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a b s t r a c t

Photocatalysis has been extensively investigated for several decades, motivated by the fascinating appli-
cations in pollution remediation, chemical synthesis, and energy innovation. However, the practical/com
mercial/industrial applications of photocatalysis have been restricted in the field of building materials.
The low quantum efficiency in solar energy conversion and limitation of low level of pollutants in pho-
todegradation are very difficult to solve. Air purification by photocatalytic oxidation (PCO) of various pol-
lutants, for example volatile organic compounds (VOCs) or inorganic gaseous (NOx, SOx, CO, H2S and
ozone, etc) at reasonably low concentrations, appears to be more feasible for commercialization. This
review firstly introduces the removal mechanism of these contaminations by PCO, and then provides
detailed survey and discussion on both photocatalysts and reactor design. This paper aims to deliver fun-
damental and comprehensive information for paving the venue of gas-phase photodegradation to com-
mercialized air purification.

� 2016 Elsevier B.V. All rights reserved.
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Nomenclature

Ci molar concentration of species i (mol L�1)
ea;s local superficial rate of photon absorption

(Einstein s�1 m�2 or moles of photons s�1 m�2)
E incident intensity at any point from all the directions

(Wm�2 or Einstein s�1 m�2 or moles of photons
s�1 m�2)

g gravitational constant (m s�2)
h axial coordinate of an element on lamp (m)
I intensity (Wm �2 sr�1 or Einstein s�1 m�2 sr�1 or moles

of photons s�1 m�2 sr�1)
Ji diffusion flux of species i (kg m�2 s�1)
k apparent rate constant (m s�1)
K Langmuir adsorption equilibrium constant

(mol m�2 s�1)
L half length of lamp (m)
pðX0 ! XÞ phase function for in scattering of radiation
P pressure (N m�2)
r radial direction (m)
ri reaction rate of destruction for species i (kg m�3 s�1)
R lamp radius (m)
s, z distance (m)
SM momentum sink (kg m�2 s�2)
v velocity vector (m s�1)

Greek letters
h angular coordinate
j absorption coefficient (m�1)
k wavelength (nm)
q density (kg m�3)
r scattering coefficient (m�1)
s viscous stress tensor (hydrodynamics modelling,

N m�2)
/ angular coordinate of an element of lamp (lamp emis-

sion model)/monolith photon absorption efficiency
g radius of lamp-element in volume source model (lamp

emission model, m)/factor giving the uniformity of irra-
diation of the front surface a monolith

X solid angle (steradian)
U quantum yield (mol Einstein�1 or mol mol of pho-

tons�1)/photonic efficiency
u angle between normal to point of emission and radia-

tion direction (lamp emission model)
Subscripts
P pollutant
S catalyst surface
w water
k wavelength dependent
Other symbols
h i denotes volumetric of wavelength averaged values
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1. Introduction

The discovery of photocatalysis in 1972 on hydrogen produc-
tion by water splitting attracted immediate research interests
owing to the following two energy crises, 1973 oil crisis and
1979 energy crisis. In the study carried out by Fujishima and
Honda [1], a semiconductor of TiO2 electrode was used to facilitate
hydrogen evolution under irradiations. Once semiconductor parti-
cles are employed, provided the different sites of one particle can
perform as anodes and cathodes, a myriad of photoelectrochemical
cells are then produced [2]. The scope of photocatalysis, based on
semiconductor mechanism, was then greatly broadened, with a
variety of practical implications, such as photooxidation/photode
gradation [3], photocatalytic CO2 reduction [4], photocatalytic syn-
thesis [5], photocatalytic gas-phase oxidation [6], photocatalytic
removal of heavy metals [7], and photoinduced self-cleaning [8].

The extensive experimental and theoretical progresses in
photocatalysis had enabled a number of excellent reviews, which
paved the fundamentals of photocatalysis varying from activated
surface, charge production, surface reactions to applications
[9–12]. In earlier studies, most photocatalytic reactions were
conducted on wide-band semiconductors, such as TiO2 and ZnO.
The restrictions of photocatalysis were believed to be both
thermodynamic and kinetic limitations as a whole. The nature of



Table 1
Concentration limits of air pollutants (mg.m�3) excluding heavy metals.

Pollutants Average time WHO [45] US EPA [46] EU Environ. [47] China MEP (residential area) [48] Australian Environ. [49]

PM10 Short 0.05 (24 h) 0.035 (24 h) 0.05 (24 h) 0.05 (24 h) 0.05 (24 h)
Annual 0.02 0.04 0.04

PM2.5 Short 0.025 (24 h) 0.035 N/A 0.05 (24 h) 0.025 (24 h)
Annual 0.01 0.012 0.025 0.04 0.008

NO2 Short 0.2 (1 h) 0.1 (1 h) 0.2 (1 h) 0.08 (24 h) 0.12 (24 h)
Annual 0.04 0.053 0.04 0.04 0.03

SO2 Short 0.5 (10 min) 0.075 (1 h) 0.35 (1 h) 0.05 (24 h) 0.20 (24 h)
Annual 0.02 (24-h) 0.5 (3 h) 0.125 (24 h) 0.02 0.02

CO Short N/A 10 (8 h) 10 (8 h) 10 (1 h) 9 (8 h)
Annual N/A 4 (24 h)

O3 Hourly 0.1 (8 h) 0.07 (8 h) 0.12 (8 h) 0.12 (1 h) 0.1 (1 h)
0.8 (4 h)

VOCs Short N/A N/A Benzene: 0.005 (annual) Benzopyrene: 0.000001 (annual) N/A
Annual N/A N/A PAHs: 0.000001 (annual)
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a photocatalyst material determines the absorption of photons and
the following charge production, recombination and migration.
The initial step, light absorption, also governs the utilization effi-
ciency of solar energy, in which ultraviolet (UV) light that can be
harvested by TiO2 or ZnO only represents less than 4% solar spec-
trum energy [13,14]. Once the photoinduced charges successfully
migrate to the surface, where photocatalytic reactions take place,
they could still undergo surface recombination or be trapped by
undesirable reactants. As such photocatalysis efficiency has
remained at a very low level.

With more than four-decade development, photodegradation of
either aqueous or gaseous pollutants, and production of solar fuels
by photocatalytic either water splitting or CO2 conversion, have
been the hottest topics in photocatalysis. In the ISI database,
5840 results come up when ‘‘photodegrad⁄” is set in ‘‘Topic” and
‘‘2013–2015” is set for ‘‘Year published”. The results becomes
6788 when the ‘‘Topic” is changed to ‘‘photocata⁄” and ‘‘hydrogen
or (CO2 reduction)”. It can be seen that research activities have fol-
lowed the edges of research gap, either material adventures [15–
20] or theoretical studies [21–24], yet the gap between research
and practical application is still not resolved. Commercial photo-
catalysis has to be both technically and economically competitive
to counterpart technologies, for example hydrogen production
from hydrocarbon reforming [25,26], CO2 conversion by dry
reforming and chemical synthesis [27–29], water treatment by
adsorption [30,31], biological treatment [32,33] or advanced oxida-
tion processes (AOPs) [34–36]. Compared to above industrial pro-
cesses, air purification especially indoor air purification appears
to be a promising field in which photocatalysis could potentially
act as a commercialized technology, integrating with particulate
matter removal technologies.

The severe heath effect of air pollution has been worldwide rec-
ognized for a long time [37]. Two main categories of air pollutants,
e.g. particulate matters (PM) and gaseous pollutants, have been
identified to be the main concerns. Both source control and air
cleaning have been demonstrated to be effective strategies for
tackling the air pollutants. For indoor air pollution, increasing ven-
tilation can be also effective [38]. For the issue of particulate mat-
ters (PM2.5 and PM10), source control [39,40] and physical
treatments, such as electrostatic precipitation [41], wet scrubbing
[42], and filtration [43], can be employed. It is unlikely that photo-
catalysis can deal effectively with particulate pollutants, so in this
review, we will focus on the photocatalytic removal of gaseous pol-
lutants, including NOx (mainly NO2), SOx (mainly SO2), ozone (O3),
CO, odors, and volatile organic compounds (VOCs). Table 1 lists the
concentration limits of selected air pollutants from some authori-
ties. In the table, heavy metals are not included as they are out
of the treatment scope of photocatalysis. It is also seen that VOCs
and odorous compounds (H2S and S-containing organics) are not
clearly regulated in the standards. However, the detection of such
compounds in indoor air and the associated health problem such as
sick building syndrome (SBS) were well confirmed [38,44]. Tradi-
tional air cleaning technologies for removing these gaseous pollu-
tants are limited in physical methods such as ventilation,
adsorption, or filtration, yet an effective strategy for destruction
of such contaminants has not been developed.

The low level contaminants and fewer competitors (effective
and low cost technology) for air purification, especially indoor air
purification have offered a perfect job to photocatalytic oxidation
(PCO), with readily commercialization at a limited scale utilizing
UV. Several excellent review papers in this field have been pub-
lished, with particular attention to NOx [50], SOx [51], VOCs
[38,44] and odors [52]. The PCO fundamentals [53], materials
aspects [54], reaction conditions in PCO for air purification [55]
and its comparisons [56] were also reviewed. However, a compre-
hensive review covering mechanism, photocatalyst design, reactor
design and simulations has not been published. In this literature
survey, we aim to bridge this gap for paving the venue to commer-
cialized PCO air purifiers.

2. Photocatalytic oxidation (PCO) for air purification

Photocatalytic water splitting has been extensively investigated
in 1970s due to the energy/oil crisis, but the photocatalysis was
navigated to the degradation of organic pollutants in 1980s. Ana-
logue to the extensive studies on degradation of aqueous pollu-
tants [5,7,9,10,12,57–59], PCO removal of gaseous pollutants was
also developed.

2.1. Photodegradation of VOCs

In early 1970s, Teichner et al. [60] firstly reported gas-phase
heterogeneous photocatalysis for partial oxidation of paraffins.
Stone et al. [3,61] systematically investigated the photo-
adsorption of oxygen and PCO of isopropanol at rutile surfaces. It
was shown that water and oxygen can be chemically adsorbed
onto the TiO2 surface, and then produce reactive species on the
surface. At first, dissociative chemisorption of water at Ti4+O2�

pairs would produce surface OHs
� and bulk OHL

� (at vacancies
OL(O2�)). On the reactive surface of TiO2, OH� would trap a positive
hole to produce �OH, while surface adsorbed oxygen, O2ads will
form O2ads

� with an electron [61].

H2Oþ O2�
S ! OH�

S þ OH�
S ð1Þ

H2Oþ O2�
S þ OLðO2�Þ ! OH�

S þ OH�
L ð2Þ
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2H2Oþ 4O2�
S;L þ 4Ti4þ ! 4OH�

S;L þ 4Ti3þ þ O2ðgÞ ð3Þ

TiO2 þ hv ! hþ þ e� ð4Þ

OH� þ hþ ! �OH ð5Þ

O2;ads þ e� ! �O�
2;ads ð6Þ

�OH þ O�
2;ads ! HO�

2 þ �O�
ads ð7Þ

HO�
2 þ hþ ! HO�

2 ð8Þ
It is seen that surface adsorption of oxygen and water can pro-

duce reactive radicals that present in photodegradation in water
[11,12,57], indicating the capability of PCO for removal of organic
pollutants in air [3]. The investigations on chemisorption and pho-
tochemistry of H2O, O2, and CO2 further realized the ideas of PCO
removal of VOCs for air purification [9]. The increasing concern
of health issue from indoor air pollution has significantly attracted
worldwide attention in PCO for VOCs removal.

