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Abstract The production of solar fuels via the photo-
reduction of carbon dioxide to methane by titanium oxide
is a promising process to control greenhouse gas emissions
and provide alternative renewable fuels. Although several
reaction mechanisms have been proposed, the detailed
steps are still ambiguous, and the limiting factors are not
well defined. To improve our understanding of the
mechanisms of carbon dioxide photoreduction, a multi-
physics model was developed using COMSOL. The
novelty of this work is the computational fluid dynamic
model combined with the novel carbon dioxide photo-
reduction intrinsic reaction kinetic model, which was built
based on three-steps, namely gas adsorption, surface
reactions and desorption, while the ultraviolet light
intensity distribution was simulated by the Gaussian
distribution model and Beer-Lambert model. The carbon
dioxide photoreduction process conducted in a laboratory-
scale reactor under different carbon dioxide and water
moisture partial pressures was then modeled based on the
intrinsic kinetic model. It was found that the simulation
results for methane, carbon monoxide and hydrogen yield
match the experiments in the concentration range of
10 mol-m™ at the low carbon dioxide and water moisture
partial pressure. Finally, the factors of adsorption site
concentration, adsorption equilibrium constant, ultraviolet
light intensity and temperature were evaluated.

Keywords carbon dioxide photoreduction, computational
fluid dynamic simulation, kinetic model, Langmuir adsorp-
tion
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1 Introduction

Atmospheric carbon dioxide (CO,) mainly from combus-
tion of fossil fuel is one of the major greenhouse gases and
contributes about 60% to global warming [1]. To mitigate
CO, emissions, the usage of fossil fuels should be
decreased as well as deploying CO, capture, utilization
and storage strategies. CO, utilization via photoreduction
to methane (CHy) is a promising method to produce solar
fuels aiming at dealing with the problems of insufficiency
of sustainable energy and reduction of CO, emissions
[2,3].

However, the main obstacle for the CO, photoreduction
to CHy4 process to be commercialised is its low conversion
rate [4]. To address this challenge, understanding the
mechanism and reaction kinetics is crucial for the
improvement of the reaction efficiency [5]. The hetero-
geneous CO, photoreduction process includes the separa-
tion and recombination of electron-hole pairs in the
semiconductor (photocatalyst), the gas adsorption and
desorption on the surface of the photocatalyst, the electron
and hole trapping reactions and the radical propagation
reactions [6]. For the widely used photocatalyst TiO,, Qian
et al. [7] reviewed charge carrier trapping, recombination
and transfer, whereas Vorontsov et al. [8] reviewed its
surface chemistry. In general, most of the kinetic models
proposed for CO, photoreduction were based on the
Langmuir-Hinshelwood equation and assumed adsorption
and reaction as a one-step process [9]. For instance, Tahir
and Amin [10] constructed the reaction kinetics of CO,
photoreduction in a microchannel monolith photoreactor
using the Langmuir-Hinshelwood reaction kinetic model.
To account for apparent photocatalyst deactivation under
continuous flow, Thompson et al. [11] introduced the
Weibull possibility density function into the kinetic
equation. Meanwhile, Marczewski [12] proposed a simple
and easy integrated kinetic Langmuir model to analyze the
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comprehensive reaction process. Bloh [13] built a kinetic
model based on the generation of reactive surface sites,
recombination of charge-carrier counterpart and charge
transfer to the target substrate.

Computational fluid dynamic (CFD) modeling combin-
ing reaction Kkinetics is an effective tool to ascertain the
reaction process [14]. Understanding the interactions
between physical behavior and chemical reaction mechan-
ism helps to determine the key parameters controlling the
whole process and guides the future reactor design and
scale-up. CFD studies have been reported to model
different photoreactors, as discussed here: 1) A slurry
bed photoreactor with ultraviolet (UV) lamps was used by
Chu et al. [15] to model a new type of CO, photoreduction
reactor, namely a twin reactor. 2) A packed bed or monolith
reactor with optical fibers was modeled by Chen et al. [16]
to investigate CO, photoreduction. 3) A thin-film flatbed
reactor was modeled by Verbruggen et al. [17] for the
degradation of gaseous acetaldehyde. However, this type
of thin-film photoreactor has not been simulated for CO,
photoreduction to CHy.

