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a b s t r a c t 

This research suggests a comprehensive 3D model for modelling photocatalytic conversion of CO 2 to methane, 
hydrogen and carbon monoxide in a packed bed reactor. This research includes two parts: designing the reactor’s 
geometry using a new method in "blender" and using the computational fluid dynamics (CFD) technique to study 
and analyse the reaction, transport of phenomenon and light intensity through the reactor. Laminar flow, chemical 
reaction, mass transfer and optics physics were considered together to solve the equations. The surface reaction 
in the reactor follows a modified version of the Langmuir-Hinshelwood equation that evaluates the light profile 
in the reactor and the blockage of the catalyst’s surface over time. Thus, a new method for 3D modelling light 
profiles in the reactor is introduced. The rate of reaction continues to increase with the pressure, and after 1 atm, 
the rate becomes steady. In the first 17 h, the methane rate is the highest, and then the carbon monoxide rate 
overcomes the methane rate. The rate of hydrogen is considerably lower than the other products. Changing pellets 
from spheres to Raschig rings causes growth in the probability density function (PDF) at the first moments. In 
methane’s PDF, the amount of Raschig and sphere are 0.25 and 0.18, respectively, at the start of the reaction. Thus, 
the Raschig ring operates more effectively at the beginning moments of the process but eventually is outweighed 
after an hour by spherical particles. In the end, the validation of modelling and results were investigated with 
the aid of experimental data. 
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. Introduction 

Reducing the harmful effects of CO 2 on the environment is a global
hallenge that needs to be addressed with precise methods and solutions.
ome of the potential risks engaged with increasing CO 2 emissions are
ighlighted by The Synthesis Report of the Intergovernmental Panel on
limate Change (IPCC) ( IPCC, 2014 ). Using modern farming methods,
enewable energy and improving energy efficiency in industrial plants
nd buildings can impact CO 2 emissions significantly ( Roberts et al.,
018 ). Direct air capture has become a feasible way to decrease CO 2 
missions in the atmosphere ( Fasihi et al., 2019 ). Another practical ap-
roach to reducing CO 2 is capturing it at the source point using differ-
nt methods such as absorption, adsorption, membrane, calcium loop-
ng, etc. ( Vitillo et al., 2017 ; Borhani and Wang, 2019 ). Both mentioned
apturing approaches require underground/undersea storage. 

Conversion of CO 2 to value-added products with solar light is an ef-
ective way to cope with environmental crises and complete the carbon
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ycle ( Nematollahi et al., 2019 ; Nematollahi et al., 2020 ; Moradi et al.,
019 ; Moradi et al., 2020 ; Larimi and Khorasheh, 2020 ). There are
ifferent methods to convert CO 2 to fuels and value-added products,
uch as dry reforming of methane, reverse water-gas shift reaction,
O 2 methanation and electrochemical CO 2 reduction ( Yao et al., 2020 ;
arba et al., 2021 ; Whang et al., 2019 ; Pakhare and Spivey, 2014 ;
hen et al., 2017 ; Zhu et al., 2016 ). The conversion of CO 2 to hydro-
arbon fuels by the photocatalytic process has gained lots of research
nterest in recent years ( Creutzig et al., 2017 ; Alsayegh et al., 2020 ).A
umber of researches have been carried out on photo-reduction of CO 2 
sing H 2 O on powdered TiO 2 at room temperature to form CO 2 and CO
imultaneously ( Olivo et al., 2015 ; Zhang et al., 2021 ). CO 2 is a very
table molecule due to its high bond energy (750 kJ mol − 1 ), requiring
igh temperatures for thermo-catalytic conversion. However, a different
ossible approach is to convert CO 2 by aid of light (photocatalysis). The
edox potential for a single electron transfer to CO 2 is considerably high
 − 1.85 eV) due to the fact that bending a linear CO molecule and inject-
.N. Borhani) . 
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Nomenclature 

Symbol Definition unit 

p i partial pressure kpa 
K i equilibrium adsorption constants 1 
k rate constant 1 
a i the number of moles for each reactant from the assumed 

surface reaction 1 
𝜌 density g/m 

3 

u velocity m/s 
p pressure kpa 
F force N 

I light intensity W/m 

2 

𝜂 deactivation scale parameter 1 
𝛼 reaction order of light intensity 1 
t time h 
J diffusive molar mass flux mole/(h.m 

2 ) 
c concentration mole/m 

3 

R surface reaction rate μmole/(h.m 

2 ) 
D diffusion coefficient m 

2 /s 
C correction coefficient 1 
S surface area m 

2 

R st.st imaginary steady state part of reaction μmole/(h.m 

2 ) 
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ng an electron into its orbitals is unfavourable. Most semi-conductors
ave higher conduction band (CB) than the redox potential. Although
n some catalysts CO 2 can transform in a bent configuration. Despite the
elatively high temperature and pressure (at least 500 K and 10 bar) in
he thermo-catalytic process, photocatalysis can take place at room tem-
erature and atmospheric pressure ( Kova či č et al., 2020 ; Gandhi et al.,
022 ). Photoreduction of CO 2 represents a way to force CO 2 to bend its
inear shape and create dipole moments, potentially leading to chem-
cal reactivity; however, due to its low conversion, the major focus is
n developing efficient photocatalysts for CO 2 photoreduction ( Ji and
uo, 2016 ; Li et al., 2016 ; Ola and Maroto-Valer, 2015 ). 

Typically, two photoreactors are used for the photocatalytic con-
ersion of CO 2 into fuel: slurry and immobilised reactors ( Asadi et al.,
022 ). In a slurry-bed reactor, catalysts are homogeneously dispersed in
he target solution, and mechanical stirring could potentially enhance
hotocatalytic efficiency. However, one drawback of this type of reac-
or is the loss of catalysts during the recycling process. Consequently,
erforming a sequential modification test on the same photocatalyst for
omparison is difficult. 