A wide variety of VOCs, including main contributions from aro-
matics, aldehydes and halocarbons, have been detected in either
outdoor or indoor air. For better evaluation of the performances
of photocatalysts or reactors, formaldehyde, trichloroethene
(TCE), toluene and benzene have been frequently applied as typical
VOCs in PCO studies.

2.1.1. PCO of formaldehyde
Formaldehyde (HCHO) as a representative carbonyl compound

has been identified as the major indoor air pollutants and exposure
to HCHO would lead to cancer and other serious sickness. The con-
centration of HCHO is usually at ppbv to ppmv levels in polluted
air, while it is still much higher than the limit from WHO guideline
(80 ppbv or 0.1 mg.m�3) [62]. Peral and Ollis [63] firstly reported
their investigations on the heterogeneous photocatalytic oxidation
of a number of gaseous pollutants including formaldehyde, ace-
tone, 1-butanol, butyraldehyde, and m-xylene. Anatase TiO2 pow-
ders were irradiated under UV, and the degradation reactions
were well described by the Langmuir-Hinshelwood rate forms.
Obee et al. [64] found that humidity can significantly influence
the PCO efficiency of formaldehyde, due to the competitive adsorp-
tion of water and the organic molecules. Yang et al. [65] analyzed
the products and intermediates of PCO of formaldehyde, and pro-
posed a degradation mechanism as illustrated in Eqs. (9)–(13).

HCHOþ �OH ! �CHOþ H2O ð9Þ
�CHOþ �OH ! HCOOH ð10Þ

�CHOþ �O�
2;ads ! HCO�

3 ðþHþÞ ! HCOOOHðþHCHOÞ
! HCOOH ð11Þ

HCOOHð�HþÞ ! HCOO�ðþ�OHÞ ! H2Oþ �CO�
2 or

HCOO�ðþhþÞ ! Hþ þ �CO�
2 ð12Þ

�CO�
2 ðþ½O� þ �OH þ hþÞ ! CO2 ð13Þ
The effects of reaction conditions [66], reactors [67,68], kinetic

analysis [69] and modelling [70] of PCO of formaldehyde were also
investigated.

2.1.2. PCO of toluene
Toluene has been frequently detected in both indoor and out-

door polluted air so it becomes one of the most investigated model
pollutants in the PCO studies. In the AFNOR standard, XP-B44-013
proposed by a French normalization group, toluene was recom-
mended as the model pollutant for PCO evaluation [71]. Light
source is very important in PCO as it controls the initial step of gen-
eration of electron-hole pairs in the photocatalysts. Jeong et al. [72]
compared the efficiencies of three different UV lights, e.g.
short-wavelength UV of 254 + 185 nm, 365 nm (black light blue
lamp) and 254 nm (germicidal UV lamp) for PCO removal of
toluene, and found that UV of 254 + 185 nm provided the highest
efficiency. Quici et al. [73] carried out studies on the effect of key
parameters on the PCO of toluene low concentration, which was
stressed to be more realistic for the indoor air purification under
UV irradiations of 254 + 185 nm. The effect of the thickness of
the catalyst film was also optimized and discussed. Auguliaro
et al. [74] reported their mechanistic studies on PCO of gaseous
toluene. The degradation processes are described in below
equations.

2HO�
2 ! O2 þ H2O2 ð14Þ

H2O2;ads þ O�
2;ads ! OH� þ �OH þ O2 ð15Þ

�OH þ C6H5CH3;ads ! H2Oþ C6H5CH
�
2 ð16Þ

C6H5CH
�
2 þ O2;ads ! C6H5CH2OO

� ð17Þ

C6H5CH2OO
� þ e� ! C6H5CH2Oþ OH� ð18Þ

C6H5CH2Oads þ �OH ! C6H5CO
� þ H2O ð19Þ

C6H5CO
� þ O2;ads ! C6H5COOO

� ð20Þ

C6H5COOO
� þ C6H5CHOads ! C6H5CO

� þ C6H5COOOHads ð21Þ

C6H5COOOHads þ C6H5CHOads ! 2C6H5COOHads ð22Þ

C6H5COOHads ! C6H6 þ CO2 ð23Þ
With the partial oxidation, benzaldehyde, benzoic acid and

small concentrations of benzyl alcohol and phenol will be pro-
duced as the intermediates. Blount and Falconer [75] conducted
the characterization of the species on TiO2 after PCO of gaseous
toluene, and observed a ring structure with a methyl (or oxidized
methyl) groups. The produced intermediates will eventually con-
taminate the surface of the photocatalyst. Belver et al. [76] pre-
pared Pd/TiO2 photocatalysts and applied them to conduct
toluene vapor PCO. They found that palladium can increase the
resistance of TiO2 to deactivation due to the less formation of
benzaldehyde.

2.1.3. PCO of benzene
Benzene is another typical aromatic compound along with

toluene, phenol, chlorobenzene, chlorophenols and benzoic acid.
It becomes a ubiquitous contaminant derived from gasoline vapor,
flue gas, chemical manufactories, paints, plastics, rubber, auto
exhaust and cigarette smoke. The health issue from the exposure
to even low level of benzene, such as leukemia, has been reported
[77]. Wang and Ku [78] employed a batch-type photoreactor con-
taining a bundle of TiO2-coated quartz fibre to carry out PCO of
gaseous benzene. Phenol was suggested to be the major intermedi-
ate but the final products were CO2, CO and H2O. Gas chromatog-
raphy mass spectroscopy (GC–MS) and Flourier transform
infrared spectroscopy were applied to illustrate the degradation
pathways, as shown in Fig. 1 [78].

2.1.4. PCO of trichloroethene (TCE)
Trichloroethylene (TCE) is an organochloride compound that

has been widely used in industry as a solvent, degreasing and/or



Fig. 2. Proposed mechanism of TCE photodegradation [81].

Fig. 1. Gas-phase PCO of benzene by UV/TiO2 processes [78].
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cleaning agent. The wide application has led to the associated con-
taminations to industrial emissions, landfills, hazardous waste dis-
posal sites or indoor air. Therefore, as one of the chlorinated VOCs,
TCE has been chosen as a typical air pollutant for PCO studies [79].
It was noted that the intermediates of chlorinated VOCs during
PCO are more toxic and hazardous than those of other VOCs. For
example, phosgene (COCl2), dichloroacetyl chloride (DCAC) and tri-
chloroacetyle chloride (TCAC), chloroform (CHCl3), carbon tetra-
chloride (CCl4), and carbon monoxide (CO) were observed in PCO
process of TCE or PCE [80]. To minimize the production of toxic
intermediates, Ou and Lo [81] investigated the effects of oxygen
and relative humidity (RH) on the generation of DCAC and phos-
gene. A TCE degradation mechanism was proposed as shown in
Fig. 2 [81]. It was found that the optimization of oxygen and RH
can reduce the amount of the toxic intermediates.

In the PCO processes for VOCs removal, fundamental researches
were almost made on TiO2 photocatalysts. The development of
novel photocatalysts for VOCs removal will be introduced in latter
parts.

2.2. Photocatalytic removal of NOx and SOx

2.2.1. Photocatalytic removal of NOx

Nitric oxides can be emitted from both natural processes and
human activities. For example, volcanic activity, transportation
from high to low atmosphere, and some decomposition processes
of organic matters due to the function of microbes in an eco-
system and solar energy can emit NOx. In metropolitan areas, the
NOx emissions are usually worsened by human activities, such as
the combustion processes in stationary and mobile units like vehi-
cles. Most common NOx includes NO and NO2. The NOx emissions
have caused both environmental and health issues, e.g. production
of tropospheric ozone, acid rains, global warming and human dis-
eases relevant to respiratory and immune systems [82]. The strate-
gies for NOx removal include primary methods which focus on the
emission control, and the secondary methods to convert NOx into
N2 (reduction route) or HNO3 (oxidation route). As a typical sec-



542 Y. Boyjoo et al. / Chemical Engineering Journal 310 (2017) 537–559
ondary method, heterogeneous photocatalysis can remove NOx by
three different processes, e.g. photo-decomposition, photo-
oxidation, and photo-SCR (selective catalytic reduction) [50].

The photo-oxidation of NOx is to convert NO into HNO3 via
NO? HNO2 ? NO2 ? HNO3 with the assistance of photocatalysis.
The mechanism can be described in following equations [50].

NOþ �OH ! HNO2 ð24Þ

HNO2 þ �OHads ! NO2 þ H2O ð25Þ

NO2 þ �OHads ! HNO3 ð26Þ

NOþ �O�
2;ads ! NO�

3 ð27Þ

2NOþ �O�
2;ads þ 3e� ! 2NO2 ð28Þ

3NO2 þ 2OH� ! 2NO�
3 þ NOþ H2O ð29Þ

Luevano-Hipolito et al. [83–85] have carried out extensive stud-
ies on photocatalytic removal of nitric oxide. Bi2Mo3O12 was
demonstrated to be of excellent performance of removal of NO
with 88.9% conversion in steady state by UVA PCO [85]. WO3 poly-
hedral particles were prepared by a template of polyethylene gly-
col and showed PCO NO removal under UV irradiations [83]. The
composite of TiO2/WO3 was also examined in the removal of NO
under both UV and visible light irradiations [84].

Photo-decomposition of NOx follows other routes that mainly
apply the reduction ability of photocatalysis to form N2 from NOx

reduction [86,87].

NOads þ e� ! Nads þ Oads ð30Þ
NOads þ Nads ! N2Oads ð31Þ

NOads þ Oads ! NO2;ads ð32Þ

2Oads ! O2;ads ð33Þ

2Nads ! N2;ads ð34Þ

2NOads ! O2;ads þ N2;ads ð35Þ

2N2Oads ! O2;ads þ 2N2;ads ð36Þ
Photo-selective catalytic reduction (photo-SCR) employs reduc-

tive reagents such as CO, hydrocarbons or NH3 to convert NO to N2.

2.2.2. Photocatalytic removal of SOx

Gaseous SOx in ambient atmosphere has been set as one of the
critical pollutants by US EPA because it can lead to acid rains, veg-
etation damage and building corrosions. It is also one of the major
precursors that can form airborne particles causing the degrada-
tion of visibility and change of climate patterns. The long-term
exposure to SOx polluted air can induce respiratory problems such
as bronchi constriction and acerbated asthma [88]. Photofixation of
SO2 on anatase TiO2 thin films was carried out by Topalian et al.
[89], and they found that adsorbed SO2 can be photo-oxidized to
sulfide and sulfate surface species facilitated by the formation of
reactive oxygen species.

SO2;ads þ �O2�
2;ads ! SO2�

4;ads ð37Þ

SO2;ads þ �OH�
ads ! HSO�

3;ads ð38Þ
Xia et al. [90] reported their studies on simultaneous photocat-

alytic removal of gaseous NO and SO2 using BiOI/Al2O3 as a visible
light photocatalyst. The mechanism was proposed and the conver-
sion processes of SO2 are shown here.
SO2 þ hþ þ 2H2O ! H2SO4 þ 2Hþ ð39Þ

SO2 þ �OHads ! HSO3 ð40Þ

SO2 þ �O�
2;ads ! SO2�

4 ð41Þ
The simultaneous removal of various gas pollutants can make

the PCO removal of gaseous pollutants more competitive in practi-
cal applications.

