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Abstract 
Ultraviolet photocatalytic oxidation (UV-PCO) is a promising gaseous volatile organic compounds 
(VOCs) elimination method, of which the PCO kinetics are closely related to the radiation and airflow 
(contaminants) fields. Mathematical models have been developed in extensive studies to 
demonstrate the PCO kinetic reactions. Computational fluid dynamics (CFD) simulation was also 
carried out to display the irradiance and flow fields in the reactor. However, it still lacks an in-depth 
understanding of the light and mass transfer within the porous film coating where the microscopic 
structures dominate. To close this gap, this paper concentrates on the development of mathematical 
models for describing the light propagation, mass transfer, and reaction kinetics within the porous 
film coating. Incorporated with a CFD model for solving the mass, momentum and energy 
conservation, the sophisticated PCO process in the reactor can be accurately reproduced. The 
developed models have been validated by the experimental data, and are comparable with other 
models in the literature. The developed numerical models provide the implications of mass transfer 
for film coating UV-PCO reactor design. 
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1 Introduction 

Volatile organic compounds (VOCs) are one type of the most 
common indoor chemical contaminants with high vapor 
pressures. As a promising indoor gaseous VOC elimination 
method, photocatalytic oxidation (PCO) technology has 
gained increasing attention in the past decades. A UV-PCO 
reactor uses titanium dioxide (TiO2) as a semiconductor as 
it generates electrons and positive holes upon the absorption 
of UV light. The subsequently formed hydroxyl radicals, as 
well as positive holes and superoxide radicals, act as oxidizing 
agents for the mineralization of organic molecules (Zhong 
and Haghighat 2011). Extensive experimental studies have 
been conducted on the UV-PCO reaction mechanisms: the 
direct attack by semiconductor holes, oxidation by hydroxyl 
radicals and reaction with superoxide radicals were reported 
as the three major degradation pathways (Bielski et al. 1985; 
Ishibashi et al. 2000; Murakami et al. 2007; Nosaka and 

Nosaka 2017; Muñoz-Batista et al. 2019). And the UV-PCO 
reaction is inherently influenced by reactant concentration, 
humidity, temperature, flow rate, light intensity, etc., (Obee 
and Brown 1995; Yu et al. 2006, 2007; Chawengkijwanich 
and Hayata 2008).  

A simulation study is another effective tool to investigate 
the complex UV-PCO system. The irradiance field in the 
reactor can be described by the preliminary mathematical 
models that treat lamps as radiation-emitting lines, surface 
source or volume source (Pareek et al. 2008). Further studies 
use the CFD modeling of radiation transport equation (RTE), 
which considers the varying conditions of the radiative 
properties, such as absorption, scattering and refractive indexes. 
Commonly used ones include the P-1 model (Cuevas et al. 
2007), surface to surface model (S2S) (Einaga et al. 2015) 
and Discrete Ordinates (DO) model (Cuevas et al. 2007; 
Atkins and de Paula 2009; Denny et al. 2009; Trujillo et al. 
2010; Duran et al. 2011). Among them, the DO radiation  
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List of symbols 

a  geometric surface area per unit volume (m−1) 
Ar  reaction area of the catalyst coating (m2) 
c   solution concentration (mg/m3) 
[C]  concentration (mg/m3) 
d  mean particle diameter (m) 
D  diffusivity (m2/s) 
E  light flux (photons cm−2·s−1) 
h  catalyst coating thickness (μm)  
I  light intensity (W/m2) 
k  rate constant (s−1) 
K  adsorption equilibrium constant (m3/mg) 
km  mass transfer coefficient (m/s) 
l  light radiative properties (cm−1) 
L  length (m) 
M  intermediate (mg/m2) 
MS  molecular mass (g/mol) 
P  pressure (Pa) 
q  absorbed concentration at the surface of the  
  nanoparticle (mg/m3) 
Q  volumetric flow rate (m3/s) 
r  reaction rate (mg/(m2·s)) 
[R]  acetone concentration (mg/m3) 
t  time (s) 
T  temperature (K) 
U  velocity (m/s) 
x  distance (m) 
z  depth (μm) 
α  constant  
β  constant  
δ   molecular collision diameter (nm) 
ε  porosity  
η  light attenuation coefficient (m−1) 
λ  light wavelength (nm) 
μ  dynamic viscosity (kg/(m·s))  
  kinematic viscosity (m/s) 
 

ρ  density (kg/m3) 
τ  tortuosity 

Subscripts 

0  incident light 
1  electron capture 
2  hole capture 
3  recombination 
5  hydroxyl radical attack 
7  radical termination  
a  macropore 
ab  light absorption 
acetone  air property 
ads  absorbed surface equilibrium species concentration
ai  mass transfer rate constant from macropore into 
  mesopore  
b  bulk phase 
BL  boundary layer 
c  coating  
ei  photocatalyst activation 
i  mesopore  
I  downward light 
in  inlet 
J  upward light 
kn  knudsen diffusion 
M  molecular diffusion 
mfp  mean free path 
o  equilibrium concentration 
p  particle  
rec  reaction  
s  solid-phase absorbed voc saturation capacity 
sc  light scattering 
t  time 
VOC  volatile organic compounds 
W water 

 
model is recognized with the capability of solving an entire 
range of optical thickness and solution at semi-transparent 
walls for giving the most accurate results. Also, the Do model 
was validated and employed in different kinds of reactor 
designs, such as slurry, flat plate, packed bed and immobilized 
reactors (Cuevas et al. 2007; Denny et al. 2009; Trujillo et al. 
2010; Duran et al. 2011; Cheng et al. 2015). As for the fluid 
flow simulation, the CFD modeling of mass, momentum 
and energy conservation, as well as the multispecies transport 
equations, are solved to provide accurate fluid/thermal/ 
contaminant transport phenomena in a reactor (Taghipour 
and Mohseni 2005; Salvadó-Estivill et al. 2007b; Casado  
et al. 2017; Luo et al. 2019a; Malayeri et al. 2019). Furthermore, 
the irradiance and flow fields, which are difficult to be 

determined by experiments, obtained from CFD simulation 
are critical input information for the PCO process in the 
catalyst coating. 

