alkaline solutions, or 
organic solutions. 

For selecting the washing method it is necessary to 
consider the characteristics of the pollutants adsorbed on 
the photocatalyst surface. Tuprakay and Liengcharernsit 
[39]studied the lifetime and regeneration of TiO2during 
the removal of Cr(VI) from aqueous solution. The Cr(OH)3 
adsorbed on spent TiO2 was leached upon treatment with 
NaOH solutions. A 3 M NaOH solution was suggested 
as a suitable reagent for regenerating TiO2. Sun et al. [26] 
reported on the decomposition of gas-phase octamethyl-
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Table 6
Summary of the main regeneration methods and their performance

Target contaminant Photocatalyst Regeneration method Regeneration efficiency Ref.

n-C7H16,
SO2

ZnO, TiO2 Ultrasonically washing with deionized 
water and drying at 70ºC for 24 h after 
centrifugation.

Deactivated ZnO or TiO2was 
nearly regenerated to a full 
degree.

[28]

Cr(VI) TiO2 Used TiO2 was adsorbed with Cr(OH)3, 
washing off with a NaOH solution of 
varying concentration (0.01, 0.5, 1, and 3 M).

Washing off with 3 M NaOH was 
a suitable regeneration method.

[39]

Phthalic acid TiO2 P25 (I) Washing with solvent (0.1 g with 10 
mL water followed by 10 mL methanol).

(I) The adsorbed species were 
not removed by washing, 
revealing strong interaction of 
the adsorbed compounds with 
the catalyst surface.

[44]

(II) Treating with H2O2-30% H2O2, 10 
mL for 1 g spent catalyst-solution for 1 h 
under stirring.

(II) The spent TiO2 catalyst could 
be completely regenerated by 
treating with H2O2 solution.

(III) Thermal treatment at 350ºC for 2 h in 
the presence of air.

(III) The heat treatment did not 
remove completely the adsorbed 
organic species from catalyst.

Toluene TiO2 P25 Deactivated sample was exposed to UV 
light without toluene for 2000 min under 
70% relative humidity condition.

Removal efficiency of toluene 
was completely recovered to the 
level on fresh photocatalyst.

[36]

Toluene TiBTiC At the preparation temperatures for TiB 
and TiC at 350 and 420ºC respectively, 
both catalysts were regenerated in air for 
2 h.

TiB was partially regenerated at 
350ºC. In contrast, the activity of 
TiC was completely recovered after 
being regenerated at 420ºC in air. 

[54]

Cyclohexane H, H600, S450 Heat treatment in air at 400ºC Deactivation of Hombik at UV 
100 (H) and Hombik at calcined 
at 600ºC (H600) was found to be 
irreversibly deactivated. 
Solaronixnanopowder designed 
for coatings (S450) allowed 
regeneration by a heat treatment 
in air at 400ºC.

[42]

Methyl-orange nano-ZnO Ion exchange resin mixed bed (H/
OH) was used to filtrate suspensions 
of nano-ZnO and methyl-orange after 
photocatalysis. The photocatalyst was 
regenerated during further backwash 
process.

Activity of nano-ZnO 
suspending solution 
photocatalyst was regenerated.

[56]

Toluene TiO2 coated on 
the inside of the 
cylinders.

(i) UV turn on + humidified air feeding.
(ii) UV turn on + dried air feeding. 
(iii) UV turn off + dried air containing O3 
feeding. 
(iv) UV turn on + humidified N2 gas 
feeding. 
(v) UV turn off + humidified air feeding.

(i) the conversion ratio returned 
to its original level  
(ii) high degree of regeneration  
(iii) introduced ozone effectively 
decomposed the intermediates 
over the TiO2 catalyst. 
(iv) low degree of regeneration 
(v) low degree of regeneration

[57]

Diethyl sulfide Deposited UV100 (i) Irradiation in humidified air (i) Reactivation by irradiation in 
humidified air did not recover 
the activity completely.

[27]

(ii) Irradiation with subsequent washing 
with water

(ii) The irradiation with 
subsequent washing with water 
provided complete reactivation.

(iii) Direct washing with water (iii) Reactivation by direct 
washing with water completely 
recovered catalyst activity.

(Continued)
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Table 6 (Continued)

Acetylene Deposited TiO2 UV irradiation was kept constant but 
acetylene has been suppressed from the 
air stream. The UV irradiated reactor 
was swept by 500 mL/min of synthetic 
dry air during 6 h.