2.3. Photocatalytic removal of CO and ozone

Carbon monoxide, CO, is a toxic air pollutant in safe living envi-
ronments [91]. Usually it is originated from partial oxidation (com-
bustion) of VOCs (hydrocarbons), and can be fatal due to the
occupation of oxygen in blood. In general, CO oxidation to CO2 is
the last step of most degradation/oxidation reactions of VOCs. Lin-
sebigler et al. [92] carried out a study on CO photooxidation on
TiO2 (1 1 0) and concluded that the active adsorbed molecular oxy-
gen is important for the oxidation while lattice oxygen of TiO2 does
not involve in the reactions. The CO photooxidation with oxygen
can be described by the following equations [93]. Once surface
water or hydroxyl radicals are involved, carbonate groups might
be formed.

COþ hþ ! CO� ð42Þ

�O�
2 þ hþ ! 2O ð43Þ

Oþ e� ! O� ð44Þ

O� þ CO� ! CO2 ð45Þ
Ozone, a blue colored gas with a pungent odor, naturally

appears in a layer between about 30,000 and 150,000 feet above
the earth’s surface and plays a beneficial role in the atmosphere
absorbing UV for protecting the extreme UV exposure of the Earth.
However, it can become a hazardous contaminant in ambient envi-
ronment. It has a high oxidizing power and varies with different
location, season and weather patterns. Once the concentration is
higher than 0.214 mg m�3, it can be toxic and hazardous to human
health, causing headaches, chest pain, and irritations of eyes, nose
and throat [94]. Therefore it is regulated by many organizations.
With the formation of reactive radicals, photocatalysis can be used
for decomposition of ozone following the equations below [95].

O3 þ e� ! �O�
3 ð46Þ

�OH þ O3 ! �O�
4 þ Hþ ð47Þ

�O�
3 þ O3 ! �O�

4 þ O2 ð48Þ
More conversions were also reported [94].

�O�
4 þ O3 ! �O�

3 þ 2O2 ð49Þ

Hþ þ �O�
3 þ �O�

4 ! 3O2 þ OH� ð50Þ
In fact, as a powerful oxidizing agent, ozone can be eliminated

by oxidation of some VOCs in air. The simultaneous removal of var-
ious pollutants might be a new direction in this field.

2.4. Photocatalytic deodorization

Odor removal is one of the important tasks of air purification.
Odor can be caused by the presence of H2S, S-containing com-
pounds, and some bacteria. The mechanism of PCO removal of
odorous S-containing organic compounds is similar to that of VOCs
[96], while the mechanism of photocatalytic deactivation of odor-



Table 2
Photocatalytic oxidation of VOCs on TiO2-based photocatalysts.

Photocatalyst Pollutant Light source Reactor Reaction condition Performance Refs.

Silica glass fibres
supported P25-
Degussa TiO2

Acetylene UV-365 (8–10 mW/
cm2)

Continuous flow
quartz reactor

100 ppm acetylene in N2 and
trace water at 500 mL/min

85% mineralization rate with
formaldehyde, glyoxal and formic
acid as intermediates

[114]

A monolithic
catalytic bed
coated with P25
and PC500

Perchloroethylene
(PCE) and n-
decane

A solar simulator An annular
reactor

n-Decane of 71 ppm and PCE
of 1095 ppm at 150 mL/min
and 40% RH

100% mineralization rate for n-
decane while 69% for PCE

[115]

Graphene oxide
supported P25

Ethanol and
benzene

UV at 25 mW/cm2 A batch reactor Ethanol at 1.2 � 10�4 M Around 95% conversion [116]

TiO2-coated
flexible PVC
sheet

Benzene and
toluene

Natural sunlight with
UV of 1.0–2.1 mW/
cm2

A batch reactor
of a capacity of
1920 cm3

50% RH Rate constant of 7.65 � 10�5 and
1.07 � 10�4 min�1/cm2

[117]

TiO2-coated on
optical fibre

Isopropanol UV-LED of 126.1 mW/
cm2,

A tubular
optical fibre
reactor

10 ppm IPA, a flow rate of 10
sccm, and 0% RH

22% IPA removal [118]

TiO2 thin film on
window glass

Acetone and
benzene

UV with 11.02 mW/
cm2

A batch reactor 500 ppm acetone and 110 ppm
benzene respectively

100% acetone conversion in 25 min
and 100% benzene conversion in
110 min

[119]

Transparent,
mechanically
robust TiO2

films

Ethanol and
acetaldehyde

23 mW/cm2 UV (280–
400 nm) and
simulated sunlight

A 7-L Pyrex
glass cylindrical
reactor

275 ppm (140 ppm for solar
tests) in dry air of 80:20 N2:O2

Under UV 100% conversion in
70 min for ethanol and 125 min for
acetaldehyde

[120]

Nano and micro-
sized TiO2

Acetone,
acetaldehyde and
toluene

UVA at 30 W/m2 A 5-L batch
reactor

40% RH and mixed VOCs at
400 ppmv

PC105 (Cristal) > P25 (Evonik)
> 1077 (Kronos) > AT-1 (Cristal)

[105]

TiO2 microfibers Acetone, heptane
and toluene

UV-365 from LEDs A batch reactor
based on a PTFE
gas-circulating
loop

50, 100, 200 or 500 ppm
acetone, 100 ppm toluene or
200 ppm heptane at 3.3 L/min,
and 20% RH

Quantum efficiencies of 0.0106,
0.0027 and 0.0024 for acetone,
heptane and toluene on TiO2 fibres

[106]

Mesoporous TiO2 Benzene UVA of 0.19 mW/cm2 A 6.5-L batch
reactor

2 lL benzene injection About 80% conversion on TS-400
(the best prepared sample)

[107]

Anatase (F-doped)
TiO2 nanosheets
with exposed
001 facets

Acetone, benzene,
and toluene

UV-A of 4.97 mW/cm2

and visible light (400–
1000 nm) 15.04 mW/
cm2

A 7.2-L batch
reactor

5.2 lL acetone and 2 lL
benzene injection

High efficiency under both UV and
visible light

[108]

TiO2/SiO2

nanocomposites
Benzene 160 W high-pressure

mercury lamp
A batch reactor 2 lL benzene injection When Ti/Si = 30: 1, 92.3% conversion

in 120 min, 6.8 times higher than
P25

[109]

Fe2O3-doped TiO2 Trichloroethylene
(TCE)

UV and visible light
irradiation

An annular
reactor

500 ppm TCE in air at a flow
rate of 250 sccm and 50% RH

95% TCE conversion [121]

Transition metal
modified TiO2

Benzene Vacuum ultraviolet
(VUV)

A fixed-bed flow
reactor

1 L/min of 50 ppm benzene
and 50% RH

Mn/TiO2 gave the highest
conversion of 58%

[110]

Cu-doped TiO2 TCE UV365 at 1.0 mW/
cm2

A continuous
annular reactor

500 ppm TCE at a flow rate of
200 mL/min

0.2 wt% Cu content favoured the
mobility of both TCE and water
while 0.5 wt% Cu strongly blocked
the active sites

[122]

V-doped
TiO2/porous
polyurethane

Toluene 400–700 nm visible
light

A continuous
reactor

200 ppm toluene at 200 mL/
min and 50% RH

80% toluene removal [113]

Sn2+-doped TiO2 Benzene Visible light >420 nm A fixed-bed
reactor

200 ppm benzene at a flow
rate of 20 mL/min

TS-40 (Ti/Sn = 40: 1) provided 27%
benzene conversion

[123]

Pt/TiO2 Cyclohexane UV-365 from LEDs
(90 mW/cm2)

A fluidized bed
photoreactor

200 ppm cyclohexane, 10 vol%
O2 and 320 ppm water at
500 mL/min

100% conversion and platinum
promoted the CO2 selectivity

[111]

N-doped and O-
deficient TiO2

Benzene Visible light
(>400 nm)

Fixed-bed
rectangle quartz
reactor

94 ppmv benzene in oxygen,
20 mL/min

5-h reaction gave 72% benzene
conversion and 190 ppmv CO2 yield

[112]

Spray-coated
polyester fibre
supported non-
metal doped
TiO2

Formaldehyde 30 W fluorescent
lamp at 400–700 nm

A fixed-bed flow
reactor

9 ppm HCHO at 1.0 L/min with
60% RH

Highest conversion rate of 38% at C-
TiO2

[124]
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ous bacteria is not clear yet [97]. In this section we discuss the pho-
tocatalytic removal of H2S by two routes, e.g. decomposition to
produce hydrogen and PCO.

Based on a visible light photocatalyst of N-TiO2/graphene,
Bhirud et al. [98] described hydrogen evolution processes of photo-
catalytic decomposition of hydrogen sulfide.

H2Sþ OH�
ads ! HS�ads þ H2O ð51Þ

2HS�ads þ 2hþ ! 2Sþ 2Hþ ð52Þ
2Hþ þ 2e� ! H2 ð53Þ
For air purification, PCO processes appear more feasible avoid-

ing explosive hydrogen gas formation, which is the main interest
of energy innovation. The final product of PCO of H2S is sulfate,
as described in below processes.

H2Sads þ hþ ! H2S
þ
ads ! HS�ads þ Hþ ð54Þ

�OHads þ H2S
þ
ads ! HS�ads þ H2Oads ð55Þ
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HS�ads þ O2;ads ! HSOO�
ads ð56Þ

HSOO�
ads þ O2;ads ! SO2;ads ð57Þ

Then following the oxidation processes of SOx, sulfate would be
formed with the PCO removal of H2S.

3. Photocatalysts for air purification

3.1. Overview of photocatalyst materials

Earlier studies on air purifications, for example PCO of VOCs and
inorganic gas pollutants, were mainly carried out over wide band-
gap semiconductor photocatalysts. The foundation of the PCO air
purification providing the mechanism of removal processes was
dependent on the surface reactions on TiO2 and ZnO [3,87,92,99–
101]. Only very few studies were conducted on other
photocatalysts.

Once the mechanism and the applications of PCO for air purifi-
cation are established, the critical aspects will be the developments
of photocatalyst materials and the photocatalytic reactors. In this
section, we focus on the development of materials. So far, photo-
catalysis has employed a wide variety of materials as the catalysts.
For instance, metal oxides including binary compounds (TiO2, ZnO,
WO3, Fe2O3, ZrO2 etc), ternary compounds (vanadates, tantalates,
tungstates, and bismutates, etc.), and other complex oxyhalides
[102]. For the simple TiO2 photocatalyst, there are immense
modification techniques that have produced doped TiO2 (Ti3+

self-doping, metal-doping, non-metal doping, and co-doping),
dye-sensitized TiO2, surface-modified TiO2, mesoporous TiO2,
semiconductor-coupled TiO2, shape-controlled TiO2 (with pre-
ferred exposed facets), and supported TiO2 [14].

In the studies on visible light photocatalysis, metal sulfides,
nitrides and oxynitrides are also applied [103]. Based on surface
plasmon effect of surface deposited noble metals, plasmonic pho-
tocatalysts were recently developed [20]. More recently, metal-
free photocatalysts, represented by graphitic carbon nitride, also
have attracted extensive attention in visible light photocatalysis
[16,104].

It is almost impossible to give a comprehensive survey on the
photocatalyst materials in PCO air purification. Alternatively, in
this paper we hereby summarize the latest three-year progress
(2013–2015) providing the most advanced photocatalysts for air
purification.