With respect to the PCO process in the catalyst coating, 
photons transfer is normally neglected with the assumption 
of incident surface irradiance is the energy participating in 
PCO reactions. More realistic studies introduced the Beer- 
Lambert law with a non-scattering medium assumption 

0e ηzI I -= , which showed the exponential light decays with 
the catalyst depth z (Boyjoo et al. 2014). As for the mass 
transfer, preliminary studies proposed mass balance equations 
for the VOC transport in the bulk phase only (Salvadó- 
Estivill et al. 2007a; Jarandehei and de Visscher 2009; Wang 
et al. 2012; Adjimi et al. 2014). More comprehensive studies  
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included the advection and diffusion of the gas phase in the 
porous catalyst as well as the adsorption/reaction/desorption 
on the catalyst surface (Zhong and Haghighat 2011; Luo et al. 
2019b). With respect to the PCO kinetic reaction, empirical 
Langmuir-Hinshelwood (L-H) reaction rate equation  
is extensively used to interpret the adsorption-reaction- 
desorption process with two lumped coefficients k and K  
as the reaction rate constant and adsorption coefficient, 
respectively (Murakami et al. 2003; Salvadó-Estivill et al. 
2007b; Queffeulou et al. 2010; Zhong and Haghighat 2011; 
Zhong et al. 2013; Einaga et al. 2015; van Walsem et al. 
2016). Several modifications were made to include the 
intrinsic influencing factors dependence, such as the light 
intensity, temperature, humidity, etc. (Wang et al. 1998; 
Li Puma et al. 2009; Zhong and Haghighat 2011; Zhu et al. 
2015).  

Despite that extensive simulation studies have been 
reported for UV-PCO performance, they do not correctly 
reflect the UV-PCO mechanism in the reactors. For example, 
the irradiance field within the porous catalyst was either 
simplified by a power-law empirical relationship (Salvadó- 
Estivill et al. 2007b) or Beer-Lambert law with the absence 
of scattering (Zhong and Haghighat 2011; Boyjoo et al. 
2014). And the internal mass transfer resistance within the 
catalyst film was assumed negligible (Zhong and Haghighat 
2011; Malayeri et al. 2019). Furthermore, the commonly 
used kinetic reaction rate equation from the L-H assumption 
cannot reveal the intrinsic reaction mechanism. Hence, in 
this paper, we developed new mathematical models in 
conjunction with the CFD model to investigate and simulate 
a plate UV-PCO reactor. The developed mathematical models 
described photon propagation, hierarchical mass transfer 
and quadratic adsorption-reaction-desorption reaction in 
the porous catalyst were validated by experimental data. The 
effects of operational conditions, such as VOC concentration, 
air flow rate and humidity, were explained by models. 

2 Experimental setup of the UV-PCO system 

The radiation measurements, dark adsorption tests and the 

PCO reaction investigations were conducted in a UV-PCO 
reactor (Figure 1). The trapezoid PCO reactor (net volume = 
130.19 cm3) was gas-tight and consisted of a removable 
quartz-glass, a flat catalyst coating plate (103.83 mm × 
83.31 mm), inlet and outlet nozzles and two baffles. The 
catalyst coating plate was supported by the baffles and located 
5 mm lower than the bottom surface of the quartz-glass to 
create a narrow channel flow. The two baffles were located 
in front of the inlet and outlet nozzles (inner diameter = 
6.35 mm, length = 15.3 mm) which stretched into the reactor 
at an angle of upward 15 degrees. Thus, the turbulent mixing 
of acetone and air was created when the inlet gas stream 
reached the baffle and then directed to flow through the 
catalyst plate. The coating area of 0.15g TiO2/diatomite 
(properties see the Electronic Supplementary Material (ESM) 
Table S1 and Figure S1 in the online version of this paper) 
was 86.5 ± 2.6 cm2. The reactor was irradiated by two UVA 
lamps (JINLI T5-8W, 0.0155 m blub diameter, 0.56 m blub 
length and 8 W UV-A output) side by side with the maximum 
irradiance peaks at 365 nm.  