Immobilised packed bed reactors (PBRs) are simple to construct and
o not require recycling. Despite the slurry reactor, the scattering and
bsorption effect of the solution do not reduce light intensity through
he reactor, and a light transparent substrate is used to deliver light
irectly to the photocatalyst. Ease of operation and better product qual-
ty control are other advantages of PBRs ( Ji and Luo, 2016 ; Li et al.,
016 ). However, modelling the photoreduction of CO 2 in a packed bed
eactor suffers from several issues that must be addressed. First, the
nteraction between fluid and packed bed particles makes a complex
ow regime in the system, challenging the estimation of fluid behaviour
 Baker, 2011 ). Also, many factors are involved in the reaction rate,
nd the currently available data for this exact reaction significantly de-
ends on operation parameters. Yet, the lack of a comprehensive kinetic
odel makes this procedure difficult, and there are limited examples of
hoto-reduction kinetic studies ( Ali et al., 2019 ; Thompson et al., 2020 a;
elavari and Amin, 2016 ; Khalilzadeh and Shariati, 2018 ; Kwon et al.,
016 ; Shakeri et al., 2015 ; Shown et al., 2018 ; Tahir and Amin, 2015 ;
an et al., 2017 ). Also, the reaction is engaged with undesired products
locking the surface, which leads to considerable changes in the reac-
ion rate over time. The other issue is that the light intensity through
2 
he reactor has a substantial impact on the reaction rate, so optics mod-
lling is inevitable. Therefore, finding a precise method to calculate light
ntensity is the main focus of this research. 

Based on the conditions, there are different methods to calculate
ight intensity. The Lambert-Beer law is one of the leading theories on
hich much optics modelling literature is based ( Aal E Ali et al., 2022 ;
artin et al., 2020 ; Mazarji et al., 2017 ; Szyman, 2021 ). According to

he Lamber-Beer Law, transmittance depends on the molar concentra-
ion of the solution, path length and light intensity. The Lamber-Beer
aw is also one of the fundamental theories of optical spectrometers
 Mamouei et al., 2021 ). Analytical approach to predict the light profile
nside a reactor could only be used in geometrically simple reactors such
s a monolith reactor, where a catalytically active thin film is coated
n the inner walls of monolith channels ( Hossain and Raupp, 1998 ).
one of the previous methods works for a randomly packed bed reactor

ince the Lamber-Beer law is only valid for solutions, and developing
n analytical solution is impossible due to randomly placed particles.
herefore, the Ray tracing technique has been proposed to calculate the

ntensity profile and couple it with CFD. 
Nowadays, ray tracing is widely used in artistic designs, movies and

ideo games to simulate real word situations of light distribution. Also,
here is research in solar systems, such as modelling direct solar radi-
tion in the compound parabolic collector to see how the rays behave
 Mazarji et al., 2017 ). In this research, a novel method has been pro-
osed to calculate intensity using the ray tracing technique. The results
f the rays’ trajectory and intensity through the reactor are apparent;
owever, the computational cost of this method is approximately high.
he reactor has numerous transparent particles, so each ray may pass
hrough several particles. When a ray hits a particle, some of its energy
eflects, and the rest passes through the particle, increasing the ray’s
umber exponentially. Furthermore, due to the randomness of the re-
ctor’s particles, 3-D modelling is vital, and the number of rays must
e sufficient to achieve a natural light profile on the pellet’s surface. As
 result, the amount of calculation is tremendously high, which thanks
o recent development in processor’s units has become feasible. This
ethod has the potential to become a useful tool for any types of photo-

atalytic reactor design. 
Although several practical investigations have been performed so far,

here are only a limited number of research on the theory of PBRs for
he CO 2 reduction reaction. Hence, this research aims to fill this knowl-
dge and data gaps and address the above-mentioned issues. Computa-
ional fluid dynamics (CFD) is employed to model the packed bed re-
ctors as it provides a better insight into the flow patterns in the reac-
or ( Asadi et al., 2022 ; Jiang et al., 2002 ). First, a laminar model was
sed for the fluid flow, and the case was modelled in the low Reynolds
umber to avoid further complexity in the flow regime. Also, since the
ime-dependant modelling for this case is simply impossible, a semi-
ime-dependant approach has been used by dividing the model into the
maginary steady state (transport of phenomenon) and time-dependant
optic) part. Furthermore, a novel method based on ray tracing has been
ntroduced for 3D optics modelling, simulating real-world situations by
racing a significant number of rays through the reactor. 

. Model equations 

Laminar flow, chemical reaction, mass transfer and optics equations
re required to solve together to acquire a comprehensive model of
hoto-conversion of CO 2 in a packed bed reactor. This model includes
elocity, pressure and concentration through the reactor and surface re-
ction rates on the particles’ surface and their changes over time. 

.1. Laminar flow equation 

The flow is assumed to be vertical, incompressible, steady, and
sothermal. Due to the low Reynolds number, the laminar flow equation
s used in this modelling. Navier–Stokes and continuity equations are
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Table 1 

Reaction and the rate of products ( Thompson et al., 2020 b). 