3.2. TiO2-based photocatalysts

3.2.1. PCO removal of VOCs
With the increasing concern of indoor air quality, VOCs as the

main contaminants of indoor air pollution have become the most
popular PCO targets [38,53]. With the development of novel photo-
catalysts for PCO, TiO2 has been extensively investigated. Table 2
lists the selected results of TiO2-based PCO for VOCs removal pub-
lished in the last three years. Different from aqueous degradation,
continuous reactors have been usually used for PCO removal of
VOCs, including benzene, toluene, TCE, ethanol, acetone, acetalde-
hyde, formaldehyde, and others.

Size-dependence [105], shape-control [106], tailored porous
structure [107] and preferentially exposed facets [108] are main
parameters for manipulation of pure TiO2 materials. As discussed
above, PCO processes are based on the surface reactions facilitated
by the formation of reactive radicals, therefore, the higher BET sur-
face and pre-adsorption and more active surface would lead to a
better PCO performance.

As other well-investigated photocatalysts, modification of TiO2

has been found to be effective for a higher activity and a better
stability in PCO air purification. Semiconductor coupling [109],
transition metal doping [110], noble metal modification [111],
and non-metal doping [112] have been employed for enhanced
photocatalysis in PCO VOCs removal. It is noteworthy that in prac-
tical applications, material development and immobilization tech-
nique can be integrated. For example, Pham and Lee [113]
prepared V-doped TiO2 for enhanced photocatalytic activity. They
also loaded the modified V-TiO2 photocatalyst onto porous polyur-
ethane, which was then applied in a continuous reactor for
removal of toluene.

Table 2 strongly suggests that TiO2-based photocatalysts are
able to efficiently decompose a wide variety of organic compounds.
With decades’ research, it was concluded that pristine TiO2 was
required modification for enhanced photocatalysis. In recent stud-
ies, modified TiO2 photocatalysts by means of doping, coupling,
and shape-controlling were more frequently employed. Moreover,
due to the consideration of scale-up of the gas-phase reactions,
supporting materials or films were used for immobilization of
the powder photocatalysts.

3.2.2. PCO removal of inorganic gas pollutants
Removal of inorganic gas pollutants, such as NOx, SOx, CO or H2S

is very important for both indoor and outdoor air purification. In
comparison to VOCs removal, PCO studies in this field are less
intensive. However, investigations on TiO2-based studies are simi-
lar to the scope of PCO removal of VOCs. Table 3 lists the selected
results in PCO removal of gas inorganic pollutants on TiO2-based
photocatalysts.

For a practical use, continuous reactors are always the first
choice for air purification. Supported TiO2 or its film will be able
to provide a higher mechanical strength than powders. Anatase
TiO2 coatings were fabricated on electronspun polymeric nanofi-
bers. It was found that the functionalized polyamide 6 and poly-
styrene nanofibers can be used as promising materials for NO
conversion to NO2 and HNO3 [125].

It is well known that pristine TiO2 can only respond to UV. For
visible light photocatalytic NO oxidation, oxygen-deficient TiO2

was prepared [126]. The absorption threshold was extended to vis-
ible light region enabling visible light NO removal. The roles of
oxygen vacancies were studied by the first-principles density func-
tional theory calculations, which confirmed the band gap narrow-
ing and enhanced electron-hole separation rates.

Metal-doping has been widely used to design efficient TiO2-
based photocatalysts for PCO of inorganic gas pollutants. Ma
et al. [127] reported that in visible light PCO of NOx, Fe doping
can extend the UV–vis absorption and improve the photolumines-
cence of TiO2 for enhanced photocatalysis. Hu et al. [128] reported
that in Pt/TiO2, Pt4+ ions were doped into TiO2 crystal lattice with
part as PtO on the surface. Enhanced NOx removal was observed
due to the synergistic effect of two Pt species coexisting in the
catalysts.

Coupling TiO2 to another semiconductor is also an efficient
strategy for tailoring the light absorbance and enhanced photo-
catalysis. In PCO of H2S, a new function of coupling was reported
by Alonso-Tellez et al. [129] It was suggested that coupling WO3

to TiO2 UV 100 (Hombikat) was not beneficial from semiconductor
coupling. The ability of WO3 lied in the delayed release of SO2 to
the gas phase for maintaining a weak selectivity into the unwanted
SO2 by-product.

Jiao et al. [130] applied a surface modification method to pre-
pare a ternary photocatalyst of RuO2/TiO2/Pt with controlled the
particle size of RuO2 at ca. 2 nm. The developed photocatalysts
were applied for enhanced PCO removal of CO under UV. It was
found that the optimal RuO2 modified TiO2 provided 20, 15 and 8
times higher activity than P25, anatase and rutile TiO2, respec-
tively. The formation of interfacial epitaxial RuO2 can lead to more



Table 3
Photocatalytic oxidation of inorganic gas pollutants on TiO2-based photocatalysts.

Photocatalyst Pollutant Light source Reactor Reaction condition Performance Refs.

Polymeric nanofibers
supported anatase TiO2

NOx UV365 at 1.0 mW/cm2 A tubular
continuous
reactor

1 ppm of NO in air with 50% RH About 16% NO conversion [125]

Oxygen-deficient TiO2 NO Visible light of 35.8 mW/
cm2

A
continuous
reactor

400 ppm NO with 55% RH at a
flow rate of 1.2 L/min

About 75% NO removal [126]

Fe/TiO2 NOx Visible light (420–
700 nm) of 35.8 mW/cm2

A fixed-bed
continuous
reactor

400 ppb of NO at a flow rate of
1.2 L/min and with 55%RH

The conversion of NOx (38%) was
highest on the best sample of Fe0.1%
T

[127]

Molybdenum-doped TiO2

nanotubes
NO2 UVA365 at 1.25 mW/cm2 A

continuous
reactor

NO at 400 mL/min and 55% RH 77% NOx removal [131]

Pt-doped TiO2 NOx UV 365 at 1.6 mW/cm2

and visible light 420 nm
at 0.7 mW/cm2

A quartz
rectangular
reactor

NO in N2 and wet air at around
40 ppm and 70%RH with a flow
rate of 200 mL/min

0.4% Pt-TiO2 showed around 30% NO
conversion vs. 5% of P25 under
visible light irradiations

[128]

Au/CeO2-TiO2 NO UV or visible light A
continuous
reactor

500 ppb of NO with 83% RH at a
flow rate of 4.0 L/min

83% NO conversion vs. 48% over pure
TiO2

[132]

Dye-modified TiO2 NO A 300 W Xe lamp A fixed-bed
reactor

1000 ppm, 1000 ppm NH3, O2%
at 500 mL/min

99% NO conversion with 99% N2

selectivity
[133]

Cobalt imidazole complex
functionalized GO
supported TiO2 film

NOx and
CO

UV of 3.0 mW/cm2 A batch
reactor

1 ppm NOx and 50 ppm CO with
40% RH

Deterioration rate of 51% for NOx and
46% for CO, higher than unmodified
TiO2 film

[134]

WO3/TiO2 H2S UV365 at 3.3 mW/cm2 A two-
coaxial tube
reactor

15 ppm H2S in and air (92%) and
He at 200 mL/min

Best condition for 70% H2S
conversion and 60% sulfur removal
on 5%WO3/TiO2

[129]

RuO2/TiO2/Pt CO UV of 1.0 mW/cm2 A closed
loop system

470 ppm CO Best sample provide 100% CO
conversion in 60 min

[130]

Multi-walled carbon
nanotubes supported
Cu/TiO2

SO2 and
NO

UV365 of 0.65 mW/m2 A
continuous
fixed-bed
reactor

73 ppm NO and 155 SO2 in 8% O2

and 5% H2O at 2 L/min
62% SO2 removal and 43% NO
removal

[135]
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significant exposure of RuO2(1 1 0) facets, which were believed to
be the key factor for the improved PCO removal of CO.

3.3. Non-titania based photocatalysts for air purification

In spite of the enormous research activities on TiO2-based pho-
tocatalysts, researchers never give up the exploration of novel pho-
tocatalysts. Table 4 lists a variety of novel photocatalysts that have
been developed for PCO removals of either VOCs or inorganic gas
pollutants.

ZnO is the second most popular semiconductor photocatalyst.
In aqueous-phase photocatalytic reactions, it can show a higher
activity than TiO2, but the stability is not as good as TiO2. In PCO
air purification, ZnO has been also investigated. Liao et al. [136]
modified the morphology (six prisms, short six pyramids and long
six pyramids shape) and crystal defect of ZnO. The degradation effi-
ciency of the modified ZnO was higher than P25 for formaldehyde
removal, due to that the polar planes of the modified ZnO possess
higher surface energy, which ensures a higher photocatalytic activ-
ity. A ZnO/graphene composite was prepared by a facile, green one-
pot hydrothermal method for degradation of gaseous acetaldehyde
[137]. The introduction of rGO (reduced graphene oxide) can
increase the electron transfer rate so as to improve the photocat-
alytic activity. Therefore, a proper rGO content can significantly
enhance the degradation rate and CO2 generation.

Hematite a-Fe2O3 is the most stable iron oxide that possesses n-
type semiconductor properties and a band gap energy of 1.9–
2.2 eV, enabling it as a promising visible light photocatalyst. Sugra-
nez et al. reported that a-Fe2O3 can be used for PCO removal of
NOx, following the processes of NO? NO2 ? NO3

� with retention
of HNO2/NO3

�.
Besides single metal oxides, bimetal oxides were also developed

as photocatalysts. For example, Huang et al. prepared a ZrxTi1�xO2
photocatalyst and applied it for decomposition of gaseous HCHO
[138]. Two narrow band gap semiconductors, Bi2SiO4 and AgI were
coupled via an in situ precipitation method [139]. In PCO removal
of formaldehyde, enhanced performance was observed compared
to single Bi2SiO5, due to the presence of Bi2SiO5, AgI and metallic
Ag which can cause the inner electric field originated from the
exposure of (1 0 0) facets.

More recently, graphitic carbon nitride has become a very pop-
ular metal-free photocatalyst owing to the nature of polymeric
semiconductor [13,104]. Sun et al. [140] reported that g-C3N4

nanosheets were deposited by Ag nanoparticles, which were then
used for PCO removal of NOx under visible light irradiations. It
was found that Ag nanoparticles not only enhanced the activity,
but lead to the selectivity of final products. Katsumata et al.
[141] prepared g-C3N4/WO3 composites and applied them for
visible-light-driven photodegradation of acetaldehyde pollution.
The optical absorption was determined by the energy range of
2.65–2.75 eV, as such visible light photocatalysis was ensured.
The synergistic effect of g-C3N4 and WO3 was proposed to be
responsible for the enhanced photocatalysis.

A recent survey of the photocatalysts for PCO air purification
shows that compared to other applications, such as aqueous degra-
dation, CO2 reduction, and hydrogen production, the exploration of
novel materials is still highly desirable. The new photocatalyst
materials for PCO air purification are far beyond satisfactory.

3.4. Immobilization techniques

The immobilization of TiO2, i.e. Degussa P25, photocatalyst
becomes a critical technique for fabrication of photoreactors for
air purification. Two main strategies have been applied for immo-
bilization of TiO2 powders, (a) coating TiO2 on supporting materi-
als, and (b) fabricating TiO2 as a film. Thevenet et al. [114]



Table 4
Photocatalytic oxidation of VOCs on non-TiO2-based photocatalysts.

Photocatalyst Pollutant Light source Reactor Reaction condition Performance Refs.