Our previous radiation measurements combined with 
the DO radiation model found the reflectance of pure 
aluminum plate and TiO2/diatomite coating were 0.14 and 
0.39, respectively, and the incident UV light I0 at the catalyst 
surface was calculated as 13.133 W/m2 (Luo et al. 2019b). 
In this work, acetone was selected as a challenge gas since  
it has been widely existing in an indoor environment 
(Salthammer et al. 2016; Zhang et al. 2016). The dynamic 
adsorption-PCO setup was used to determine the dark 
adsorption and PCO removal efficiency for the acetone under 
different operating conditions (Table 1 and the Electronic 
Supplementary Material Table S2). The system (see the 
Electronic Supplementary Material Figure S2) consisted a 
VOC generating syringe pump (Fusion 100, Chemyx Inc.), 
a humidity regulating system (bubble humidifier and mass 
flow controller (Alicat Scientific)) and VOC detecting system 
(analyzed with the total hydrocarbon (Series 9000, Baseline 
Mocon) and GC-FID (Agilent) for the inlet and outlet 
samples). Prior to UV light on, the reactor was continuously 
and steadily challenged with acetone to determine model 

 
Fig. 1 Schematic diagram of the UV-PCO reactor 
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parameters, such as external and internal mass transfer rate, 
adsorption isotherms, etc., from mass balance equations. Once  
the catalyst reached saturated adsorption, the UVA-lamps 
were switched on, and the PCO removal performance was 
evaluated by continuously measuring the inlet and outlet 
VOC concentrations for a stable period of 20-30 min. 

3 Numerical models 

3.1 CFD model governing equations 

The fluid flow field was solved by the steady-state conservation 
equations with the shear-stress transport (SST) k-ω model, 
species transport equation and DO radiation model. The 
governing equations and constitutive equations are tabulated 
in Table 2. 

3.2 UV-PCO model 

3.2.1 Light propagation model 

The Kubelka-Munk model was used to describe the radiative 
transfer in porous media with consideration of light 
absorption and scattering effects (Ciani et al. 2005). The 
light flux at a depth z was solved as (Ciani et al. 2005; 
Džimbeg-Malčić et al. 2012):  

( )total I J 0 1 2( , ) ( , ) ( , ) 2 e eαz αzE λ z E λ z E λ z E -= + = +f f    (1) 

with  

( )
( ) ( )

1 2 2

1 e
1 e 1 e

αh

αh αh

β
β β

-

-

-
=

+ - -
f                    (2) 

Table 1 Operation conditions of the UV-PCO reactor and corresponding mass transfer model parameters 

No. 
Inlet concentration 

(mg/m3) 

Volume  
flow rate 
(L/min) 

Water concentration 
(mg/m3) 

External mass 
transfer coefficient 

kmBL (m/s) 

Mass transfer
rate constant

kai (s−1) 

Equilibrium solid phase 
VOC concentration 

[Rads] (mg/m2) 

Adsorption 
rate constant 

kads (s−1) 

#1 23.99 ± 1.2 ≈0 RH 0.0245 0.00269 0.040 

#2 47.98 ± 2.4 ≈0 RH 0.0245 0.00321 0.099 

#3 71.97 ± 3.6 ≈0 RH 0.0245 0.00323 0.164 

#4 95.96 ± 4.8 

1± 0.006 

≈0 RH 0.0245 0.00361 0.182 

#5 1 ± 0.006 ≈0 RH 0.0245 0.00269 0.040 

#6 2 ± 0.012 ≈0 RH 0.0344 0.00173 0.065 

#7 3 ± 0.018 ≈0 RH 0.0427 0.00112 0.087 

#8 

23.99 ± 1.2 

4 ± 0.024 ≈0 RH 0.0487 0.00054 0.163 

#9 3450 (15% ± 2%RH) 0.0245 0.00048 0.422 

#10 6900 (30% ± 2%RH) 0.0245 0.00032 0.914 

#11 11500 (50% ± 2%RH) 0.0245 0.00028 1.302 

#12 

23.99 ± 1.2 1 ± 0.006 

16110 (70% ± 2%RH) 0.0245 

14550 

0.00019 5.064 

 

Table 2 Governing equations and constitutive equations 

Conservation of mass ( ) 0ρ ρvt
¶

+⋅ =
¶

   

Conservation of momentum ( )
( ) ( )ρv ρvv P τ ρgt

¶
+⋅ =- +⋅ +

¶
  

Conservation of species Yi ( )
( )i

i i i
ρY ρvY J Rt

¶
+⋅ =-⋅ +

¶

  

ANSYS 2018 

SST k-ω turbulence model 
( ) ( ) 

( ) ( )

i k k k k
i j j

i ω ω ω ω ω
i j j

kρk ρku Γ G Y St x x x
ωρω ρωu Γ G Y S Dt x x x

¶ ¶ ¶ ¶
+ = + - +

¶ ¶ ¶ ¶

¶ ¶ ¶ ¶
+ = + - + +

¶ ¶ ¶ ¶

( )

( )
 Menter et al. 2003; ANSYS 2018 

DO radiation model ( )( ) ( ) ( ) ( ) ( )
4π4

2

0

, , , dπ 4π
s

s
σT σI r s s a σ I r s an I r s Φ s s Ω¢ ¢ ¢⋅ + + = + ⋅ò

          ANSYS 2018 
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( )
( ) ( )

2 2 2

1 e
1 e 1 e

αh

αh αh

β
β β -

+
=

+ - -
f                    (3) 

where ab ab sc( 2 )α l l l= + , ab ab sc/ ( 2 )β l l l= + , lab (cm−1)  
and lsc (cm−1) are the light absorption and scattering coeffi-
cients, and E0 (λ) (photons cm−2 s−1) is the incident light flux 
at the top surface. 

3.2.2 Mass balance equations 

As presented in Figure 2, the catalyst coating is characterized 
as a film-bidisperse porous structure which is controlled by 
the following three-step mass transfer: 
(1) The adsorbates transport in the bulk fluid flow and 

diffuse into the concentration boundary layer on the top 
of the catalyst coating. 