Product Assumed surface reaction LH model 

CH 4 CO 2 + 2H 2 O → 2O 2 + CH 4 𝑟 𝐶𝐻 4 = 𝑘 ⋅ 𝑃𝐷𝐹 ( 𝑡 ) 
( 𝐾 𝐻 2 𝑂 𝑃 𝐻 2 𝑂 ) 

4 𝐾 𝐶𝑂 2 
𝑃 𝐶𝑂 2 

( 1+ 𝐾 𝐻 2 𝑂 𝑃 𝐻 2 𝑂 + 𝐾 𝐶𝑂 2 𝑃 𝐶𝑂 2 ) 
5 

CO CO 2 → CO + 1 
2 
O 2 𝑟 𝐶𝑂 = 𝑘 ⋅ 𝑃𝐷𝐹 ( 𝑡 ) 

𝐾 𝐻 2 𝑂 
𝑃 𝐻 2 𝑂 

𝐾 𝐶𝑂 2 
𝑃 𝐶𝑂 2 

( 1+ 𝐾 𝐻 2 𝑂 𝑃 𝐻 2 𝑂 + 𝐾 𝐶𝑂 2 𝑃 𝐶𝑂 2 ) 
2 

H 2 2H 2 O → 2H 2 + O 2 𝑟 𝐻 2 = 𝑘 ⋅ 𝑃𝐷𝐹 ( 𝑡 ) 
( 𝐾 𝐻 2 𝑂 𝑃 𝐻 2 𝑂 ) 

2 

( 1+ 𝐾 𝐻 2 𝑂 𝑃 𝐻 2 𝑂 + 𝐾 𝐶𝑂 2 𝑃 𝐶𝑂 2 ) 
2 

Table 2 

Probability LH-based kinetic model coefficients ( Thompson et al., 
2020 b). 

Product k 𝜂𝑑 𝛼 K H 2 O K CO 2 

CH 4 7.16 × 10 − 1 4.81 7.37 × 10 − 2 99.99 3.21 
CO 4.62 × 10 − 1 19.80 3.51 × 10 − 2 79.33 22.65 
H 2 3.43 × 10 − 2 2.78 1.06 × 10 − 1 77.22 12.54 

Table 3 

Optics experimental setup data ( Lo et al., 
2007 ). 

Particle’s material Corning 7740 Pyrex. 

wavelength 365nm 

Initial intensity 74.43 W/m 

2 

Number of rays 200,000 
Refractive index 1.474 

Table 4 

Rigid body physics. 

Mesh particles Reactor’s body 

Type active passive 
Shape Convex hull mesh 
Bounciness 0.5 0 
Friction 0.1 0.1 
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pplied for the mathematical description of the viscous fluid through a
hree-dimensional packed bed reactor. By considering gravity force and
onstant viscosity, the microscopic equations of motion can be written
n the following form: 

∇ ⋅ 𝐮 = 0 (1)

𝑢 ⋅ ∇ 𝑢 = −∇ 𝑝 + 𝜇∇ ⋅ ∇ 𝑢 + 𝜌𝑔 (2)

here p, u, 𝜌, g and μ represent the fluid’s pressure, velocity, density,
ravity and dynamic viscosity, respectively. The flow has a uniform ve-
ocity profile (U O = 2 cm/s) at the inlet, and the outlet’s pressure is
ssumed to be fixed to the local atmospheric pressure ( p = 1.1atm). Fur-
hermore, the no-slip boundary condition is considered for the entire
olid-fluid interface. 

.2. Reactions 

A modified model of Langmuir–Hinshelwood was used in this study
o account for chemical reactions. Aside from the partial pressure of CO 2 
nd H 2 O, the deactivation of the catalyst’s sites over time is taken into
ccount in this model ( Thompson et al., 2020 b). There is evidence that
he main reason for catalyst deactivation is the formation of bidentate
arbonate species, peroxo and peroxocarbonate species on the photocat-
lyst’s surface. One way to explain a catalyst’s deactivation over time
s to assume elementary surface reactions permanently deactivate ac-
ive sites and then integrate these reactions over time to estimate the
oncentration of sites that deactivate over time. However, acquiring a
omprehensive deactivation model is not yet possible due to the lack of
nowledge about the causes of deactivation, so a macroscopic-based ki-
etic model is used here without consensus on the driving force behind
he deactivation ( Fresno et al., 2018 ). 

 = 𝑘 ⋅ 𝑃 𝐷𝐹 ( 𝑡 ) 
∏𝑛 

𝑖 =1 
(
𝐾 𝑖 𝑃 𝑖 

)𝑎 𝑖 (
1 + 

∑𝑧 

𝑖 =1 𝐾 𝑖 𝑃 𝑖 
)Σ𝑎 𝑖 (3)

This equation includes steady-state and time-dependant terms,
DF(t). The first term is a function of partial pressures, which is the gen-
ral format of Langmuir–Hinshelwood, and the second term is a func-
ion of time which considers the deactivation of the catalyst’s sites over
ime. The overall rate of surface reaction is defined for the surface unit
μmol.cm 

− 2 .h − 1 ). 

.2.1. Unsteady state part of reaction rate PDF(t) 

The chance of photons reaching active sites is the key element for as-
essing all the phenomena involved in the photocatalytic process. Proba-
ility density function (PDF) represents how likely it is that the photons
each the active sites which is decreasing over time by forming unde-
ired by-products blocking the active sites. PDF(t) is driven by a statisti-
al function named the Weibull function. It depends on two parameters
 𝜂 and 𝛽). 𝛽 is the shape parameter and 𝜂 is the scale parameter and
oth of them have a direct relationship with height and broadness of
he Weibull PDF(t) consequently: 

 𝐷𝐹 ( 𝑡 ) = 

𝛽

𝜂

( 

𝑡 

𝜂

) 𝛽−1 
ex p − 

(
𝑡 

𝜂

)𝛽
(4)

= I α (5)

 𝐷𝐹 ( 𝑡 ) = 

𝐼 𝛼

𝜂𝑑 

( 

𝑡 

𝜂𝑑 

) 𝐼 𝛼−1 
ex p − 

(
𝑡 

𝜂𝑑 

)𝐼 𝛼
(6)

Weibull function is re-parametrized to include illuminated active
ites and a deactivation term. 𝜂 represents the impact of deactivation
 𝜂d ) which has direct relationship with photons reaching active sites
here 𝛽 is analogous to the impact of irradiance of illuminated sites

uccessfully catalysing the reaction ( Thompson et al., 2020 b). 
3 
.2.2. Steady-state part of the reaction rate 

It follows the general format of Langmuir–Hinshelwood: 

 = 𝑘 

∏𝑛 

𝑖 =1 
(
𝐾 𝑖 𝑃 𝑖 

)𝑎 𝑖 (
1 + 

∑𝑧 

𝑖 =1 𝐾 𝑖 𝑃 𝑖 
)Σ𝑎 𝑖 (7)

here K i represents the equilibrium adsorption constants for reactants
nd products (kpa − 1 ), and P i refer to the partial pressures for reactants
nd products (kpa). 