More than 80% of the adsorbed 
acids was mineralized into 
CO2 by the photocatalytic 
regeneration.

[37]

Phenol Deposited TiO2 Regenerated in air for 3 h using the same 
temperature of preparation (450ºC).

For one regeneration cycle, the 
activity of the catalysts was 
almost completely recovered. 
A slight decrease of the activity 
after two regeneration cycles was 
observed.

[40]

Organic dye NMP-200 WACS-
200

(i) NMP-200-VL#1 was washed with 
various solvents (i.e., methanol, (MeOH), 
ethanol (EtOH), isopropanol (IPA), or 
acetone). After washing, the titania 
particles were filtered and dried at 100ºC 
for 4 h.
(ii) Spent NMP-200 samples were heated 
at either 200 or 250ºC in air.

(i) MeOH washing was shown to 
be the most effective approach 
(up to ~80% recovery of the fresh 
sample).
(ii) NMP-200-VL#1 was not 
completely recovered by the 
recalcination at both 200°C and 
250°C.

[43]

Octamethyltrisiloxane TiO2 thin films Removal of the accumulated SiOx from 
the TiO2 surface using dilute alkaline 
solutions without influencing the 
underlying TiO2 film.

Treatment for 20 min in a NaOH 
solution with a pH higher than 
12 was enough to complete 
remove the accumulated SiOx.
The reactivity was comparable 
to that of a freshly prepared TiO2 
film.

[26]

Ammonia in 
petrochemical 
wastewater

TiO2/LECA Conducted following four-stage 
process: (i) washed with pour water, 
(ii) poured into a vessel which is 
equipped with an aeration system, (iii) 
remained in a 3 g/L sodium chloride 
solution for 3 h, (iv) heated at 250ºC for 
30 min.

The efficiency of the 
photocatalytic process after 
each reuse was ca. 14% less 
than efficiency of previous 
photocatalyst. 

[46]

NO TiO2-rGO Four different regeneration methods 
comprised of: (i) thermal regeneration, 
(ii) ultrasonic water rinse, (iii) ultrasonic 
ammonia rinse, and (iv) thermal vapor 
regeneration.

NO conversion ratios were 52.43–
59.95, 63.72, and 62.23% after four 
different regeneration methods.

[38]

Eosin B CdS/HMS-PDDA The spent catalyst was placed in an air-
isolated vessel. A stream of H2S was 
produced by dropping HCl into Na2S 
and filled into the vessel. Then the vessel 
was placed thermostatically at 100ºC for 
2 h.

CdS/HMS–PDDA was easily 
regenerated after the H2S 
treatment, and the catalyst 
showed the same capability as 
the fresh sample even after 6 
regenerations (accumulatively 
151 runs).

[41]

H2S TiO2 Irradiated by a 185 nm O3 lamp for 48 h The TiO2 catalyst was 
successfully regenerated after a 
48 h illumination process.

[35]

Selected emerging 
contaminants as 
Antipyrine and 
Atrazine et al.

Immobilized 
TiO2

1 M H2O2 along with UV irradiation 
lasting 8 h.
3 M NaOH for 1 h.
3 M NH4OH for 1 h. 
Thermally treated in air at 400ºC for 180 
min.

Calcination and H2O2/UV 
irradiation were the most 
efficient methods to recover the 
photocatalytic activity. 
Only the NH4OH treatment 
seems to have a negative effect in 
the photocatalytic activity.

[47]
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trisiloxane on TiO2 thin film photocatalysts, which were 
deactivated by the accumulation of SiOx. A NaOH treat-
ment (pH higher than 12) for 20 min was reported to be 
enough for the complete removal of the accumulated SiOx. 
The reactivity is the regenerated catalyst was comparable 
to that of afresh TiO2 film.