(2) The adsorbates transport in the macropores (interparticle 
diffusion) of the catalyst coating and then are adsorbed 
on the macropore walls (external nanoparticle surface). 

(3) The adsorbates transport in the mesopores (intraparticle 
diffusion) of nanoparticles and then are adsorbed on 
the mesopore walls. 
Thus, the mass balance equations are established as:  

i. Mass balance within the boundary layer: 

( )
2

b b b
0 acetone BL BL b a2

[ ] [ ] [ ] km [ ] [ ]C C CU D a C C
t x x

¶ ¶ ¶
+ = - -

¶ ¶ ¶
    

(4)  

ii. Mass balance within macro-porous catalyst coating: 

( )

( )

a aads t a
a a a a

BL BL b a ai a i

[ ] [ ] [ ]1

km [ ] [ ] ([ ] [ ])

a
C R Cε ε a ε D
t t x x

a C C k C C

é ù¶ ¶ ¶ ¶
+ - = ê ú

¶ ¶ ¶ ¶ê úë û
+ - - -        (5) 

iii. Mass balance within mesoporous catalyst particle: 

( ) ( )( )

( )

i iads t
i a i a i

i
i a i ai a i

[ ] [ ]1 1 1

[ ]1 ([ ] [ ])

C Rε ε ε ε a
t t

Cε ε D k C C
x x

¶ ¶
- + - -

¶ ¶
é ù¶ ¶

= - + -ê ú
¶ ¶ê úë û

           (6) 

iv. Adsorption at external nanoparticle surface and intrapar-
ticle adsorption: 

( )

ads t aads t iads t

ads ads t

a i

a iaads iads] ]

[ ] [ ] [ ]

[ [ [ ]

R R R r rt t t
k R R R r r

¶ ¶ ¶= + - -
¶ ¶ ¶

= + - - -       (7) 

v. UV-PCO reaction at nanoparticle external surface and 
intraparticle walls, considering oxidation by hydroxyl radicals 
is the dominant reaction pathway (Muñoz-Batista et al. 
2019): 

[ ]
[ ]( )

[ ]( )
[ ]

1 ads 2

2 W 2

3 VOC W 2

2

[ ] H O
1

1 [H O]
1 [H O]

1
H O

ω R
r

ω R K
ω I K R K

=- -
+ +

+ +
+ +

(

)            (8) 

where 

[ ]5 1 2 W s 2ads
1

3 7

[ ]
2 [ ]

k k k K R O
ω

k k M
=                          (9) 

[ ]( )5 VOC s 7 VOC
2

7

[ ]
[ ]

k K R k K M
ω

k M
+

=                   (10) 

2ei 3 TiO
3

1 2 W 2ads s

4 [sites ]
[ ][ ]

k k
ω

k k K O R
=                          (11) 

With the initial and boundary conditions are 

 
Fig. 2 Schematic diagram of the VOC transfer in the catalyst coating 
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At t = 0, b a i iads t[ ] 0C C C R= = = =  at any x           (12) 

At x = 0, b inC C=  and b i 0C C
x x

¶ ¶
= =

¶ ¶
 at any t         (13) 

where a is the area available for external film mass transfer 
per unit volume (m2/m3); kmBL is the boundary layer mass 
transfer coefficient (m/s); εa and εi are the macroporosity 
and mesoporosity, respectively; [R] is the gaseous VOC 
concentration (mg/m3); [Rads]t is the absorbed VOC con-
centration (mg/m2); kai is the mass transfer rate from 
macropore to mesopore (s−1); kads is the rate constant of 
particle adsorption (s−1); Da and Di are the diffusivities in 
macro- and mesopores (m2/s), respectively; and [H2O] is the 
water vapor concentration (mg/m3). Equation (8) is a func-
tion of [Rads], [H2O] and I, where coefficients ω1 (m3/(mg·s)), 

ω2 (m3/mg) and ω3 
æ ö÷ç ⋅ ÷ç ÷çè ø

2

3
mgm

W m
 are independent of physical  

parameters of interest. By varying the VOC compound 
concentration and RH conditions, the equation coefficients 
can be obtained. 

4 Numerical methodology 

The complex UV-PCO reaction simulations involve an 
accurate description of the flow field, radiation field, mass 
transfer and PCO reaction. This paper used Ansys Fluent 
19.0 to simulate the macroscopic flow field and irradiance 
field in the reactor, which passed the boundary conditions 
to COMOSOL Multiphysics 5.4 to study the microscopic 
mass transfer in the porous catalyst. The obtained reaction 
rate was implemented back to the Fluent through user- 
defined function (UDF), and the flow field after the UV-PCO 
reaction was solved. Furthermore, the light distribution along 
catalyst coating depth was solved in MATLAB R2018b 
and the average absorbed light flux was implemented into 
the kinetic reaction model. 

Accurate simulations require high-quality meshes. In 
this work, the 3D model was constructed for the reactor 
(mesh sees the Electronic Supplementary Figure S3). The 
boundary of the top domain of the reactor was not shown 
for visibility. The tetrahedron mesh was built here due to 
the complex reactor geometry, while the refinement in the 
catalyst region was built to increase the numerical accuracy 
of the domain of interest, which contains three layers 
elements with 1.1 height increasing ratio up to 0.5 mm 
maximum layer size. The mesh independence was examined 
under three different global element seed size (4.0 mm,  
2.0 mm, and 1.0 mm). The grid convergence index (GCI) 
was tested for the average velocity at plane 1 and the 
average incident radiation at plane cata (see the Electronic 
Supplementary Material Figure S4). The calculated GCIs 
with safety factor (Fs=1.25) were within 5%, and the 
refinement was in the asymptotic range of convergence (≈1). 