.2.3. The overall rate of reaction 

It is a combination of the two previous parts: 

 = 𝑘 
𝐼 𝛼

𝜂𝑑 

( 

𝑡 

𝜂𝑑 

) 𝐼 𝛼−1 
ex p − 

(
𝑡 

𝜂𝑑 

)𝐼 𝛼 ∏𝑛 

𝑖 =1 
(
𝐾 𝑖 𝑃 𝑖 

)𝑎 𝑖 (
1 + 

∑𝑧 

𝑖 =1 𝐾 𝑖 𝑃 𝑖 
)Σ𝑎 𝑖 (8)

here r is the rate of reaction (mol.m 

− 2 .h − 1 ); k is the rate constant
mol.cm 

− 2 .h − 1 ); I is the irradiance(dimensionless); t is time (h); 𝜂 is the

eactivation scale parameters(Dimensionless); 𝜂 is the deactivation scale
arameter (Dimensionless); 𝛼 is the reaction order of light intensity (Di-
ensionless); K i represent the equilibrium adsorption constants for reac-

ants and products (kpa − 1 ); P i refer to the partial pressures for reactants
nd products (kpa); n indicates the number of reactants involved in the
ssumed surface reaction; a i is the number of moles for each reactant
rom the assumed surface reaction and z indicates the number of all re-
ctants and products. Langmuir–Hinshelwood models and the amounts
f parameters are shown in Tables (1) and ( 2 ). 
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Table 5 

CFD computational models studied before. 

Photoreactor Products CFD method Dimension Refs. 

Fluidized bed CO 2 , H 2 , CO MP-PIC and RTE 2D axisymmetric ( Lu et al., 2022 ) 
Twin reactor CH 3 CHO, CH 3 COOH RTE 2D axisymmetric ( Lu et al., 2021 ) 
Bubble slurry CH 3 OH - 2D axisymmetric ( Asadi et al., 2022 ) 
Packed bed reactor CO 2 , H 2 , CO ray tracing N.S (laminar flow) 3D Current study 

Fig. 1. Schematic of the photocatalytic reactor ( Lo et al., 2007 ). 

Fig. 2. (a) Velocity (m/s) and (b) pressure (Pa) profiles. 

4 



A. Rastgaran, H. Fatoorehchi, N. Khallaghi et al. Carbon Capture Science & Technology 8 (2023) 100118 

Fig. 3. Concentration (mol/m 

3 ) of methane. 

2

 

(

𝑌  

w  

t  

i  

p  

l

𝑌  

 

r  

b  

d  

r

𝑌  

w

2

 

∇  

𝐽  

 

s  

e  

h  

d  

C
r

2

 

f  

t  

T
 

b  

u  

t  

o  

e  

r  

a
 

o

𝑛  

w  

r
 

o  

i  

e

𝑟  

𝑡  

𝑟  

𝑡  

 

a  

w  

s  

o  

t

𝑅  

𝑇  

w  

r  

t  

s  

e  

s  

m  

1  

t  

a  

a  

d  

t  

t  

s  

i  

r

.3. Yield 

The yield of the reaction illustrates the total amount of products
μmol) per catalyst’s load (gr) which follows the below equation: 

 𝑖𝑒𝑙𝑑 = 

1 
g 𝑐𝑎𝑡 ∬

𝑡 𝑠 

𝑟 𝑠𝑡.𝑠𝑡 𝑃 𝐷𝐹 ( 𝑠.𝑡 ) 𝑑 𝑠𝑑 𝑡 . (9)

here r st.st is the imaginary steady state part of reaction; s represents
he catalyst’s surface; t is time, and g cat is the catalyst’s load. Since the
maginary steady state part of the reaction is almost constant on the
articles (it is shown in the result section), the equation can be rewritten
ike this: 

 𝑖𝑒𝑙𝑑 = 

𝑟 𝑠𝑡.𝑠𝑡 

g 𝑐𝑎𝑡 ∬
𝑡 𝑠 

𝑃 𝐷𝐹 ( 𝑠.𝑡 ) 𝑑𝑠 ⋅ 𝑑𝑡 (10)

The reactor is symmetrical, and there are no interactions between
ays, so we can use the scale-up technique and assume the light distri-
ution in a Longitudinal part of the reactor could represent the light
istribution in the reactor. For this case, the average PDF of 1 cm of the
eactor (102 particles) was used for calculations. 

 𝑖𝑒𝑙𝑑 = 

𝑟 𝑠𝑡.𝑠𝑡 𝑆 total 
g 𝑐𝑎𝑡 

Av e 𝑠 ∫
𝑡 

𝑃 𝐷𝐹 ( 𝑠.𝑡 ) 𝑑𝑡 (11)

here S total is the surface of all the particles (0.1m 

2 ). 

.4. Mass transfer equations 

Both diffusion and convection mass transfer were taken into account.