Morphology and
crystal defect
controlled ZnO

Formaldehyde UV of 3.6 mW/cm2 and
visible light of
35.5 mW/cm2

A 1.2-L batch
reactor

100 ppm formaldehyde 25% conversion [136]

ZnO-graphene Acetaldehyde UV of 1.0 mW/cm2 500 mL batch
reactor

200 ppm initial concentration 1.6 times higher activity
than pure ZnO

[137]

a-Fe2O3 (1.9–2.2 eV) NOx 0.25 mW/cm2 UV and
58 mW/cm2 visible

A continuous
laminar reactor

100 ppb NO with 50% RH 20% removal [142]

MnFe2O4 hollow
nanospheres
(1.61 eV)

Benzene Visible light of 50 mW/
cm2

A batch reactor 280 ppm benzene Effective degradation under
visible light irradiation

[143]

ZrxTi1-xO2 Formaldehyde UV–vis A batch reactor 1 ppm formaldehyde with 50% RH Enhanced degradation than
P25

[138]

Bi2SiO5 (3.54 eV)/AgI
(2.76 eV)

Formaldehyde Visible light 800-mL batch
reactor

2 lL formaldehyde injection Better than single
component

[139]

CdSnO3�3H2O
(4.4 eV)

Benzene,
cyclohexane
and acetone

UV A continuous
tubular quartz
microreactor

280 ppm acetone at a flow rate of
20 mL/min

25% conversion [144]

MSn(OH)6 (M = Co,
Cu, Fe, Mg, Mn,
Zn)

Benzene UV A continuous plug
flow micro-reactor

250 ppm benzene balanced with O2 MgHS and ZnHS showed
enhanced benzene oxidation
than P25

[145]

Ag/BaAl2O4 (1.63 eV) Toluene UV of 0.042 mW/cm2 A continuous
photoelectrical
cell

750 ppm toluene in 21.6% O2 + 78%
N2 + 0.4%H2O with a flow rate of
20 mL/min

Around 92% conversion on
Ag/BaAl2O4 vs. 80% on P25

[146]

BiOI/Al2O3 NO and SO2 Visible light of 6 mW/
cm2

A stationary Pyrex
glass column
reactor

Initial concentration of 2000 ppm 1.83% BiOI on Al2O3 for 100%
conversion for both NO and
SO2

[90]

Ag/g-C3N4 NOx Visible light A 4.5-L batch
reactor

100 ppm NO in 2.4 L/min air and
15 mL/min NO with 50% RH

70% conversion vs. 50%
conversion on g-C3N4 only

[140]

g-C3N4/WO3 Acetaldehyde UV of 1.0 mW/cm2 A batch reactor 250 ppm of acetaldehyde with 50%
RH

Higher conversion and CO2

formation than single
component

[141]

g-C3N4-BiVO4 NO Visible light A fixed-bed
continuous reactor

400 ppm No in 7% O2 (N2 balanced)
at 100 mL/min

3–4 times higher than single
component

[147]
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loaded P25 TiO2 onto glass fibres and applied them for PCO
removal of acetylene. In the preparation, a dry mixture of 50 wt%
colloidal silica (Snwtex colloidal silica) and 50 wt% TiO2 (Degussa
P25) was suspended in water for deposition onto silica glass fibres.
Other porous or functional supports, such as monolith [115], gra-
phene oxide [116], PVC sheets [117], or optical fibres [118], were
also employed for immobilization of photocatalyst powders. Fabri-
cation of TiO2 film is also a powerful technique for immobilization
of photocatalyst powders for air purifier. Xie et al. [119] employed
a PVP (polyvinylpyrrolidone) modified sol-gel route to fabricate
TiO2 thin film on window glass. They found that in PCO removal
of acetone and benzene, enhanced decomposition rates were
observed due to the improved crystallinity in comparison to that
derived from non PVP addition. Antonello et al. [120] applied a
novel procedure by electrochemical assistance for fabrication of
transparent and mechanically robust TiO2 film, which was then
employed for gas-phase PCO removal of VOCs. The film not only
showed excellent performances for VOCs removal but appeared
as a promising self-cleaning material.

The main methods of catalyst immobilization on a support are
the sol-gel, thermal, chemical vapor deposition, layer-by-layer
and electrophoretic deposition methods. Each method is briefly
described below and has its own merits.

The sol-gel method is a simple method whereby the catalyst
support (for example: glass plates or glass rings) are dipped at a
controlled rate in a colloidal solution of the TiO2 precursor fol-
lowed by calcinations at high temperature (>450 �C). This method
has been widely used due to the low cost and flexibility with a
wide range of shapes [148–150]. Recently, a low temperature
(<150 �C) hybrid sol suspension method was devised that could
be applied to various substrates such as aluminum, stainless steel,
glass fibres, Al2O3 monoliths etc, and be used to prepare stable,
thick and highly active photocatalytic layers from different com-
mercial TiO2 nanoparticles [151].

In the thermal method, the catalyst is directly sprinkled on the
support followed by thermal treatment [148,152]. The performance
of the catalyst however depends on the calcination temperature,
which influence the physical properties of the TiO2 (crystal phase,
structure, BET surface area and oxygen adsorption capacity) [153].

In chemical vapor deposition (CVD), the support is exposed to
a gaseous atmosphere of the catalyst precursor at high temper-
ature, which decomposes at the support surface [148,154]. This
method has been used to prepare N-doped TiO2 from multiple
precursors [155]. The method can also be used to control the
film thickness [156] and provide in situ TiO2 crystallization
[157,158].

The layer-by-layer (LBL) method uses a colloidal solution of the
catalyst precursor to dip or spray a few times on the support until a
layer of the desired thickness is obtained. The catalyst is bound to
the support electrostatically. In this method the catalyst thickness
can be easily controlled and the nanoparticles are well dispersed
within the porous matrix, hence providing a high surface area. Fur-
thermore, a high calcination temperature is not required [154,159–
161].

The electrophoretic deposition (EPD) technique uses the move-
ment of charged particles in a stable suspension upon the applica-
tion of an electric field. This method is environmentally friendly,
provide controllable film thickness and can be used on complex
shapes. EPD has been used on plastic substrate [162], inside the
pores of TiO2 nanotube array [163], to deposit chitosan/h-BN/
TiO2 composite coatings on metal [164] and could possibly be used
to coat biological molecules in the future [165].
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3.5. Photocatalyst design for PCO air purification

In addition to general requirements for photocatalysts, several
parameters should be considered for developing novel photocata-
lysts for PCO air purification.

(a) Proper band structures for formation of reactive species. In
the discussion of the purification processes, including VOCs
degradation and oxidation of various inorganic gases, the
formation of reactive radicals (�OH, �O2

�, HO2
� , etc.) are essen-

tial for the oxidation processes. The proper valence band
position (top of VB) for formation of �OH (via hole oxidation)
and conduction band position (bottom of VB) for production
of �O2ads

� (via electron reduction) would be compulsory for
the photocatalyst materials [104]. As the degradation of gas-
eous VOCs could be analogized to photodegradation of aque-
ous pollutants, therefore, the progress of material
development might be beneficial to each other.

(b) Selectivity of the photocatalysts. In degradation of organic
pollutants [166,167] in water or VOCs [168–171], the pre-
ferred products would be CO2, H2O and some inorganic com-
pounds. The unwanted product in PCO removal of gaseous
VOCs is coke that can deposit on the surface of the photocat-
alysts. In PCO removal of inorganic gas pollutants, selectivity
is also important. For example, in NOx removal, the physio-
chemical properties of a photocatalyst can lead to formation
of N2 or NO3

� [50]. In removal of SOx or H2S, it is desirable to
oxidize the compounds to SO3/SO4

2�, as formation of sulfur
on the surface will block the active sites of the photocata-
lysts [88].

(c) Stability of the photocatalysts. The selectivity can partially
influence the stability of the photocatalysts. In practical
applications, a long-term stability is very important as the
frequent replacement of the filter leads to high costs. In
addition to the selectivity, the robust crystal structure, sur-
face feature and chemical states are critical. Advanced sur-
face modification can be considered for tailoring the
selectivity and prolonging the stability [171].

(d) Visible light response. Visible light photocatalysis has
attracted worldwide attention due to the implication of effi-
cient solar energy. In outdoor air purification, it would be
promising if an advanced reactor can be designed for solar
energy utilization. In fact, this is more feasible than wastew-
ater treatment, because in photodegradation of aqueous pol-
lutants, the light diffusion by suspended particles is a critical
design parameter [172,173]. In indoor air purification, visi-
ble light response of the materials also promises the preven-
tion of bio-hazardous UV exposure and the possibility of the
utilization of room lighting [171].

(e) Immobilization of the photocatalysts. It is seen that continu-
ous reactors are frequently used in the air purification, which
is different from photodegradation of organic pollutants in
water. Continuous operation can be also implicated to real
applications. Therefore, the immobilization of photocatalysts
becomes a key technique in this field. Fabrication of photocat-
alyst film, incorporating the modification of composition or
surface structure, can be one option. Also, porous supporting
materials can be selected for improving the mechanic aspect
of the photocatalysts. Advanced material design should also
consider the simultaneous functionalization of the photocat-
alysts during the immobilization processes.

4. Design of gas-phase photocatalytic reactors

Gas phase photocatalysis is a process that uses the synergetic
interaction of light, a semiconductor catalyst and an oxidizing
agent (O2 or H2O) to decompose organic pollutants in air. Photo-
catalysis presents numerous advantages over its conventional
counterparts such as adsorption or filtration. The organic pollu-
tants are completely oxidized to CO2 and H2O, instead of being
merely transferred from one place to another and therefore do
not pose a disposal issue. The process is operated at ambient con-
ditions, making it suitable for integration in existing heating, ven-
tilation and air conditioning (HVAC) equipment [174].
Furthermore, photocatalysis works best at low concentration levels
(ppb or ppm), which are the typical loading of polluted air in
offices and buildings.

As explained in the previous sections, upon irradiation, the
semiconductor catalyst generates electron-hole pairs. The holes
can either directly oxidize adsorbed pollutants or can generate
very reactive hydroxyl radicals (OH�) from adsorbed water, which
are powerful oxidants. The charge transfer loop is then closed with
the remaining electron combining with O2. The photocatalytic
reaction can be summarized as follows:

Organic Pollutantsþ O2 �!CatalystþUV Light
CO2 þH2O

þMineral Acid ð58Þ
Photocatalysis has been widely studied for polluted air and

wastewater treatment. However, in this paper, we will focus on
the design and modelling of photocatalytic reactors for the treat-
ment of volatile organic compounds (VOCs) in air.

This section presents some examples of the different types of
photocatalytic reactors that exist. After that we present a section
on the modelling of photocatalytic reactors, which is subdivided
into hydrodynamics modelling, radiation transport modelling and
finally kinetics modelling.

4.1. Types of gas phase photocatalytic reactors

Typically, VOCs are treated in photocatalytic reactors with the
catalyst being immobilized on a surface. The generic laboratory
scale photocatalytic reactors, designed for the determination of
kinetic models, are the flat plate reactor and the annular reactor,
with the catalyst immobilized on the reactor wall. Other reactor
models are designed to have a high surface area of immobilized
catalyst for intimate interaction between catalyst, VOC and radia-
tion, hence achieving better performance and possible commer-
cialization. Some examples are: monolith, packed bed and
fluidized bed photocatalytic reactors for which some simplified
representations are shown in Fig. 3. Several other types of photo-
catalytic reactors have also been designed such as corrugated plate
[175], multi-annular [176], multi-plate [177], foam packed bed
[178] and paper-based immobilized TiO2 [179] reactor.