During the washing regeneration process, the regen-
eration performance is different depending on the adsorb-
ing strength of the pollutants on the photocatalyst surface. 
Vorontsov et al. [27] studied the reactivation of spent 
TiO2 during the photocatalytic decomposition of gaseous 
diethyl sulfide. The results showed that reactivation by 
direct washing with water allowed to recover the activity 

completely. Gandhi et al. [44] studied the deactivation and 
regeneration of TiO2 during the photocatalytic degradation 
of phthalic acid. A washing treatment with water and meth-
anol was not effective in removing these adsorbed species 
from the surface of the spent catalyst, which indicated that 
the adsorbed species are strongly bonded to the surface

Sonicated washing is an effective regeneration method. 
Jing et al. [28] studied the degradation of n-C7H16 and SO2 
on nano-ZnO and -TiO2. A sonicated washing treatment 
with deionized water regenerated the spent photocatalyst 
almost completely. Sonication can also be carried out with 
a solvent. Thus, Yang et al. [38] studied the regeneration of 
activated semi-coke supported TiO2-rGO nanocomposite  
photocatalysts during the removal NO under visible light. 
Among the four different regeneration methods tested, son-
icated ammonia rinse was the optimum treatment and pro-
duced better results as compared to thermal regeneration, 
sonication by water rinse, and thermal vapor treatment.

Therefore, the adsorbed species should be considered 
when selecting the washing method. Combination of soni-
cation and solvent washings is an effective method.

5.1.3. Oxidation

Photocatalyst can be regenerated by UV irradiation, oxi-
dant treatment, and combination of both. 

The UV irradiation method is easy to implement since it 
can be carried out in a photoreactor. Jeong et al. [36] studied 
a TiO2 sample deactivated after photo-degradation of tolu-
ene. This sample was exposed to UV light without toluene 
for 2000 min under 70% relative humidity (RH) conditions. 
The partially reacted intermediates species present on TiO2 
were effectively oxidized to CO2 under high RH condi-
tions in the presence of UV light. Li et al. [35] successfully 
regenerated a catalyst deactivated during photocatalytic 
degradation of H2S via a 48 h illumination treatment with 
a 185 nm O3 lamp. Jeong et al. [57] compared the regenera-
tion performance of five methods on a photocatalyst spent 
after photocatalytic degradation of gaseous toluene. The 
regeneration in a humid nitrogen stream with 254+185 nm 
irradiation was poor and similar to that obtained under a 
humid air stream without 254+185 nm irradiation. A dried 
air stream with 254+185 nm irradiation was effective in 
regenerating the catalyst. In addition, in the absence of 
UV irradiation, externally introduced ozone was effective 
in decomposing the intermediates adsorbed over the TiO2 
catalyst. A humid air and 254+185 nm irradiation treatment 
resulted in the conversion ratio returning to its initial value, 
and the TiO2 surface restored its original color.

Oxidative treatments are usual oxidation method. 
Gandhi et al. [44] regenerated a catalyst spent during the 
degradation of phthalic acid by treating it with a 30% H2O2 
solution (10 mL per 1 g of spent catalyst) for 1 h under stir-
ring. The spent catalyst regenerated by the H2O2 treatment 
showed almost the same activity as the fresh catalyst. Jeong 
et al. [57] reported that ozone was effective in decomposing 
the intermediates adsorbed over a TiO2 catalyst. The cata-
lyst was used for the photocatalytic degradation of gaseous 
toluene using short-wavelength UV irradiation.

Oxidation treatments and UV irradiation are fre-
quently combined to regenerate deactivated photocata-
lysts. Miranda-García et al. [47] studied four regeneration 

Fig. 6. Evolution of CO2 during the temperature-programmed 
oxidation of carbon species on TiO2 catalysts: (A) fresh TiB, (B) 
used TiA, (C) used TiPt, (D) used TiB, and (E) used TiC [54].

Fig. 7. The regeneration of NMP-200-VL#1, evaluated by the MO 
degradation under VL irradiation, by recalcination [43].
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approaches (i.e., 1 M H2O2 along with UV irradiation for 
8 h, 3 M NaOH for 1 h, 3 M NH4OH for 1 h, and a ther-
mal treatment in air at 400ºC for 180 min) for photocat-
alysts used in the elimination of emerging contaminants 
in water. The H2O2/UV treatment was the most efficient 
regeneration strategy. 