 ⋅ 𝐽 𝑖 + 𝑢 ⋅ ∇ 𝑐 𝑖 = 𝑅 𝑖 (12)

 𝑖 = − 𝐷 𝑖 ∇ 𝑐 𝑖 (13)

Where J is Diffusive molar mass flux, u is the velocity; D is the diffu-
ion coefficient; c is concentration, and R represents reaction. Due to the
xtremely low rate of the reaction, the resistance of the reaction is much
igher than the diffusive mass transfer, so the mass transfer coefficient
5 
oes not impact the outcome of the model. The concentration of H 2 O,
O 2 and N 2 at the inlet is 0.5 mol.m 

− 3 , 5 mol.m 

− 3 and 94.5 mol.m 

− 3 

espectively. 

.5. Optics equations 

PDF(t) is a function of intensity, so optics modelling was required
or this simulation and COMSOL’s ray tracing module was used for
his purpose. The information on the experimental setup is shown in
able 3 ( Lo et al., 2007 ). 

A quarter of each lamp was defined as the light source, and the num-
er of rays was set for those areas. All rays are assumed to be perpendic-
lar to the surface of the lamp. Then, two accumulators were placed on
he particle’s surface to calculate the total number of rays and intensity
n each mesh’s element to acquire the average intensity of each mesh’s
lement. Further explanation about the relation between the number of
ays and mesh quality has been brought up in the mesh section of this
rticle. 

The direction of the refracted ray is computed using Snell’s law based
n the refractive index on either side. 

 1 sin 𝜃1 = 𝑛 2 sin 𝜃2 (14)

here n is the refractive index, and 𝜃1 and 𝜃2 are the incidence and
efraction angles, respectively. 

Aside from refracted rays, the reflected rays must be calculated to
btain an accurate light distribution through the reactor. The values of
ntensity of the refracted and reflected rays are calculated by the Fresnel
quation. 

 s = 

𝑛 1 cos 𝜃i − 𝑛 2 cos 𝜃t 
𝑛 1 cos 𝜃i + 𝑛 2 cos 𝜃t 

(15)

 s = 

2 𝑛 1 cos 𝜃i 
𝑛 1 cos 𝜃i + 𝑛 2 cos 𝜃t 

(16)

 p = 

𝑛 2 cos 𝜃i − 𝑛 1 cos 𝜃t 
𝑛 2 cos 𝜃i + 𝑛 1 cos 𝜃t 

(17)

 p = 

2 𝑛 1 cos 𝜃i 
𝑛 2 cos 𝜃i + 𝑛 1 cos 𝜃t 

(18)

The equations consider a plane wave incident on a plane interface
t an angle of incidence 𝜃i , a wave reflected at angle 𝜃r = 𝜃i , and a
ave transmitted at angle 𝜃t . r s and r p are the reflection coefficient of

-polarized and p-polarized light. t s and t p are transmission coefficients
f s-polarized and p-polarized light used to calculate reflectance and
ransmittance. 

 = |𝑟 |2 (19)

 = 

𝑛 2 cos 𝜃t 
𝑛 1 cos 𝜃i 

|𝑡 |2 (20)

here R is the reflectance which determines the fraction of irradiance
eflected from the interface and T is the transmittance which is the frac-
ion of irradiance refracted into the second medium. Threshold inten-
ity is defined to stop the process of producing reflected rays and avoid
xcess calculation. It is clear that the threshold intensity must be con-
iderably lower than the initial intensity to generate reflected rays as
uch as possible. Therefore, in this case, the threshold intensity equals
 mW/m 

2 . All the pellets are considered as a material discontinuity and
he optics equation applied on them. Due to relatively low pressure (1.1
tm) of the reactor, the unmeshed exterior domain between the particles
ssumed to be absolute vacuum which makes light distribution indepen-
ent of the hydrodynamics. Therefore, the hydrodynamics only affect
he steady state part of the reaction rate. It is worth mentioning that in
he reactors with liquid phase such as slurry reactors, the absorption and
cattering effects of the liquid which is itself a function of hydrodynam-
cs of the reactor must be taken into account. Therefore both flow and
adiation fields should be solved simultaneously ( Boyjoo et al., 2013 ). 
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Fig. 4. Logarithmic concentration. 

Fig. 5. The imaginary steady-state surface reaction of methane μmol.m 

− 2 .h − 1 . 

Fig. 6. Steady state rate of reaction over pressure. 
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6 
. Computational Fluid Dynamics 

Due to the impact of light intensity on the reaction rate, optics mod-
lling is needed for this case. To acquire a precise result of the light
rofile through the reactor, 3D modelling is inevitable as all the rays
ust be traced one by one in the rector. 3D modelling of several cou-
led equations (hydrodynamics, mass transfer, reaction and optics) in
 packed bed reactor requires significant calculations, making the CFD
echnique a suitable solution for this case. The first step is generating
he reactor’s geometry in the blender, importing mesh to COMSOL Mul-
iphysics, and applying all the equations. 

.1. The geometry of the reactor 

The model is a circulated photocatalytic cylindric reactor filled with
phere particles. The packed bed photo-reactor was made from a quartz
ube with length of 480 mm and the diameter of 22.5 mm. Pellets were
ade by pyrex to minimize the impacts of light absorption. All the pel-

ets have the same diameter (3 mm) and they are pre-immobilized with
natase titanium dioxide powder (TiO 2 ) (Degussa, P-25) and the thick-
ess of TiO 2 layer is around 145 μm ( Lo et al., 2007 ). Also, for com-
arison, a model was developed for the Raschig pellet. Fig. 1 shows the
eactor’s geometry. The inner diameter of Raschig pellets is 2 mm, the
uter diameter is 3 mm, and their height is 3 mm. 

.2. Generating the packed bed reactor 

A random packed bed of spheres was generated by a novel method
n the blender. All particles were randomly generated by a plane and
hen fell into the cylindric body of the reactor. Rigid body physics was
pplied to particles and the reactor body. Table 4 shows the parameters
f the applied rigid body physics for the particles and the reactor’s body.