Each reactor geometry and design has its relevance. Plate type
and annular type reactors are not designed for high air throughput
and are therefore not commercialisable. However, they are of
utmost importance in studies to determine kinetic parameters.
Packed bed reactors are of simple construction and can have high
conversion per unit mass of catalyst, however high radial radiation
gradients can occur and the maintenance of the unit can be diffi-
cult. Fluidised bed reactors allow high throughput and low pres-
sure drop, but are difficult to control and tend to suffer from
catalyst losses in entrained air, which means that either catalyst
replacement is needed or additional equipment such as cyclones
could be required to separate and return the entrained catalyst
to the reactor. Monolith type reactors are compact, have high
throughputs and low pressure drops and could be easily incorpo-
rated in a HVAC system. However, the light intensity quickly decli-
nes through the monoliths. This could be solved by the use of
individual optical fibres passing through each monolith, which
could be challenging given the small pore size of the monolith
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Fig. 3. Some types of gas-phase photocatalytic reactors: (a) coated plate, (b) annular, packed bed and (d) monolith (top view).
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channels. Hence new reactor designs are required that can offer the
best conditions for photocatalytic reactions, namely: compact size,
large throughput, low pressure drop, optimal use of incident radi-
ation, easy maintenance and reduced catalyst losses.

4.2. Intensification of photocatalytic reactors

The two main limitations in photocatalytic reactors are photon
transfer and mass transfer. The design of new photocatalysts for
the absorption of light in the visible spectrum is one option that
has already been discussed in this paper. Alternatively, other pro-
cess intensification techniques by means of novel configurations in
light sources, reactor designs and optimal use of environmental
conditions have been devised to overcome these limitations, which
will be discussed here.

Light sources other than the conventional tubular lamps, such
as optical fibres and LEDs act as miniature lamps and therefore
offer better illumination in confined spaces. For example, optical
fibres could be effectively inserted inside monolith channels for
gas-phase photocatalytic reactions [180,181] to provide improved
illumination efficiency, as opposed to surface illuminated mono-
liths that experience an exponential light decay through the mono-
lith channels. Elsewhere, LEDs have been more commonly being
used as an alternative light source in photocatalytic experiments
[182–184] due to their higher efficiency in electricity-light conver-
sion, small dimensions, robustness and long lifetime. Indeed, Doss
et al. [183] found that visible light active TiO2 MPT623/LED sys-
tems displayed energy effectiveness coefficients of about 50 times
higher than that of TiO2 P25/UV-A system.
Simple mechanical design alterations to annular reactors such
as a single tangent inlet has exhibited better photocatalytic perfor-
mance compared to basis reactor (normal inlet) or 6-winged baffle
inlet reactor, due to spiraling flow over the catalytic wall, which
improved contact time between pollutant and active surface
[185]. Indeed, Destaillats et al. [186] showed that contact time
was a critical parameter to be considered while investigating the
performance of photocatalytic reactors under realistic conditions
(i.e., large chamber, gas mixtures and low pollutant concentra-
tions). They found that reducing the face velocity (hence contact
time) in a flat plate reactor design improved pollutant degradation.
However, if a reduction in air velocity was not feasible, the use of
pleated media could significantly improve reactor performance by
extending the contact time of pollutants on the irradiated surface.
Otherwise, different reactor designs such as monolith channel type
reactor provide a high surface area to volume ratio due to its hon-
eycomb structure and also allow high flow rates with low pressure
drop of the flowing air [115,187,188], meaning that as compact
structures, they could be good potential candidates for scale-up.
To further optimize the design of monolith reactors, Li Puma’s
group devised an overall monolith photonic efficiency factor (dis-
cussed in Section 4.4) for maximum photon absorption, that was
dependent on dimensionless design parameters of the monolith
reactor, from which they determined the optimal monolith aspect
ratio, lamp-to-length ratio and optimal monolith-to-lamp-distance
ratio [189]. The same factor was later used to optimize the design
of a multi-plate photocatalytic reactor (MPPR) [177].

Under realistic environmental conditions, parameters such as
light intensity levels, relative air humidity, pollutant concentration
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and air flow rate (the latter having been previously mentioned)
affect the photocatalytic rate. Depending on the type of pollutant
used, the prevailing environmental conditions can be used advan-
tageously for optimal photocatalytic degradation. For instance, NOx

photodegradation increased with increasing light intensity
[190,191] and was more efficient under UVA rather than visible
light [190]. Additionally, relative humidity could either positively
or adversely affect the photodegradation rate. High percentages
of relative humidity was detrimental to NOx degradation at 20
ppmv concentration due to competitive adsorption of water and
pollutant molecules on the photoactive surface [191], but resulted
in higher conversion when the concentration was at 1 ppmv due to
higher amount of hydroxyl radicals formed and non-competitive
effects [190]. In another work, increase of relative humidity (15–
60%) accelerated the photocatalytic degradation of toluene due to
formation of hydroxyl radicals and participation of water mole-
cules in the elimination of the accumulated intermediate ben-
zaldehyde [192]. On the other hand, the oxidation rate of
formaldehyde, 1,3-butadiene and toluene at sub-ppmv concentra-
tions were found to increase with decreasing humidity for humid-
ity levels above ca. 1000 ppmv [64]. Furthermore, humid air was
found to be a good means for self-cleaning (catalyst regeneration)
by assisting with the oxidation of carbon deposits formed during
the decomposition of pollutants [193].

In regards to new technologies, non-thermal plasma (NTP) can
generate high energy electrons at low energy input. Since these
high energy electrons can ionize gas molecules to produce chemi-
cally active species, recent research has shown [194–196] that the
combination of NTP with photocatalysis can provide a synergetic
effect that is greater than the sum of each part, and therefore sig-
nificantly improve the oxidation of pollutants in the treatment of
polluted air.
4.3. Modelling of photocatalytic reactors

The modelling and design of photocatalytic reactors is signifi-
cantly more challenging than that of conventional catalytic reac-
tors due to the participation of radiation in chemical reactions.
The added intricacy occurs due to the dependence of the reaction
rate with the local incident radiation intensity on the catalyst sur-
face. Fig. 4 shows the sequential steps to be taken in the design of
gas-phase photocatalytic reactors. Hydrodynamic modelling is
required to determine the velocity, residence time and direction
of the fluid. The local radiation incident on the catalyst surface
can be found via an appropriate lamp emission model. If a high
degree of light attenuation occurs in the direction of the fluid flow,
then the amount of light absorbed by the catalyst can be calculated
from the radiation transport modelling. With the knowledge of the
fluid flow characteristics and the local light intensity/absorption,
the kinetic modelling can be solved once an appropriate kinetic
scheme has been developed. From the kinetic scheme, the intrinsic
kinetic expression for a particular VOC can be derived. Each con-
secutive step presented in Figure will be described in the next sec-
tions of this paper.

4.3.1. Hydrodynamic modelling
Air flow within a photocatalytic reactor occurs at room temper-

ature and pressure, which means that the air can be considered a
Newtonian incompressible fluid with constant physical properties.
The fluid and pollutant species mass balance can be solved from
the classical continuity, Navier-Stokes and species conservation
equations, respectively (Eqs. (59)–(61)) [197,198]:

r � ðqvÞ ¼ 0 ð59Þ

r � ðqvvÞ ¼ �rP þr � ðsÞ þ qg þ SM ð60Þ

r � ðqvCiÞ ¼ �r � Ji þ ri ð61Þ
where q is the density, v is the velocity vector, P is the pressure,

s is the viscous stress tensor, g is the gravitational constant, Ci is
the molar concentration of species i, Ji is the diffusion flux of spe-
cies i and ri is the rate of consumption of species i, respectively. For
monolith type reactors, Eqs. (59)–(61) have been modified to
include the porosity of the monoliths [198,199]. The term ri in
Eq. (61) stands for homogeneous volumetric reaction, which has
been considered to occur in the case of monolith type reactors



Fig. 5. Lamp emission models: (a) line source model, (b) surface source model and (c) volume source model [212].
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[198,199]. However, in other types of reactors, reactions occur at
the catalyst surface only and therefore ri should be included in
Eq. (61) when solving the species balance at the catalytic walls
only, i.e., as a boundary condition. The term SM in Eq. (60) is the
momentum sink, implying loss of momentum due to an obstacle.
Some correlations for SM have been routinely used to account for
momentum loss in monolith channels [198,199] or in perforated
plates and photocatalyst supports [200,201].

To avoid the complexity of the mass transport equations, some
approximations regarding the flow pattern inside reactors have
been often utilized. Some authors performed 2D models and
neglected diffusive flux in the axial direction compared to the con-
vective flow [202]. When the size of the reactor is small, as for
example, a laboratory scale reactor, and the volumetric flow rate
is high enough so that mass transport limitation of pollutant spe-
cies from the bulk to the catalyst surface is small, the plug flow
model could appropriately describe the flow in the reactor
[99,171,203–206]. The addition of a laminar velocity profile
instead of fixed velocity could further improve mass transport
description [207,208]. In another research [209], to approximate
at best the flow in a non-ideal packed bed tubular reactor, an axial
dispersed plug flow model was used. In this model, diffusion/dis-
persion processes that mix elements are superimposed on the con-
vective flow in the axial direction and the dispersion term of the
molar flow rate is formulated by analogy to molecular diffusion.
Nevertheless, a correct description of the hydrodynamics is essen-
tial to capture fluid mixing, diffusion and reaction at the catalyst
surface and therefore allow for a proper determination of the reac-
tion rate. This is even more relevant when the reactor size is large
such that the sum total effect of fluid elements having different
velocities and directions cannot be ignored anymore, as will be dis-
cussed later.

4.3.2. Lamp emission models
The rate of a photocatalytic reaction depends on the intensity of

the incident light reaching the catalyst surface. Hence an accurate
determination of the local incident light flux impinging the catalyst
surface is required. Photocatalytic reactors are normally illumi-
nated by UV lamps that are located at an optimum distance to
the catalyst film for maximum reaction. The calculation of radiant
flux from a UV lamp at a certain point (r, h, z, in cylindrical coordi-
nates) on a catalyst surface depends on the type of lamp emission
model used. The mathematical derivation of lamp emission models
stems from the geometrical consideration of the emitting body.
Consequently, 3 main models have been proposed, namely: the
line source model, the surface source model and the volume source
model, which are mathematically depicted in Fig. 5. The derivation
of the models can be found elsewhere [210,211] and are summa-
rized in Eqs. (62)–(66). For the line and surface source models, light
can be emitted either specularly or diffusely.

Line source specular emission : Ek

¼ Kk1

4p

Z L

�L

dh

ðr2 þ ðz� hÞ2Þ
ð62Þ

Line source diffuse emission : Ek

¼ Kk1

4p

Z L

�L

rdh

ðr2 þ ðz� hÞ2Þ3=2
ð63Þ

Surface source specular emission : Ek

¼ Kk2

4p

Z h¼þL

h¼�L

Z /¼þp=2

/¼�p=2

� Rd/dh

½ðr cos h� R cos/Þ2 þ ðr sin h� R sin/Þ2 þ ðz� hÞ2�
ð64Þ

Surface source diffuse emission : Ek

¼ Kk2

4p

Z h¼þL

h¼�L

Z /¼þp=2

/¼�p=2

� cosuRd/dh

½ðr cos h� R cos/Þ2 þ ðr sin h� R sin/Þ2 þ ðz� hÞ2�
ð65Þ

Volume source emission : Ek

¼ Kk3

4p

Z h¼þL

h¼�L

Z g¼R

g¼0

Z /¼þp

/¼�p

� gdgd/dh
½ðr cos h� g cos/Þ2 þ ðr sin h� g sin/Þ2 þ ðz� hÞ2�

ð66Þ

where Kk1 = rate of photons emitted per unit length of lamp,
Kk2 = rate of photons emitted per unit surface of lamp and
Kk3 = rate of photons emitted per unit volume of lamp.