5.1.4 .Soft-mechanochemical ion exchange method

Li et al. [56] used a nano-ZnO photocatalyst for degrad-
ing methyl-orange. During the regeneration process, an ion 
exchange resin, the photocatalyst, and water were mixed 
evenly by airflow. The nano-ZnO photocatalyst and soluble 
carboxyl zinc species were gathered simultaneously upon 
the soft-mechanochemical process. Ionic intermediate prod-
ucts adsorbed on the photocatalyst and the surface hydroxyl 
ions present on the resin were exchanged as follows:

Zn(OH)HCO3 + ROH → Zn(OH)2 + RHCO3

Zn(OH)2 → ZnO + H2O

The inorganic precipitated deposited on photocatalyst 
was removed by the following reaction:

CaCO3 + 2ROH + 2RH → R2Ca + 2RHCO3

The dissoluble water Zn2+were removed via the follow-
ing ion exchange reaction:

Zn2+ + 2RH → R2Zn + 2H+

Byproducts and other inorganic ions were transferred 
into the resin phase. Thus, nano-ZnO photocatalyst were 
regenerated and reused.

Based on the above analysis and results, no matter the 
target pollutant is gas or liquid, the regeneration methods 
are basically calcination, washing, oxidation and so on. The 
calcination method requires to separate the photocatalyst 
from the rectors and appropriate temperature should be 
applied. Otherwise, it plays no role in the photocatalyst 
regeneration, if the temperate is too much low [54]. If the 
washing method can combine with the ultrasound, it will 
have a better effect. In addition, it is necessary to choose 
suitable cleaning agents, such as methanol, ethanol, NaOH, 
NH4OH, and so on. It’s easy to adopting the oxidation 
method in terms of UV irradiation or adding oxidant (e.g. 
O3 and H2O2) into the photo-reactor. When treating gas-
eous pollutants, the regeneration effect is better under UV 
irradiation with inlet moist air or nitrogen, because abun-
dant reactive OH radicals can be formed in the humid gas 
phase, accelerating the decomposition of the target pollut-
ant [57]. During the degradation process of diethyl sulfide, 
Vorontsov et al. [27] found that high regeneration efficiency 
attributes to solubility of such products as acetaldehyde 
and SO2 in water as well as lower rates of generation of 
products at high humidity. In addition, adding oxidant in 
UV irradiation is suitable for in-side regeneration. Further-
more, the in-side regeneration method is optimum for the 
practical application.

5.2. Multiple regeneration efficiency

Efficient regeneration methods should present high 
photocatalytic capabilities after multiple regeneration pro-
cess. Yang et al. [38] studied the regeneration of activated 
semi-coke supported TiO2-rGO nanocomposite photocata-
lysts used for the removal of NO under visible light. The 
effect of repetitive thermal vapor treatments on the regener-
ation efficiency was studied. The conversion of NO conver-
sion decreased with the regeneration cycle up to the third 
regeneration cycle. It is worth noting that a TiO2-rGO/
ASC photocatalyst fabricated by a one-step solvothermal 
method exhibited an excellent stability. 

Shavisi et al. [46] conducted a four-stage regeneration 
process on a photocatalyst deactivated during the degrada-
tion of ammonia in petrochemical wastewater. This process 
consisted of a pour waterwashing, an aeration washing, 
a 3 g L–1 sodium chloride solution remaining for 3 h, and 
a heating treatment at 250ºC for 30 min. The effect of the 
regeneration cycle on the regeneration efficiency was stud-
ied. The efficiency of the photocatalytic process decreased 
by ca. 14% after each reuse, revealing a poor regeneration 
efficiency for this regeneration method. 

Therefore, the multiple regeneration efficiency is as 
important as the performance of a regeneration method. It 
is suggested to be well investigated in the same research 
of the photocatalyst application with the effective regener-
ation method.

6. Methods of prolonging the lifetime of photocatalyst

Apart from the regeneration of deactivated photocat-
alysts, modified photocatalysts are used to enhance the 
stability of photocatalysts, and this method is used to 
deal with deactivation. For example, Yang et al. [41] pre-
pared acatalyst by coating a layer of poly(diallyl dime-
thylammonium) chloride (PDDA) on nanosized CdS 
pre-incorporated hexagonal mesoporous silica (HMS) 
sphere, and named it as CdS/HMS–PDDA. In contrast 
to the catalyst without PDDA-coating (CdS/HMS), 
which lost its activity after the third run, CdS/HMS–
PDDA completely degraded organic pollutants for over 
22 runs. The polyelectrolyte layer effectively prevented 
the cadmium species from leakage, and further delayed 
the photocorrosion of CdS via a back reaction using the 
photogenerated electrons remaining in CdS, this provid-
ing the catalyst with high stability and regeneratability. 
Fresno et al. [29] reported that good stability of a coupled 
TiO2/SnO2 and TiO2/ZrO2 photocatalyst during toluene 
PCO was mainly produced by an increased amount of 
accessible adsorbed water as a result of the presence of 
the second oxide. This higher amount of accessible water 
resulted in a higher capacity for the removal of adsorbed 
reaction intermediates.