After applying rigid body physics, the blender ran until it reached
he 25000th frame. It is necessary to set sufficient time to ensure every
article gets stable. It is necessary to set a tiny margin between the par-
icles in order to prevent contacting particles which leads to intersection
rror while building meshes in the next stages of simulation. Then all the
articles were imported into COMSOL Multiphysics. Finally, a cylinder
as generated in COMSOL, and a different method was used to acquire
 PBR with just one domine. This process is to avoid any possible mesh
eneration or convergence error in the future. A randomly packed bed
f Raschig rings was also generated to compare the optics. 
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Fig. 7. Ray trajectories in 0.01 ns, 0.03 ns, 0.1 ns and 0.2 ns. 
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. Result and discussion 

In the first part, we will discuss the result of the imaginary steady-
tate model, including flow and concentration distribution through the
eactor. In the second part, we will discuss the consequence of the un-
teady state model, including light profile and blockage of the catalyst’s
urface over time. The results of both the steady-state model and light
ntensity through the reactor are necessary to obtain a time-dependant
odel. 

.1. Imaginary steady-state part 

In this part, all the effects of the catalyst’s surface blockage were
gnored, and the case was assumed to be a steady state, i.e., only the
teady state part of the reaction rate was used. The Reynolds number
or an inlet velocity of 2 cm/s is 8.74, which is in the laminar regime, so
he laminar equation is set for this model. Fig. 2 a is a slice of the veloc-
ty profile in the reactor. The velocity sees noticeable changes through
he reactor, which peaks at 14 cm/s. However, despite the considerable
ifferences in velocity, the pressure remained almost steady because of
he low inlet velocity ( Fig. 2 b). 

The concentration profile of all products indicates a relatively low
ate of reaction. However, changes in the concentration can only be
een in a thin layer outside of the particles ( Fig. 3 ), so a logarithmic
oncentration profile was used to clearly show concentration changes
hrough the reactor ( Fig. 4 ). 

Using a logarithmic concentration profile gives us a great sight into
hanges in concentration through the reactor ( Fig. 4 ). In terms of con-
entration, CO has the highest, and then CH 4 and H 2 have the least
oncentration. To have a numeric comparison between products, the
verage rates of surface reactions were calculated for CH 4 , CO and H 2, 
nd the results were 533.70 μmol.m 

− 2 .h − 1 , 876.16 μmol.m 

− 2 .h − 1 and
8.79 μmol.m 

− 2 .h − 1 , respectively. The steady-state part of the reaction
s just a function of partial pressures, and because of minimal changes
n partial pressure, it remained almost steady throughout the reactor.
he 3D plot of methane’s surface reaction ( Fig. 5 ) proves this. 
7 
Fig. 6 is the diagram of the rate of methane production over the reac-
or’s pressure, which indicates that the rate increases with the pressure;
owever, for pressures over atmospheric pressure, the rate has a slight
unctionality of pressure. 

.2. Time-dependant part and optics modelling 

In the raytracing technique, all the rays are traced individually over
ime, so it is conceptually a time-dependant method so the critical ques-
ion that is needed to be answered is how much time is enough to acquire
 natural model of light distribution. All the rays must have enough time
o completely pass through the reactor, which means there must be suf-
cient time for all the reflection. This crucial time is a function of the
eactor’s geometry. Fig. 7 shows the ray trajectories. 

At 0.01 ns, the rays have not reached the particles. At 0.03 ns, the
ays have just hit the particles. At 0.1 ns, the light reflections are still
appening, and after 0.2 ns, the process of reflections has ended, and
ll the rays have passed through the reactor, which means all the rays’
ectors are in the opposite direction of the reactor. As a result, after 2
s, the profile of light intensity on the catalyst’s surface will not experi-
nce any changes. To calculate adequate time for raytracing, the average
ntensity on the particles’ surface over time is shown in Fig. 8 . 

At 0.03 ns all the rays reached the particles and after that the in-
ensity on the particles begin to increase. After 0.15 ns the diagram is
teady and see no changes over time which means all the rays have
assed through the reactor so 0.15 ns is adequate for this modelling.
he results of intensity at 0.2 ns have been used for the reaction rate
alculation. 

With the aid of optics modelling, changes in each product over time
ere calculated, showing great insight into how products react to the

atalyst’s surface blocking. Also, the effect of geometry and light source
lacement were considered to trace light intensity on the surface of par-
icles. Probability density functions were calculated for all the products
hown in Fig. 9 to evaluate their sensitivity to undesired products block-
ng the surface. PDF(t) for each point of the reactor is calculated by using
he amount of light intensity on the surface of the particles. Fig. 9 shows
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Fig. 8. Average intensity on the particles’ surface over time. 

Fig. 9. Probability density function of CH 4 , CO and H 2 over 50 h. 

Fig. 10. Yield of CH 4 , CO and H 2 over 50 h. 
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he surface average of PDF(t). At the start, hydrogen has the highest
mount of PDF; however, its sensitivity to surface blockage is signifi-
antly higher than other species and its PDF after 6 h places lower than
ther species. After 15 h, the hydrogen generation process almost stops.
n terms of sensitivity, CO is the one with the lowest. It outweighs CH 4 
t the tenth hour, and its production continues even after 50 h. 

Fig. 10 illustrates the yield of products over time. It is calculated
sing the amounts of PDF(t) and the imaginary steady-state rate of the
eaction. Despite PDF, the steady state part of the reaction rate has a
ole in yield, and due to this fact, hydrogen generation is far less than
8 
ther products. At first, the amount of methane’s yield is the highest,
nd after 17 h, it is outweighed by CO. It is evident that the scopes of all
iagrams gradually decrease over time because of the surface blockage.