Thus, the grid convergence was reached and the medium 
mesh 2.0 mm was adopted to reduce the calculation time 
while ensuring accurate results. 

The lamp was considered as a semi-transport wall with 
15 W/m2 emitting diffuse radiation, which was measured 
by applying a radiometer (UVP model UVX-38) on the 
lamp surface. The inlet, outlet, and space were considered 
as a semi-transport wall with zero-emitting radiation such 
that the radiation transmits freely without reflection and 
refraction. Furthermore, the quartz-glass was defined as a 
semi-transparent wall with 99.5% transmittance, which was 
determined by the ratio of measured radiation intensity 
before and after applying the quartz-glass. Other walls were 
considered as opaque walls with prescribed absorption 
coefficients, including 0.8 for lamp base (Janecek 2012), 0.9 
for detector (Ishii and Ogawa 2004), 0.9 for detector probe 
(Janecek 2012), 0.8 for reactor wall (MATERION n.d.), 
0.86 and 0.61 for catalyst coating and pure plate (Luo et al. 
2019b). With respect to the flow field boundary conditions, 
mixed air with varying acetone contributions, water vapors, 
and flow rates was introduced. The outlet was set as outflow, 
and all other walls were set as stationary walls with no-slip 
boundary conditions. As for the operating conditions, the 
radiative properties of injected VOC were considered the 
same as the fresh lab air since the VOC concentration was 
very low. Therefore, the absorption coefficient, scattering 
coefficient, and refractive index of the airflow were defined 
as 0.000014 (Bucholtz 1995), 0.00006 (Bucholtz 1995) and 
1.003001 (Penndorf 1957), respectively. All the boundary 
conditions used in the CFD software were tabulated in the 
Electronic Supplementary Material Table S4. 

The finite volume method (FVM) was used to solve 
governing equations as well as the SST k-  turbulence 
model and the DO radiation model (Table 2) in Fluent. The 
SIMPLE scheme was used for the pressure-velocity coupling. 
The second-order upwind scheme was chosen to discretize 
mass and momentum governing equations as well as 
convection terms for the k-ω turbulence model. Furthermore, 
the convergence criteria were set as 1 × 10−4, 1 × 10−6 and  
1 × 10−9 for flow field parameter, radiation intensity and 
species transport, respectively. The adsorption mass balance 
equations were solved in COMSOL Multiphysics using  
the finite element method (FEM). The Lagrange type shape 
function along with quadratic element discretization was 
used, and the convergence criteria were set as 1 × 10−4. 

5 Results and discussion 

5.1 Determination of model parameters 

5.1.1 Light penetration model 

The radiation transport equations in air and quartz-glass 
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are solved by DO radiation model, of which the sensitivity 
analyses for the number of discrete solid angles and angular 
overlapping were conducted. Then the UV light reflectance 
of TiO2/diatomite catalyst coating was determined by the 
methodology introduced in our previous paper (Luo et al. 
2019b). The UV light reflectance of catalyst coating and plate 
were obtained as 0.14 and 0.39, respectively. Thus, the light 
being absorbed by the catalyst is calculated as 13.133 W/m2. 

The light transport within the porous media goes through 
nanoparticle absorption, scattering, reflection and substrate 
reflection (Figure 3). From the literature, the absorption 
coefficient and scattering coefficient of TiO2 were adopted 
as 800 (cm−1) and 302 (cm−1), respectively (Elim et al. 2011; 
Shehap and Akil 2016; Shinen et al. 2018; Tobaldi et al. 
2019). Implementing them into the Eq. (1), the light pro-
pagation with respect to the penetrating depth of catalyst 
coating is shown in Figure 4, indicating 10% of the original 
UV light flux at h = 21.8 μm. The catalyst coating of our 
experiment was 10 μm. Thus the light flux within 10 μm 
range of catalyst coating was averaged and converted to light 
intensity as 7.599 W/m2 that maintained 57% of I0. 

5.1.2 Adsorption mechanisms 

Concentration boundary layer 
The mass transfer coefficient from the boundary layer into  

 
Fig. 3 Schematic diagram of photon transport in a porous media 

 
Fig. 4 Predicted light transport inside the TiO2 coating 

the catalyst pore structure kmBL was determined by Sherwood 
number as follow (Cussler and Cussler 2012): 

c

4 1
0 5 3

BL
c c

BL BL
c 0

0.0296
km

1with km km d

ij
x ij ij

x

L

x

xU DSh D D
L L

x
L

= =

= ò

( )( )



          (14) 

where Dij is the mass diffusivity, Lc is the plate length, U0 is 
the freestream velocity,  is the kinematic viscosity. With 
the help of CFD, the flow field, the local Sherwood number, 
and the mass transfer coefficient were calculated to account 
for the boundary layer growth on the plate. The averaged 
mass transfer coefficients were tabulated in Table 1. 
Mass transfer rate into TiO2 nanoparticles 
The mass transfer rate constant from macropores into the 
TiO2 nanoparticles is given as (Kast 1985; Snyder 1992): 

i o i
ai 2 2

op P

60D c Dk Ω
qr d

= =                             (15) 

where Di is the intraparticle diffusion coefficient and dp   
is the nanoparticle diameter. Considering the intraparticle 
mesopore with a size of 6 nm, the mean free path can be 
calculated with the following equation (Zhang 2013): 