On the other hand, light emitting diodes (LEDs) are another type
of light source that have high energy efficiency, long lifetime and
compact sizes and they have recently found common use as light
source in photocatalytic reactors [118,171,213–215]. A simple
derivation of the equation for the incident radiation from an array
of LED lamps on a flat catalytic surface is presented elsewhere
[214].

There is no common agreement among researchers on which
lamp model to use. The surface and volume source models con-
sider the complete lamp dimensions as being emitting but can be



Y. Boyjoo et al. / Chemical Engineering Journal 310 (2017) 537–559 551
mathematically intensive. The Brandi, Alfano and Fernandez-
Garcia groups, who have largely contributed to the field of photo-
catalytic reactor engineering, have consistently used the surface
source model [175,176,202,216–218]. However, despite its mathe-
matical simplicity, the line source model has been found to match
very closely the volume source model [173,219] and has been pre-
ferred by many researchers [172,204,219–221].

It is important to realize that light emitted from a source nor-
mally passes through a quartz or glass envelope before reaching
the catalyst surface. Research has shown that the effects of reflec-
tion and refraction through the envelope can be non-negligible
[173,219,222,223] and should be considered in the modelling of
incident radiation flux.

4.3.3. Radiation transport modelling
The radiative transfer equation (RTE) describes the movement

of a bundle of light rays travelling in the direction s and having
solid angle X, intensity I and wavelength k. During its trajectory
through a medium, the light will experience absorption, out-
scattering and in-scattering. The RTE for an elemental distance ds
is [212]:

dIkðs;XÞ
ds

¼ �jkIkðs;XÞ � rkIkðs;XÞ þ 1
4p

rk

Z 4p

0
pðX0

! XÞIkðs;X0ÞdX0 ð67Þ

where the first term on the right hand side is the absorbed radia-
tion, the second term is the out scattering of radiation and the third
term is the gain of energy due to in-scattering of radiation. The
parameters jk and rk are the wavelength dependent absorption
and scattering coefficients of the medium and pðX0 ! XÞ is a phase
function describing incoming incident radiation from all other
directions surrounding ds.

The RTE is not applied to the polluted air medium as it is trans-
parent (no absorption) and does not scatter light. However, light is
indeed absorbed through the catalyst film. Since the particles in
the film are close together, the effect of absorption is much higher
than scattering and Eq. (67) can be greatly simplified to an analyt-
ical form known as the Beer-Lambert law, Eq. (68):

dI0;kðsÞ
ds

¼ �jkI0;kðsÞ ð68Þ

where I0;k is the incident radiation minus the reflected portion of
radiation and the absorption coefficient is assumed invariable with
distance s:

I0;k ¼ Iin;k � Iref ;k ð69Þ
Due to the thin film thickness in coated photocatalytic reactors

of the flat-plate or annular design and the assumption of intra-
particle mass transport resistance through the film, surface reac-
tion and therefore surface incident light flux has been taken into
Table 5
Value of n in some gas-phase photocatalytic reactors.

Pollutant C0 Reactor type k (n

Trichloroethylene 25.1 lM Flat plate 324–
n-Decane 73–138 ppm Annular monolith 280–
Dimethylsulfide 3 ppm Flat plate 365

375

385
402

Ozone 8.687 ppm Flat plate 365
consideration by most researchers. For these cases, solving the
RTE is not required and the incident light reaching the catalyst sur-
face can be calculated via the lamp emission models.

On the other hand, some reactor designs do experience an
attenuation of light intensity with position such that the local light
intensity has to be calculated. Some examples are fluidized bed
reactors [224], monolith reactors [198,199] and multi-annular
reactors [176,217]. The RTE should also be solved for packed bed
reactors. Lopes et al. [209] used an average irradiance in the calcu-
lation of the reaction rate in a packed bed reactor. Although their
model matched experimental data, the authors recognized the lim-
itations of their model for not considering the radial variation of
light intensity through the catalyst bed due to absorption and
scattering.

Other methods have also been used to calculate radiation trans-
fer. Some examples are an embedding technique which was used
to find the light absorption by two outwardly illuminated CeO2

films separated by a glass plate [216] and the Kubelka-Munk
model that described light propagation within nano-TiO2 immobi-
lized paper sheets [179].

4.3.4. Kinetic modelling
At steady state, the photocatalytic reaction rate depends upon

the surface coverage of the pollutant molecules on the catalyst par-
ticles. Therefore, it seems reasonable that the kinetic modelling of
photocatalytic reactors is related closely to adsorption models. In
this respect, the Langmuir-Hinshelwood (LH) relationship has been
widely used in the literature. The LH model is usually modified to
account for the effect of local light intensity in photocatalytic
reactors:

�rp ¼ ½Iðx; y; zÞ�n kKCp;s

1þ KCp;s
ð70Þ

where k is the apparent rate constant, K is the Langmuir adsorption
equilibrium constant and Cp;s is the pollutant concentration at the
catalyst surface. In the absence of mass transfer limitations, the pol-
lutant concentration at the surface is equal to that in the bulk fluid.
Absence of mass transfer is normally pre-determined by researchers
and it occurs when the reaction rate becomes independent of the
volumetric flow rate of the air in the reactor. Nevertheless, simpli-
fied models that account for the combined effect of mass transfer
(from semi-empirical correlations) and photocatalytic reaction rate
in reactors with constant cross-sectional areas have been presented
elsewhere [225,226]. The exponent n in Eq. (70) depends on the
incident light intensity. High incident intensity tends to favor the
electron-hole recombination process (n < 1) while low light inten-
sity favors pollutant degradation (n = 1). Some values of n for differ-
ent pollutants and incident light intensities are presented in
Table 5.

When the pollutant concentration is very small, Eq. (70) has
been reduced to [174,228]:
m) Catalyst Ew (Wm�2) n Refs.

400 P25 628.1 1 [220]
400 PC500 18.9–38.4 0.8 [227]

P25 0–10 0.78 [171]
10–25 0.16
0–10 0.69
10–25 0.2
0–25 0.75
0–25 0.86

± 25 P25 2.5–10 0.6118 [204]
10–25 0.1009
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�rp ¼ ½Iðx; y; zÞ�nk0Cp;s ð71Þ
The LH model has been expanded to accommodate the effect of

competitive water vapor adsorption to yield 3 main types of equa-
tions: LH bimolecular competitive one type of sites, LH bimolecular
non-competitive two types of sites and LH bimolecular competi-
tive two types of sites, Eqs. (72), (73) and (74), respectively
[209,226,227,229,230].
�rp ¼ ½Iðx; y; zÞ�nk KpKwCpCw

1þ KpKwCpCw
� �2

 !
ð72Þ
�rp ¼ ½Iðx; y; zÞ�nk KpCp

1þ KpCp

� �
KwCw

1þ KwCw

� �
ð73Þ
�rp ¼ ½Iðx; y; zÞ�nk KpCp

1þ KpCp þ KwCw

� �
K 0

wCw

1þ K 0
pCp þ K 0

wCw

 !
ð74Þ
where subscripts p and w refer to pollutant and water, respectively.
Eqs. (70)–(74), while providing a satisfactory fit within the experi-
mental ranges and for the specific reactor design investigated, are
not representative of the true reaction processes occurring at the
surface of the catalyst. Consequently, some authors could not match
their experimental data with the LH models, once they used differ-
ent operating conditions or reactor designs. For example, discrepan-
cies were observed when the kinetic model of formaldehyde
photodegradation performed in a glass plate reactor [231] was used
on monolith type reactors [198,199].

A true representation of a reaction kinetic equation should con-
tain intrinsic parameters, i.e. parameters that are independent of
reactor geometry, radiation field and fluid dynamics. The intrinsic
kinetic model is usually derived from a postulated, yet simplified
kinetic scheme involving the different species taking place in a
reaction. Passalia et al. [202] investigated the degradation of
formaldehyde on a single pass flat-plate photocatalytic reactor.
The intrinsic kinetic model was derived from a plausible reaction
pathway that applied a kinetic steady state approximation for
the net generation rates of radical species as well as electrons
and holes. The reaction rate model could successfully replicate
the experimental results obtained on a corrugated plate photocat-
alytic reactor [175,197,232]. Imoberdorf et al. [208,233] used a lab-
oratory scale flat plate reactor to derive the intrinsic kinetic
expression for the degradation of perchloroethylene (PCE), using
previously published plausible mechanistic sequence involving
chlorine radical attack of the PCE. The rate expression could be suc-
cessfully used to model PCE degradation in multi annular photo-
catalytic reactors [176,217]. Using the same scheme as for PCE
degradation, Li Puma et al. [229] derived a similar expression for
trichloroethylene (TCE) degradation. Unlike the other proposed
LHmodels in literature for TCE degradation, they showed that their
model could explain the effect of water vapor concentration on the
photocatalytic rate. Another expression for TCE degradation, albeit
without the presence of water vapor, was obtained by explicitly
taking into account electron-hole pair reactions, linear TCE adsorp-
tion/desorption equilibrium, first order reaction kinetics and
steady state concentrations of holes and adsorbed intermediates
[205]. Similarly from proposed reaction schemes, the intrinsic
expressions for the photodegradation of cyclohexane [234] and
toluene [218] have been proposed. For the sake of precise scientific
and engineering practice, it is therefore imperative that future
work in this field concentrate on the derivation of intrinsic kinetic
expressions from possible reaction mechanisms.
4.4. Photocatalytic reactor performance

Reactor performance parameters are important to compare
among different reactor configurations. The performance parame-
ters should be independent of the operating conditions, reactor
geometry and catalyst nature.

The most utilized performance parameter is the apparent quan-
tum yield [185,202,220,235,236]. The apparent quantum yield is
the ratio of the overall reaction rate to the overall amount of pho-
ton absorbed:

Uoverall ¼ hrpi
hea;si ð75Þ

where ea;s is the local superficial rate of photon absorption (LSRPA).
Serrano and de Lasa [237] on the other hand suggested a photo-

chemical thermodynamic efficiency factor (PTEF) for photocat-
alytic air treatment units as a parameter relating the energy
utilized for hydroxyl radical formation over the irradiated energy
on the photocatalyst.

Singh et al. [189] suggested the evaluation of two dimensionless
parameters for the evaluation of monolith photocatalytic reactor
performance: the monolith photon absorption efficiency (/), which
is the ratio of photons absorbed by the catalyst in the monolith
divided by the photons emitted by the lamps and the factor that
gives the uniformity of irradiation of the front surface of the mono-
lith (g). From these two factors, the monolith overall photonic effi-
ciency (U) can be calculated:

U ¼ /g ð76Þ
Imoberdorf et al. [176,238] defined the total quantum efficiency

(gT) to compare how well photocatalytic reactors make use of the
energy emitted by the lamp to decompose the pollutant. gT can be
expressed as the product of the reactor radiation incidence effi-
ciency (gI), the catalyst radiation absorption efficiency (gA) and
the overall reaction quantum efficiency (gR). The concept of multi-
ple efficiencies was also used by Passalia et al. [232] for the perfor-
mance determination of their corrugated-wall photocatalytic
reactor.