Some experts improved the structure of photocatalytic 
reactors to prolong the lifetime of photocatalyst. Hay et 
al. [31] extended the lifetime of a photocatalytic-based air 
purifier in ambient air through the use of an adsorbent fil-
ter selected to capture large molecular weight compounds. 
Sannino et al. [34] studied the photocatalytic performance 
of MoOx/TiO2 catalysts towards the selective oxidation 
of cyclohexane to benzene in a fixed bed reactor and in a 
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two-dimensional fluidized bed reactor. Unlike the fixed 
bed, catalyst deactivation was not observed in the fluidized 
bed reactor.

Methods of prolonging the lifetime of photocata-
lyst include the photocatalyst modification or the struc-
ture or functional improvement of photocatalyst reactor. 
Enhancing photocatalyst efficiency or increasing surface 
accessible water could be implemented for photocata-
lyst modification. This higher amount of accessible water 
resulted in a higher capacity for the removal of adsorbed 
reaction intermediates. On the other hand, the certain 
pretreatment could be supplied to capture large molecu-
lar weight compounds. The photo-reactor modification is 
easy to be implemented.

7. Characterization of the deactivated and regenerated 
photocatalysts

The characterization methods should be selected by 
the analyzing objectives for the deactivated and regener-
ated photocatalysts including XPS, FTIR, X-ray diffraction 
(XRD), GC-MS, high-performance liquid chromatography 
(HPLC), Brunauer–Emmett–Teller (BET), CHNO elemen-
tal analysis, diffuse reflectance infrared Fourier transform 
(DRIFT), TPO, and TGA, among others. The characteriza-
tion methods used for the analysis of photocatalyst deacti-
vation and regeneration are listed in Table 7. 

Fresh, used, and regenerated photocatalysts were char-
acterized by XPS, FTIR, GC-MS, HPLC, DRIFT, and CHNO 

Table 7
Characterization methods for the analysis of photocatalyst deactivation and regeneration processes

Target 
contaminant

Photocatalyst Characterization 
methods

Analyzing results Ref.

Acetylene Deposited P25 
TiO2 

HPLC For each extraction, three carboxylic acids have been identified and 
quantified: formic, oxalic and acetic acid.
The most abundant organic acid extracted from the surface was 
formic acid.
Beyond 4 h of treatment, the adsorbed amounts tend to reach 
a maximum, especially in the case of formic and acetic acids, 
suggesting that the carboxylic acid adsorption sites were close to 
saturation.

[37]

Phthalic acid TiO2 P25 BET As no significant change was observed in the BET surface area of 
the washed spent catalyst in comparison to fresh catalyst, it was 
confirmed that the deactivation of the catalyst was produced via 
pore blocking by reactant or intermediate products of PCD.

[44]

CHNO elemental 
analysis

The carbon content in the spent catalyst was 1.8 wt% and the 
washed spent catalyst contained 1.6 wt%, showing that some 
organic species were still in the spent catalyst. The thermal 
treatment reduced the carbon content from 1.6 to 0.5 wt.%, showing 
that some organic species was still present in the catalyst. CHNO 
elemental analysis of the spent catalyst regenerated by H2O2 
treatment indicated nearly complete removal of organic species.

Zeta potential 
analysis

Fresh Degussa P25 TiO2 catalyst was –20 mV, showing a negatively 
charged surface of the particles. The washed as well as thermally 
regenerated catalysts showed positive zeta potential (+32 mV and 
+25 mV). The H2O2 treated catalyst showed negative zeta potential 
value (–17 mV). The negatively charged surface in H2O2 treated 
catalyst showed similar characteristics than fresh TiO2.

XRD The XRD of spent catalyst after washing with water and methanol 
showed an additional broad peak in the 2θ range of 29–36°. Washing 
with water as well as methanol could not remove some adsorbed 
species formed during PCD from the catalyst surface. The phase 
composition and the crystallite size of the regenerated catalysts 
(thermal treatment and H2O2 treated) were compared with those of 
the fresh catalyst using XRD data and found to be unchanged. These 
results indicated that thermal or H2O2 treatments did not affect the 
structural properties of the catalyst.