B
mfp 22π

k TL
δ P

=                                  (16) 

where kB is the Boltzmann constant, 1.38 × 10−23 J/K; P is 
the mean total pressure with the pores in adsorbent (Pa);  
δ is the molecular collision diameter for acetone, 0.616 nm; 
and T is the absolute temperature (K). Thus, the mean free 
path was calculated as 14 nm, which proved that the Knudsen 
diffusion effect existed in the mesoporous TiO2 nanoparticles. 
The intraparticle diffusion coefficient can be estimated as: 

i

M kn

1
1 1

εD
τ

D D

=
+( )

                            (17) 

where 
0.5p

kn
8

3 πMSi

d RTD = ( )  

The estimated Knudsen diffusion coefficient and intraparticle 
diffusion coefficient were 6.59 × 10−7 m2/s and 9.70 ×   
10−8 m2/s, respectively.  
Macropore and mesopore intraparticle adsorption 
The model parameters kads and [Rads] were determined from 
the adsorption kinetic experiments. The overall adsorption 
isotherm was described by a classical molecular single- 
site competitive Langmuir isotherm under different VOC 
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concentrations: 

s VOC
ads

VOC W 2

[ ] [ ][ ]
1 [ ] [H O]

R K CR
K C K

=
+ +

                   (18) 

which can be rearranged as: 

+
= + =

+
+

W 2 W
2

ads s VOC s s VOC

VOC

s VOC

1 1 [H O] 1 1 [H O]
[ ] [ ] [ ] [ ] [ ] [ ]

1 [ ]
[ ] [ ]

K K
R R K C R R K C

K C
R K C

  (19) 

where [C] and [H2O] are the gas phase VOC and water 
concentration (mg/m3), respectively; [Rs] and [Rads] are the 
catalyst absorbed VOC saturation capacity and equilibrium 
solid-phase VOC concentration (mg/m2), respectively; KVOC 
and KW are the adsorption equilibrium constant (m3/mg). 
The operating conditions #1-4 and #9-12 were implemented 
in Eq. (19) and the equilibrium adsorption isotherms were 
presented in Figure 5. The [Rs], KVOC and KW were obtained as 
0.00391, 0.0915 and 0.00266 m3/mg, respectively. Furthermore, 
with the assumption of the same adsorption properties for 
the external macropore surface and intraparticle mesopore 
surface, the fraction of adsorption saturation is proportional 
to the specific surface area. The analyzed TiO2 external and 
internal surface areas were 0.104 m2/g and 39.896 m2/g, 
respectively. Thus [Raads]/[Riads]=0.0026, with the known [Rads], 
the equilibrium solid-phase concentration at external and 
internal nanoparticle surfaces can be obtained.  

The adsorption rate constant, kads, was estimated by 
fitting the breakthrough curve on the time axis with the 
integral of Eq. (5), which has a form: 

( )ads
ads t ads[ ] [ ] 1 e k tR R -= -                    (20) 

The results were presented in Figure 6 and the adsorption 
rate constants were tabulated in Table 1.  

5.1.3 Kinetic reaction model 

The reaction rate was computed by the function: 

in out

r

( )Q C Cr
A
-

= -                             (21) 

where Q is the volumetric flow rate of the VOC carried air 
stream (m3/s); Cin and Cout are the averaged acetone con-
centrations of the inlet and outlet of the reactor (mg/m3), 
respectivley; and Ar is the reaction area of the catalyst coating 
(6 m2). The operating conditions #9-12 were used for data 
fitting. Equaiton (8) was simplified to Eq. (22) due to that 
acetone concentration was much lower than the water 
concentration: 

( )

( )
[ ]
+

=- - + +
+

1 2 3 W 2
2

2W 2

[H O] 1 [H O]1 1
H O1 [H O]

β ω I Kr
K ( )       

(22) 

where 1 1 VOC s[ ][ ]β ω K R C= . The data fitted Eq. (22) was 
obtained as 

( )

-

-

- -

´
=- -

+ ´

´ + ´
+ +

3
2

3 2
2

2 3
2

2

5.14 10 [H O] 1
(1 2.66 10 [H O])

1.71 10 1 2.66 10 [H O]1
[H O]

r

I

(

)
  

and plotted in Figure 7. The fitting agreed with experimental 
data, and the reaction rate decreased with the increase of 
humidity levels, which was attributed to the competitive 
adsorption between VOC and water molecules.  

With respect to the operating conditions #1-4 (significant 
low water concentration), Eq. (8) was simplified as: 

[ ]
[ ]( )

[ ]( )
[ ]

1 ads 2 3 VOC

2 2

[ ] H O 1
1 1

1 H O
ω R ω I K R

r
ω R

+
=- - + +

+ ( )  (23) 

At a very low [H2O], [ ]3 2H Oω I  was large, and the bracket  
can be simplified as: 

( )
( )

( )
( )

1 ads
3 VOC 2

2

1 2 VOC
ads

2

[ ] 1 [ ] [H O]
1 [ ]

1 [ ]
[ ]

1 [ ]

ω Rr ω I K R
ω R

ω β K R
R

ω R

=- +
+

+
=

+
           (24) 

 
Fig. 5 Adsorption isotherms with respect to (a) different inlet VOC concentrations and (b) different RH 
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where 2 3 2[H O]β ω I= . Replaced with fitted data, Eq. (24) was  

changed to 
( )

( )

3

ads

0.591 0.9525 1 3.91 10 [ ]
[ ]

1 2.7[ ]
R

r R
R

-+ ´
=-

+
.  