For photocatalytic reactors of constant cross sectional area,
Yang et al. [225] developed a number of transfer units (NTU)
approach to determine the reaction effectiveness (g). Calculation
of g could show if the reaction was mass transfer controlled, reac-
tion controlled or in-between.
5. Modelling methods for gas-phase photocatalytic reactors

The main methods of photocatalytic reactor modelling are pre-
sented in this section, namely: Monte Carlo method, numerical
methods and computational fluid dynamics.

5.1. Monte Carlo (MC) method

The MC method is a statistical technique that allows the track-
ing of individual photons. The emission of photons is stochastically
defined and assigned random directions. The MCmethod takes into
account the complex optical laws involved, such as refraction,
reflection and absorption, whereby a Russian roulette algorithm
is used to determine whether a photon hitting a wall is either
absorbed or reflected. Being a statistical method, better solutions
are acquired with higher number of virtual photons. The MC
method is relatively simple to implement and is best useful when
a high packing density of the catalyst is used (which is difficult to
solve via other methods), such as monoliths [189], fixed bed
[239,240], and packed bed [241] photocatalytic reactors. The MC
method was used to predict the effect of the geometric shape (cir-
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cular, square and triangular) of monolith channels on the radiation
distribution [242]. In a recent study [198], the light distribution in
a single channel of a monolith was modelled via MC so as to esti-
mate its absorption coefficient, which was eventually used as an
input parameter for the CFD modelling of the monolith reactor.
In another work, the optimum reactor configuration of a multi-
plate photocatalytic reactor illuminated with one or multiple
lamps was solved by MC method [177]. The optimal design was
validated through experimental verification.

5.2. Numerical methods

Numerical methods use different computer based algorithms to
solve the solution of sets of differential equations that are other-
wise impossible to solve analytically. Numerical methods have
been used to determine kinetic parameters from proposed LH
models [229], to calculate the radiation field interaction between
catalyst films [216,232] or in monolith channels [243,244] and to
solve the mass, momentum, radiation and kinetic expressions [17
6,179,202,208,209,217,218,224,227,233,245–248] in photocat-
alytic reactors.

Imoberdorf et al. [208] used a non-linear regression procedure
(Levenberg-Marquardt method) to find the kinetic parameters of
an intrinsic kinetic model for PCE degradation in a laboratory plate
photocatalytic reactor. The kinetic model could be used to predict
the experimental data from a larger multi-annular reactor. In
another work, non-linear least squares regression function was
used [229] to fit the experimental data of the photocatalytic oxida-
tion of TCE with five published kinetic models (one power law
model and 4 LH models) for TCE degradation. It was found that
the models did not fit the experimental data with respect to water
vapor concentration. The authors then derived a kinetic model
from a plausible kinetic scheme. The proposed model was apt at
representing experimental data over all investigated TCE concen-
trations and could also replicate the effect of water on reaction
rate.

Multiple reflections, absorption and transmission of radiation in
a photocatalytic reactor consisting of outwardly illuminated TiO2

thin films separated by a glass plate was solved numerically from
an expression that combined a surface lamp emission model with
the diffuse transmittance and reflectance of the different media
[216]. In another work, a Gauss-Siedel method was used to calcu-
late the incident radiation on the surface of a corrugated-wall pho-
tocatalytic reactor made up of triangular channels [232]. The effect
of interchange of radiation between the walls was achieved
through the use and computation of local view factors.

Hossain et al. [248] developed a rigorous 3D model from first
principles for calculating the convection, diffusion and reaction in
a square-channel monolith photocatalytic reactor. The model
equations, consisting of a set of partial differential equations were
solved via a numerical finite difference scheme based on the
vorticity-velocity method. Imoberdorf et al. [217] developed a
FORTRAN code to solve the radiation absorption field and mass bal-
ance with reaction in a multi-annular reactor. The model could also
be used to determine the optimum configuration for multi-annular
arrangement [176]. More recently, numerical methods have been
successfully applied to a continuous-flow tubular reactor [209],
annular reactor surrounded by 4 lamps [218], fluidized bed reactor
[247], paper-based nano-TiO2 immobilized on porous silica reactor
[179] and combined photocatalytic and non-thermal plasma annu-
lar reactor [245].

5.3. Computational fluid dynamics (CFD)

CFD is a powerful tool that allows researchers to solve the
hydrodynamics and radiation transport in photocatalytic reactors.
In a CFD software, the geometry of the reactor is reproduced with
its exact dimensions. The geometry can then be meshed or subdi-
vided into small elements and the transport equations (Eqs. (59)–
(61)) can be solved for each individual element. In using small vol-
ume/area elements of the reactor where the fluid flows, the differ-
ential form of the equations is approached and a realistic solution
of the hydrodynamics is therefore reproduced. CFD is particularly
useful when the reactor sizes are relatively big and ideal flow can-
not be assumed. Consequently the spatial accuracy of dead zones,
recirculation zones, velocity fields and concentration fields can be
properly captured. In setting up a case, the CFD user needs to spec-
ify known parameters such as physical parameters as well as
boundary conditions such as inlet flowrate, species concentrations
and outlet flowrate or pressure. Additionally, CFD can be used to
solve the RTE via the discrete ordinate model (DOM). Analogous
to the mass transport equations, the DOM discretises the volume
elements into a number of directions for which the RTE is solved
individually. CFD has been used to model photocatalytic reactors
of various sizes and designs such as a corrugated plate
[175,197,232], slit-shaped flat bed [174], narrow-slit flat plate
[214], 6-winged baffle and tangent inlet annular [185], rectangular
and cylindrical [249], annular [203,250,251], flat plate flow
through [204,220,252], monolith [198,199], photo-CREC [201]
and air purifier apparatus [253].

A corrugated plate photocatalytic reactor of 1.8 L volume for the
oxidation of formaldehyde was modelled by CFD [175,197]. The
radiation field was evaluated and introduced externally and the
velocity and concentration fields were evaluated by CFD from
intrinsic kinetic parameters obtained previously on a laboratory
scale reactor. Simulations showed that the effect of catalytic walls
was appreciable along each channel and a mixing effect was
observed due to the change in direction from one channel to
another. Good agreement was found between experimental data
and simulated results with a root mean square error lower than
4%. CFD studies could also be performed to determine the effect
of different folding angle of the triangular channels on the perfor-
mance of a corrugated reactor of smaller volume [232]. In another
work, a monolith type reactor was modelled by simulating the
channels as porous zones [198]. The absorption coefficient of the
channel was obtained independently by a MC method and used
as a parameter in the radiation modelling. Although good agree-
ment between experimental and simulated results for formalde-
hyde degradation was obtained, some discrepancies still existed
which the authors attributed to a temperature effect. However, it
is possible that the inconsistencies resulted from the usage of a
non-intrinsic kinetic equation. The modelling of a slit-shaped flat
bed photocatalytic reactor for acetaldehyde oxidation [174] was
performed by a semi analytic method considering mass transfer
and a CFD approach for comparison. It was found that the CFD
approach could accurately calculate the spatial variation of flow
rate, reaction rate and concentrations at the reactive surface, which
could not be accounted for by the analytic mass transfer approach.

The effect of reactor design on performance can also be ana-
lyzed by CFD. For an annular type reactor, it was found that a sim-
ple modification from middle inlet to single tangent could make
the stream flow in a whirlpool manner and improve the contact
of the fluid with the catalyst wall, even when compared to a baffled
inlet design [185]. In another work [201], the superiority of cylin-
drical cross-sectional design compared to a square one for a photo-
CREC reactor was demonstrated due to improved fluid and radia-
tion distribution on the catalyst surface.

The intrinsic kinetic parameters for the photocatalytic oxidation
of TCE in a flat-plate reactor could be found with a high degree of
confidence by 3D CFD modelling [220], since the model considered
the actual flow pattern, non-uniform radiation incidence on the
catalytic plate and the effect of the concentration of the reactant.
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The same authors later showed that a simple 2D model could very
well approach the predictions from the 3D model [252], which
greatly simplified implementation and computation time. In a dif-
ferent work [249], CFD studies were performed on a rectangular
reactor to determine the intrinsic reaction rate constants for ethy-
lene degradation. The constants found from CFD were much higher
than the ones determined analytically (i.e. by assuming plug flow)
due to the largely non-ideal flow occurring in the reactor. Never-
theless, when the CFD determined constants were applied on a
reactor of cylindrical design, the simulated results matched very
well the experimental data.

Difficulties may arise in CFDmodelling when the boundary con-
ditions are not known or properly set up. Indeed, in the modelling
of a photocatalytic air purifier for acetaldehyde removal [253], a
lack of accuracy between experimental and modelling results
was observed due to the difficulty in evaluating the precise outlet
velocity from the apparatus to set an accurate value of the total
pressure lost through the fans.
6. Outlook and conclusions

The tremendous amount of work invested in the design of pho-
tocatalysts and photocatalytic reactors within the past years
demonstrate the belief in this process becoming a future treatment
method for polluted air. Great progress has been achieved in the
understanding of the mechanism of pollutant degradation, light
absorption and charge separation so that catalysts are now being
tailored to achieve even better performances. However, despite
the advances, photocatalysis will still not be viable for commercial-
ization until recurrent issues such as low quantum efficiency, vis-
ible light absorption capability, selectivity towards CO2 and H2O
production and stability are addressed. This will require contribu-
tions from a variety of specialised groups such as band gap engi-
neers, material scientists, chemical engineers and chemists. As
such, the doping of well-known semiconductors such as TiO2 and
ZnO with metals, metal oxides or non-metals such as carbon or
carbon nitrides as well as the use of composites and perovskite-
based materials would be a step in the right direction. In the reac-
tor design, new concepts will be required that increase the surface
area of photocatalyst that is in contact with light and achieve a low
pressure drop of the flowing gas. Intrinsic kinetic models will need
to stem from viable degradation mechanisms, depending on the
pollutant used so that they can be used for a range of conditions
and reactor types. Computational models, which are derived from
fundamental transport equations, have been shown to be powerful
tools for the experimental validation of various types of reactors.
Nevertheless, the knowledge of fluid flows is essential for the
proper design of photocatalytic reactors and therefore, CFD based
models are of utter importance, above all when the reactor is of
considerable size. Furthermore, more studies carried out at the
more realistic ppb levels, due to the difficulty at generating and
controlling such low concentrations, are required and the effect
of gas mixtures, which will entail more complicated degradation
mechanisms and reaction kinetics will have to be investigated.
Finally, a set of international standards are required for photocat-
alytic products so that comparison can be made among products
from different producers via simple tests. The current ISO stan-
dards (ISO 22197: test methods for air-purification performance
of semiconductor photocatalytic materials) have been set up for
3 common pollutants: NO, acetaldehyde and toluene [254]. How-
ever, different, expensive and complicated analytical equipment
are required for each test and the preconditioning treatment is
inconsistent for each standard [255]. Setting up of similar protocols
for all pollutants have been suggested in terms of experimental
procedures and data analysis while published standards for other
common pollutants such as formaldehyde and methyl mercaptan
are required and pending [255]. Therefore, a lot of challenges and
concerns still remain to be addressed in the exciting field of photo-
catalysis before this technique becomes viable for
commercialisation.
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