FTIR Catalyst deactivation was attributed to the presence of stable surface 
adsorbed organic species (phthalic acid or acid intermediates).
Treatment of spent catalyst with H2O2 regenerates the catalyst by 
removing the adsorbed species.

(Continued)
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Table 7 (Continued)

Four 
pharmaceutical 
micropollutants.

TiO2 thin films XRD, XPS No large changes in the bulk crystal structure or surface chemistry 
of the films were observed from XRD and XPS analyses, respectively.

[45]

Profilometry 
analysis

TiO2 films were exposed to a treated wastewater effluent matrix 
under treatment conditions for several days. Profilometry analysis 
revealed a slight increase in film thickness (1.84±0.61 μm), although 
the difference was not statistically significant.

SEM SEM analysis revealed that the microcracks clearly visible in the 
virgin films were partially filled after the following exposure to 
treated wastewater effluent, and other debris began to appear on the 
surface of films.

EDS EDS analysis indicated most of the surface debris was TiO2, 
suggesting that some minor matrix-promoted deterioration of the 
film occurred.

Toluene TiO2 P25 FTIR The peaks centered at 1605 cm−1 and 1370 cm−1 can be attributed 
to aromatic ring vibration and CH3 bending mode, implying the 
excess of non-decomposed toluene was adsorbed on surface of 
TiO2 photocatalyst after reaction for 1000 min. The peaks observed 
at 1713 and 1230 cm−1 can be assigned to benzaldehyde, while the 
peaks located at 1691, 1313 and 1180 cm−1 were ascribed to benzoic 
acid, which are reaction intermediates.

[36]

XPS Major difference between bare and regenerated sample were 
observed in region of higher binding energies: the intensity of 
the shoulder at 531.5 eV corresponding to the OH species on TiO2 
increased drastically in intensity after regeneration.
Comparing C 1s spectrum of bare TiO2 with that of the regenerated 
catalysts, the shoulder at high binding energies increased after each 
regeneration cycle, revealing the presence of carbon impurities on 
TiO2 oxidized during regeneration step.

n-C7H16, SO2 ZnO, TiO2 SPS The deactivation mainly resulted from a semiconductor surface 
conduction change from N-type before the photocatalytic reaction 
to P-type after the deactivation. This deactivation was produced 
by semiconductor photocatalyst surface adsorbates revealed by 
SPS and XPS testing techniques as well as semiconductor chemical 
properties.

[28]

XPS XPS spectrum of S2p on the surface of TiO2 nanoparticles after the 
deactivation, indicating that S element mainly existed as +6 according 
to the XPS analysis. SO3 was the only oxidization product of SO2. 
Thus, we concluded that the change of surface conduction type, and 
even deactivation, mainly resulted from the adsorption of SO3.

Toluene TiSn
TiZr
TiO2/SnO2

TiO2/ZrO2

DRIFT The DRIFT spectra of used TiO2and TiZr revealed the presence of 
aromatic, carbonylic, and carboxylic compounds.

[29]

GC-MS In the analysis of a solid–liquid extract of the species adsorbed on 
the used TiO2 catalyst, the main species found was benzoic acid, 
and peaks corresponding to benzyl alcohol and benzaldehyde, all of 
them formed by oxidation of the methyl group of toluene, were also 
observed by GC-MS analysis.

Cyclohexane H, H600, S450 TGA The peak at 60 ºC corresponded mostly to weakly adsorbed water, 
the second peak at higher temperatures at 200ºC was assigned to 
water closer to the surface and associated with dehydroxylation. 
For the fresh materials, the weight loss at 60 ºC was one order of 
magnitude higher for the H material, when compared to H600 and 
S450. 
For the spent catalysts, the weight loss at 60 ºC decreased for all 
the materials, but less severely in the case of H600. The water 
desorption feature at Tr = 200ºC clearly increased for S450, 
indicating an increase in the degree of hydration induced by the 
photocatalytic reaction.

[42]

(Continued)
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elemental analysis with the aim to identify and quantify the 
species adsorbed on the photocatalyst and to analyze the 
deactivation and regeneration mechanisms.