Figure 8 shows the experimental data of oxidation rates 
versus absorbed catalyst surface VOC concentrations. The 
dependence of the reaction rate on acetone concentration 
was well represented by the model. 

 
Fig. 7 Data fitting of Eq. (22) for reaction rates under different 
water vapors 

With the known β1, KVOC, [Rs] and [C], ω1 was calculated 
from the data fitting of Eq. (22) as 0.599, which showed a 
1.34% difference with the ω1 obtained from the data fitting 
of Eq. (24). Thus, the model parameters were consistent. 
Furthermore, with the known ω3, I, and β2, [H2O] for 
operating conditions #1-4 was solved as 7.3 mg/m3, confirming 
water vapor was very close to 0% RH.  

 
Fig. 8 Data fitting of Eq. (24) for reaction rates under different 
equilibrium solid phase VOC concentrations 

 
Fig. 6 The model fitted breakthrough curves for the adsorption of acetone under different (a) inlet concentrations, (b) volume flow rates
and (c) humidity ratios 
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5.2 Comparison of model results with experimental data  

5.2.1 Dark adsorption 

Transient mass balance equations were solved by COMOSOL 
Multiphysics with the determined model parameters. The 
model predictions of different operating conditions were 
plotted against experimental data and presented in Figure 9. 
The numerical predictions agree well with the experimental 
data. When increasing inlet VOC concentration (#1-4), the 
time reaching equilibrium was shorter, indicating faster 
mass transfer from the increased bulk and absorbed VOC 
concentration. The same conclusion was made from Table 1 
as both the [Rads] and kads increased with inlet VOC con-
centration. On the other hand, increasing air flowrate (#5-8) 
shortened the time reaching equilibrium. The kinetic 
adsorption parameters in Table 1 confirms what we observed 
in the experiments as the kmBL and kads increased with the 
airflow rates. Increasing humidity (#9-12) significantly 
shortened the adsorption time and decreased the equilibrium 
solid phase VOC concentration. It is attributed to the 
competitive adsorption between water molecules and VOC 
molecules at the TiO2 surface adsorption sites. And another 
reason is the adsorption forces between VOC and TiO2 

composite are weakened by the by the hydrogen bonds of 
water molecules with surface hydroxyls of composite within 
the water layers (Zhang et al. 2020).   

5.2.2 Kinetic reaction 

Kinetic reaction model Eq. (8) was implemented into mass 
balance equations for predicting the transient outlet VOC 
concentration under different operating conditions. [Rads] 
increased with the inlet VOC concentration, thus increasing 
the reaction rate (Figure 10 (a)). On the contrary, increasing 
the airflow rate shortened the residence time (contact time) 
between VOC molecules and catalyst coating, leading to 
the decrease of [Rads], and thus resulting in the decrease of 
reaction rate, even though the inlet VOC concentration 
maintains the same (Figure 10 (b)). Increasing humidity 
significantly suppressed the [Rads], decreased the reaction 
rate as indicated in Figure 9 and Eq. (8), and thus increased 
outlet VOC concentrations. 

5.3 Comparison with other models in the literature 

The obtained model parameters were compared with  
the literature data for validating the applicability. The  

 
Fig. 9 Comparisons of model predictions and dark adsorption experiment data under different operating conditions of (a) VOC inlet
concentration, (b) volume flow rates and (c) humidity ratios 
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rearrangement of Eq. (8) was conducted to have a similar 
form comparable with the L-H kinetic reaction model: 

[ ]
[ ] [ ]( )

[ ]1 2 rec VOC
ads

VOC2 W 2

H O
11 H O

ω θ k Kr R C
K Cω R K

=- º-
++ +

 (25) 

where 

[ ]( )
[ ]

3 VOC W 2

2

1 [H O]
1 1

H O
ω I K R K

θ
+ +

= - + +( )      (26) 

The model parameters θ, 2 W 21 [ ] [H O]ω R K+ +  and 
1 2[H O]ω  had the units of 1, 1 and s−1, respectively. Thus,  

the coefficient 
( )

1 2

2 W 2

[H O]
1 [ ] [H O]

ω θ
ω R K+ +

 (s−1) is comparable  

with the rec VOC

VOC1
k K

K C+
(s−1) due to the similar physical meaning  

and the same unit. The comparison was presented in Table 3. 
Even though the derivations of the kinetic mechanism were 
different, the overall kinetic reaction/adsorption constants 
from this study were comparable with previous work. Thus, 

the model in this work was well validated. 

5.4 CFD modeling of the UV-PCO reactor  

The resolved flow and irradiance fields by 3D CFD modeling 
of the reactor are shown in Figure 11. The VOC streamline 
distributions colored by the velocity as shown in Figure 11(a) 
are on the scale of 1:50. It is shown the well-mixed VOC 
and air was injected from nozzle inlet, spread out after 
reaching the baffles, deviously climbed over and flowed 
through the plate, and gathered at the outlet with outflow 
condition. The flow field was observed uniform above the 
catalyst plate. As shown in Figure 11 (b), there were small 
fluctuations which were attributed to the turbulence from 
the baffles. Furthermore, The flow was developed uniform 
(axial velocity distribution) along the flow direction as 
plotted in the Electronic Supplementary Material Figure S5. 
This observation supported the plug flow assumption for 
the reactor. Figures 11 (c) and (d) present the radiation 
distributions on the catalyst and lamp surfaces. It can be 
seen the accumulated radiation intensity at the central region 

 
Fig. 10 Comparison of model predictions and UV-PCO reaction experiment data under different operating conditions of (a) VOC inlet 
concentrations, (b) volume flow rates and (c) humidity ratios 
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on the catalyst surface between two lamps. And the highest 
radiation intensity located at the lamp surface due to the 
superposition of both direct incident radiations from another 
lamp and reflected radiation from the catalyst. 