Fig. 11 also shows how reaction rate can be affected by light inten-
ity distribution. At 0.25 h, changes in reaction rates are much more
vident than in the following moments since intensity is considerably
ariable through the particles, and so at first moments, there is a com-
etition between the catalyst’s sites and the ones with higher intensity
ave higher potential for reaction; but this also means that these sites
tem from by-products blocking surface more; which leads to uniformity
f reaction rates over time. 

The shape of particles impacts light distribution and, along with that,
he reaction rates. Therefore, a model with Raschig rings (r 1 = 2 mm
 2 = 3 mm h = 3 mm) was developed and run to compare with previous
esults of spherical particles. Fig. 12 shows higher intensity and better
niformity in light distribution for spherical particles. 

As shown in Fig. 13 , the amount of PDF for the reactor with Raschig
ings is higher at the beginning moments. Then after 1 h, it drops be-
ind the spherical particles of the reactor, which is expected because
he surfaces below the diagrams are equal to one. 

Both number and placement of light resources affect the light dis-
ribution through the reactor. Increasing the number of lamps increases
ight intensity uniformity through the reactor. To investigate the impact
f light recourses a case with 2 lamps opposite to each other has been
odelled and the result of PDF is compared with the original model
ith 4 lamps ( Fig. 14 ). 

In terms of the case with 2 lamps, at the initial moments the regions
loser to lamps exposed to higher light intensity and as a result the rate
f catalyst’s site blockage is higher. After a while, the released light will
e blocked which results in poor light distribution in the reactor. By
ncreasing the number of light sources, the catalyst’s active sites deacti-
ate over time more uniformly which results in better light distribution.
y comparing the results of these 2 cases, it is evident that after about
ne hour of irradiation, the PDF of the case with 2 lamps falls behind
he PDF of the case with 4 lamps due to its inferior light distribution. 

Table 5 summarizes a number of CFD computational models pre-
ented in the open literature. Eulerian and Lagrangian are the main ap-
roaches for modelling the hydrodynamics of bubble slurry. Radiative
ransfer equation (RTE) is mainly used for optics modelling so far. The
omparison between RTE and raytracing method in terms of accuracy
nd computational cost is worth further investigation in the future. 

. Mesh study 

The properties of two types of mesh for steady state and optics mod-
lling are investigated here: 

.1. Steady-state modelling of transport of phenomenon 

A coarse element size was used for this model. To evaluate its ac-
uracy, it is compared with coarser elements size. The similar results of
he imaginary steady-state rate of reaction for all three products indicate
he size of that coarse element is sufficient for this model. The meshes,
heir statics and their results are shown in Fig. 15 and Table 6 . 

.2. Optics modelling 

Despite the transport of phenomenon simulations, in optics mod-
lling, the calculation accuracy does not just depend on mesh; the num-
er of rays plays a vital part in this case. Smaller mesh elements size
eads to more accurate light distribution, but the downside is a higher
umber of rays is required, which costs more time and calculation re-
ources. In other words, each element size requires a minimum number
f rays to satisfy it. Therefore, the fine and finer mesh was used in this
tudy. The meshes and their statics are shown in Fig. 16 and Table 7 . 
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Fig. 11. The surface reaction rate (μmol.m 

− 2 .h − 1 ) of CH 4 

(first row), CO (second row) and H 2 (third row) after 0.25 h 
(first column), 1 h (second column) and 2 h (third column). 

Fig. 12. Logarithmic intensity (W.m 

− 2 ) profile of spherical and cylindrical particles. 

Fig. 13. The probability density function of methane 
for spherical and Raschig particles. 

9 
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Fig. 14. The probability density function of methane 
for 2 lamps and 4 lamps. 

Fig. 15. Two types of mesh for steady-state modelling. 

Table 6 

Mesh statics for the steady-state part of the 
study. 

Mesh properties Coarse Coarser 

tetrahedra 432,004 194,300 
prisms 164,156 92,944 
triangles 82,732 46,848 
quads 192 128 
Edge elements 281 203 
Vertex elements 8 8 
Number of elements 596,160 287,244 
r(st.st) CH 4 533.70 533.78 
r(st.st) CO 876.16 876.41 
r(st.st) H 2 49.80 48.83 
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Fig. 16. Two types of mesh for the optics modelling part of the study. 

Table 7 

Mesh statistics for optics modelling part of 
the study. 

Mesh properties Fine finer 

tetrahedra 20,923 104,878 
triangles 10,680 31,506 
Edge elements 128 176 
Vertex elements 32 32 
Number of elements 20,923 104,878 

i  

t  

t  

m  

T  

(  
It should be noted that lamps’ meshes are not crucial in this case
ecause the initial position of the released rays was defined as density
ased, not mesh-based. 

There are two ways to determine the minimum number of rays. One
ay is increasing the number of rays until reaching a constant probabil-

ty density function; if the number of rays is not sufficient, increasing it
10 
ncreases PDF. The more practical way is calculating the surface below
he PDF over a long time, like 10,000 h, which is used for this case. If
he integral of PDF is close to one, the number of rays is adequate. Both
ethods were used in these 4 cases; the results are evident in Fig. 17 and
able 8 . The four cases considered, are Case 1: mesh fine 200,000 rays
used in this project), Case 2: mesh fine 160,000 rays, Case 3: mesh fine
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Fig. 17. The probability density function of products 
for all cases of mesh study. 

Table 8 

Mesh study cases. 