BET, scanning electron microscopy (SEM), and profilome-
try analyses were used to identify the textural properties of a 
photocatalyst deactivated during the degradation of phthalic 
acid. Gandhi et al. [44] reported that the regeneration of a 
spent catalyst by thermal and H2O2 treatments did not affect 
the textural properties and the BET surface area of the regen-
erated catalyst to a large extent. Carbonaro et al. [45] exposed 
TiO2 films to a wastewater effluent matrix under treatment 
conditions for several days. Profilometry analysis revealed a 
slight increase in film thickness (1.84±0.61 μm), although the 
difference was not statistically significant.

TPO was used to investigate the burning process of 
adsorbed carbon species on deactivated catalysts. Duringthe 
degradation of toluene by TiA, TiB and TiC catalysts, Cao et 
al. [54] found a TPO profile for spent TiA with three peaks 
at 280, 360, and 420°C. These results indicated that differ-
ent carbon species were present on the deactivated catalyst. 
The temperature of 420°C was required to burn out all the 
adsorbed carbon species on the deactivated catalysts.

The analyzing methods should be selected by the ana-
lyzing objectives for the deactivated and regenerated pho-
tocatalyst, in order to clarify the deactivation mechanism 
and regeneration performance.

8. Conclusions

Spent TiO2 catalysts showed lower catalytic activity 
than fresh photocatalyst, thereby revealing deactivation. 

Photocatalyst deactivation has been found largely limit 
the practical applications of photocatalysis. Deactivation 
and regeneration studies on photocatalysts needs to be 
studied in detail to enable practical application of this 
technique.

In this review, we summarized the experimental condi-
tions of recent investigations on deactivation and regener-
ation of photocatalysts. We found that most of the studies 
were carried out under idealized conditions using exper-
imental systems. These systems do not allow easy simu-
lation of more practical engineered treatment operations. 
Therefore, real wastewater or ambient air as target con-
taminants should be used in future experiments by using 
continuous-flow photoreactors.

Deactivation is produced via strong surface adsorp-
tion of some intermediates and products formed during 
the photocatalytic degradation process. When single com-
pounds are degraded in complex matrices such as treated 
wastewater effluents, the deactivation process becomes 
more complex. Deactivation of doped photocatalysts may 
be produced by aggregation or reduction/oxidation of the 
doped element.

We tried to summarize various regeneration meth-
ods and their regeneration efficiency. In situ regeneration 
is suitable for practical engineered treatment operations. 
Multiple efficient regeneration methods should still possess 
high photocatalytic efficiencies such that the performance 
of the photocatalyst can be maintained after each regen-
eration process. Studies of prolonging the lifetime of pho-
tocatalystshould be carried out based on the regeneration 
methods in future studies.

Table 7 (Continued)

Diethyl sulfide Deposited UV-
100 TiO2

SPME, GC-MS Main surface products were diethyl disulfide, diethyl trisulfide, 
1,2-bis(ethylthio)ethane, ethanesulfinic, ethanesulfonic acids, 
diethyl sulfoxide, diethyl sulfone, and sulfuric acid. Sulfuric 
acid was detected as the final surface product causing catalyst 
deactivation.

[27]

Toluene TiATiBTiC TPO The curve for the TiA sample reveals three peaks at 280, 360, and 
420ºC, indicating that different carbon species were present on the 
deactivated catalyst. 420ºC were needed to burn out all the adsorbed 
carbon species on the deactivated catalysts.

[54]

FTIR The deactivation of this type of catalyst arised from the irreversible 
adsorption of reaction intermediates such as benzaldehyde and 
benzoic acid. The complete removal of these strongly adsorbed 
intermediates required a burning temperature of ≥420ºC.

Selected 
emerging 
contaminants

Immobilized 
TiO2

XPS According to XPS results, fluoride, sulphur, and chloride adsorbed 
species can be removed from the catalysts surface by any treatment. 
Nevertheless, calcination was the most suitable process to remove 
nitrogen containing species.

[47]

H2S TiO2 XPS The XPS results showed that the catalyst activity changed with 
the different ratios of S0 to S6+ (SO4

2−) on the catalyst surface. The 
catalyst deactivated when the ratio of S0 to SO4

2− increased. However, 
this ratio continuously decreased during the continuous process 
of regeneration. With increasing amounts of SO4

2− generated in the 
reaction, the yield of S0 (catalyst poisoning) was inhibited.

[35]

NO Pt/TiO2 XPS For Pt/TiO2, changes in the oxidation sates of Pt were observed 
in the XPS scans of used samples, which could result in the 
deactivation of Pt/TiO2.

[32]
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