Further implementing the kinetic reaction through UDF 
into the species transport equation of each control volume. 

The flow field with PCO taking place was solved. Taking the 
operating condition #1 as an example, the VOC concentration 
fields at the plate and mid-plane were shown in Figure 12. 
Due to the uniform distributions of VOC in the reactor 
before lamps on, the VOC concentration field after the 
PCO reaction followed a similar pattern as the radiation  

Table 3 Kinetic parameters of the quadratic type rate equation and L-H reaction rate equation 

Acetone 
concentration 

(ppm) RH (%) 

Kinetic  
constant krec 
(mg/(m3·s)) 

Adsorption 
constant KVOC 

(m3/mg) 
rec ads

ads1
k K

K C+
 or [ ]

[ ]( )
1 2

2 2 2

H O
1 [H O]

ω θ
ω R K+ +

(s−1) 
Ref. 

0.25–2 43.2 505.8 51.33 10-´  36.75 10-´  Zhong et al. 2013 

37–450 ≈ 0 2.13 36.75 10-´  31.73 10-´  to 38.99 10-´  Kim and Hong 2002 

590 23 244.67 43.5 10-´  25.73 10-´  Alberici and Jardim 1997

10–40 ≈ 0 — 29.15 10-´  31.38 10-´  to 31.85 10-´  This work 

 
Fig. 11 (a) The predicted mixed air-VOC streamlines, (b) the predicted velocity field of the cross-sections of the reactor along the flow 
direction (c) the predicted irradiance field and (d) the predicted incident irradiance field at the catalyst surface 
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field. Moreover, VOC concentration decreased along the 
flow direction since both the UV-PCO reaction and the  
convection propagation were irreversible. From the mid- 
plane view of the VOC concentration field, the reaction 
occurred immediately after the VOC flow contacted the 
catalyst surface. With the effect of diffusion propagation, 
VOC molecules at the top part of the reactor moved down 
to catalyst surface and took reaction as well. Moreover, the 
left corner above the outlet had the VOC accumulation 
since the reactants hit the wall to create turbulence before 
ejecting from the outlet.  

The predictions of overall VOC removal efficiency for 
the twelve operating conditions were tabulated in Table 4. 
It is noted the model predictions agreed well with the 
experimental data, although some deficiencies existed due 
to the residuals from the data fitting in the determination 
of model parameters. For the varying inlet VOC concentration, 
the increasing linear relationship between reaction rate r 
and inlet VOC concentration was observed from Eq. (24), 
while the removal efficiency decreased with the increase of 
inlet concentration (Table 4). With respect to the increase 
of air flow rate and relative humidity, both reaction rate 
and conversion efficiency decreased, which were the results 
of less contact time between VOC and catalyst and the 
competitive adsorption between VOC and water. 

6 Model limitations and future work 

The PCO mechanisms were quantitatively described by the 
light transport, mass transport and reaction models from 
the macroscopic to microscopic point of view. The reactor 
presented the non-ideal plug flow reactor characteristics 
(normalized σ2 = 0.219 and negligible axial dispersion). 
However, the radial dispersion was assumed neglected 
whereas there was certain deficiency of the assumption (the 
radial velocity distribution see the Electronic Supplementary 
Material Figure S5) even though the model results were 
validatd by the experimental data. Thus, our future work is 
to develop a 2D mass transport model to account for the 
effects of the radial dispersion. Furthermore, the nature  
of the catalyst coating (macropores and mesopores) was 
revealed by the hierarchical mass transport model. However, 
the widely used 1D equations (considering PCO is a surface 
reaction at a no-thickness surface) were inadequate to 
represent the mass transport within the catalyst coating, i.e., 
along the coating thickness direction. Thus, another future 
work includes the development of an interrelated 3D light & 
mass transfer models within the porous media to account for 
the spatial effects of the light absorption and mass adsorption 
on the PCO reactions, and implementation of the meso &  

 
Fig. 12 The VOC concentration field at (a) catalyst surface and (b) mid-plane after turning on the UV-lamps 
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macroscopic co-simulation for a complete demonstration 
of the UV-PCO purification mechanism. 

7 Conclusions 

This paper has developed systematically numerical models 
to mathematically describe light transport, mass transfer 
and basic reaction mechanisms involved in heterogeneous 
PCO reaction within porous film coating. The light pro-
pagation and three-stage mass transfer have been developed 
and validated in consideration of light scattering, hierarchical 
mass transfer resistance (external boundary layer and 
macropore-mesopore) and local diffusion and adsorption. 
An element reaction kinetics model was successfully used 
here to explain correlations of adsorption, UV-PCO, com-
petitive sites on the catalyst surface. After integrating with 
a CFD model for solving the mass, momentum and energy 
conservation, the transient and stable adsorption and 
UV-PCO processes as a function of time for indoor air 
purification were reproduced. The integration of the newly 
developed numerical models with CFD simulation shows 
the great potential of revealing the intrinsic complexity of 
UV-PCO on catalysts.  
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