Product Mesh Number of rays Integral of PDF 

CH 4 fine 200k 0.99647 
160k 0.99504 
20k 0.88523 

finer 200k 0.97937 
CO fine 200k 0.99649 

160k 0.99504 
20k 0.88525 

finer 200k 0.97939 
H 2 fine 200k 0.99642 

160k 0.99503 
20k 0.88518 

finer 200k 0.97933 
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Fig. 18. Validation of yield with experimental data. 
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0,000 rays and Case 4: mesh finer 200,000 rays. All the cases almost
t together ( Fig. 17 ). 

The integral of PDF for both 200k rays (fine mesh) and 160k rays
fine mesh) is higher than 0.99, which shows the number of rays is ad-
quate for both of them. The integral of PDF for 20k rays is 0.88 for
ll products, meaning the number of rays is insufficient. The integral
f PDF for finer mesh with 200k is 0.97, which illustrates that 200k
ays are enough, even for finer mesh, so 200k rays are adequate for fine
esh. 

. Validation with the experimental results 

At first, the integral of PDF over time was calculated for methane
nd then compared with the experimental yield result. The extracted
xperimental data examined the yield of the reactor over time ( Lo et al.,
007 ). It is evident that both diagrams follow similar trends, and both
f them decrease over time as a result of the catalyst’s surface blockage
 Fig. 18 ). 

Based on Eq. (10) , the ratio of yields to the integral of PDF is constant
o that the equation can be rewritten like this: ∑

𝑌 𝑖𝑒𝑙𝑑 ∑
𝐴𝑣𝑒 𝑠 

(∫
𝑡 
𝑃 𝐷𝐹 𝑑𝑡 

) = 

𝑟 𝑠𝑡.𝑠𝑡 𝑆 𝑡𝑜𝑡𝑎𝑙 

𝑔 𝑐𝑎𝑡 
= 11 . 10 (21)

The overall catalyst’s surface and the catalyst’s mass are equal to
.1m 

2 and 0.25 g, respectively, so the r st.st of methane is expected to be
11 
7.75; however, because of the lack of information about the amount
f surface catalyst coverage in the experimental setup and its effect on
eaction rate we need to define a correction coefficient(C) for r st.st by
he aid of its calculated result (533.7) and then expand it to the other
roducts. As a result, Eq. (10) turns into Eq. (21) . 

 = 

𝑟 ( 𝑒 ) 𝑠𝑡.𝑠𝑡 
𝑟 ( 𝑐 ) 𝑠𝑡.𝑠𝑡 

= 0 . 052 (22)

 𝑖𝑒𝑙𝑑 = 𝐶 

𝑟 𝑠𝑡.𝑠𝑡 𝑆 𝑡𝑜𝑡𝑎𝑙 

𝑔 𝑐𝑎𝑡 
𝐴𝑣𝑒 𝑠 ∫

𝑡 

𝑃 𝐷𝐹 𝑑𝑡 (23)

C is the correction coefficient, and r(e) and r(c) are the experimental
nd calculated results of the steady-state part of the reaction rate. The
tandard error of the regression (SE) was used to show differences with
he unit of μmol. gcat − 1 between the experimental yield data and the
odel used. 

𝐸 = 

√ ∑
( 𝑌 𝑚 − 𝑌 𝑒 ) 2 

𝑁 − 2 
(24)

here SE is the standard error of regression of the yield of the model
μmol. gcat − 1 ); Y m 

is a vector of the experimental yield data points
μmol. gcat − 1 ); Y e is a vector of the predicted yield data points using
he probability LH based kinetic model, and N is the number of exper-
mental yield data points. in the first two hours, the yield experiences
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he most changes over time with SE error of 0.22 (μmol. gcat − 1 ), and
fter two hours the amount of yield gradually tends to a constant value
s the reaction rate tends to zero. 

. Conclusion 

Photo-reduction of CO 2 is an innovative approach to cope with the
ncreasingly harmful consequences of the greenhouse effect. However,
ptimising this process has been challenging for researchers due to its
omplex reaction, which is tightly engaged with light distribution and
arious operational parameters. This study investigates the influence
f operating parameters, reactor geometry, and the catalyst’s surface
lockage on products’ yields. Generating a three-dimensional packed
ed reactor’s geometry was vital in optics modelling since a large num-
er of rays must be traced through the reactor’s space. With the blender’s
igid body physics, all the pellets were dropped onto the reactor to sim-
late real-world situations. As a result, a precise 3D random-packed bed
as been generated with both sphere and Raschig ring pellets. For the
rst time, a method has been introduced to trace rays through a photo-
atalytic packed bed reactor which is known to be geometrically one of
he most complex reactors. This step is the most time-consuming part of
he modelling since the number of rays must satisfy the reactor’s mesh.
inding a relation between mesh quality and rays’ number was a series
hallenge because several case studies had to be defined to find the suf-
cient number of rays for each mesh quality. This new technique aids
s in calculating the profile of light intensity on the particles’ surface
nd seeing the catalyst’s site blockage over time. All this process needs
 considerable amount of calculation which, thanks to recent develop-
ent in technology and processing unit, has become feasible for such

ases. Furthermore, this technique could be expanded to other models
ngaged with optics modelling and aids researchers in getting through
he challenges involved in such areas; For example, in packed bed reac-
ors with increasing the cross-sectional area and consequent increment
f the number of particles, the number of secondary rays will expo-
entially increase which directly affects the calculation cost. The best
ay to decrease time and cost of calculation is to use GPU instead of
PU, because the calculation of raytracing is parallel, however common
FD software do not utilize GPU for raytracing yet ( Nordmark, 2022 ).
odelling of photo-reduction of CO 2 in a packed bed reactor gave us

aluable information about changes in rates of reactions over time and
roducts’ sensitivity to time. The sensitivity of H 2 and CO are the high-
st and lowest, respectively, which fully supports experimental data;
owever, further experimental analysis is needed for the impact of the
urface catalyst’s coverage and light intensity to acquire a precise, com-
rehensive model for this particular reaction. 
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