For investigating reaction kinetics of CO, photoreduc-
tion in single gas phase, the thin-film flatbed with simple
reactor configuration and simple mass transfer process is
preferred because it is less affected by relatively complex
mass transfer process than the slurry bed or packed bed [9].
For example, for the standardisation in testing conditions
to make the assessment of process parameters, Olivo et al.
[18] investigated the irradiance and reaction parameters of
CO, photoreduction on production of CHy in two thin-film
photoreactors. Previously, the first-order or pseudo first-
order Langmuir-Hinshelwood model was applied for the
reaction kinetics [10], while for the radiation model, the
line source spherical emission was employed for describ-
ing the radiation field neglecting the attenuation along the
z-direction [19]. However, the simplification of reaction
kinetics and description of the radiation field may lose
some details of the whole reaction process, e.g., nonlinear
reaction process and reaction contribution by the thin film
along the z-direction besides the surface along the x- and y-
directions.

The purpose of this work is to understand the
mechanism of CO, photoreduction using Langmuir theory
and surface reaction. The novelty is that this work uniquely
develops and combines a three-step intrinsic kinetic model
that included adsorption, surface reactions and desorption,
as well as a unique irradiation model that considered the
depth of the thin film in combination of the Gaussian
equation and the Beer-Lambert equation. Hence, the
kinetic model, which was developed in this study, used
CFD modeling as an effective tool to understand and
differentiate flow behavior and surface reactions. This is
used for the first time in modeling CO, photoreduction
process. By using this unique approach, it is possible to
improve the whole CO, photoreduction process as well as
provide guidance for photoreactor design. This approach

also allowed to explore the dominant parameters influen-
cing the CO, photoreduction and guide experimental
studies.

2 Simulation of CO, photoreduction
2.1 CO, photoreduction in a thin-film reactor

In this work, the photoreactor dimensions and CO,
photoreduction conditions for simulation originate from
published work [11]. The schematic diagram of the
photoreactor is shown in Fig. 1. The diameter and height
of the reactor are 50 and 1 mm, respectively. The diameters
of the gas inlet and outlet are 0.8 and 1.2 mm, respectively.
The photocatalyst support mesh has dimensions of 25 mm
x 40 mm. The thickness of the catalyst thin film is 0.2 mm.
The gas mixture of Ar, CO, and water moisture (H,O)
enters the reactor at a flow rate of 0.35 mL-min' and the
product mixture of H,, CO and CH,4 with unreacted gases
flows out of the reactor into the gas chromatograph (GC).
The whole reactor was placed on the hotplate and the
temperature was controlled at 314.15 K. The intensity of
the UV light (wavelength 365 nm) at the end of the optical
fiber is 400 mW -cm ™. The average UV light intensity on
the surface of the photocatalyst film is 160 W-m™.

UV light

TN

Reactor
chamber

TiO, catalyst

Ar, CO,, H,0 Ar, CO,, H,0

CH,, H,, CO

Fig. 1 Schematic diagram of the studied CO, photoreduction
reactor.

Thompson et al. [9] pointed out that the partial pressures
of both CO, and H,O are likely to influence the reaction
rate. Therefore, the experiments were divided into two
groups: 1) CO, partial pressure from 25.72 to 98.38 kPa;
2) H,O partial pressure from 2.66 to 6.64 kPa. The detailed
experimental conditions are presented in Table 1.

2.2 CO, photoreduction mechanism
Koci et al. [20] and Ji and Luo [21] studied the mechanism

of CO, photoreduction to CH,4 on the anatase TiO, surface
by the first-principles calculation on the thermodynami-
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Table 1 Experimental conditions

Experiment No.  Experiment code * Pll(l)(;tdoi;agt/argfgst CO, par;li{z;lapressure Ar paﬂi;zressure H,0 par/tli(e}l)lapressure /(XI;:)?\;V I;e;t.e{l)
1 PCO,H 83.0 25.72 74.30 2.66 5.9883

2 PCO,I 83.0 48.44 48.44 2.74 6.0030

3 PCO,L 83.0 98.38 0 2.62 5.9883

4 PH,OH 90.6 25.72 74.30 2.66 5.9886

5 PH,0I 90.6 25.50 73.67 3.47 6.0367

6 PH,OL 90.6 24.67 71.27 6.64 6.2367

a) H, I and L stand for relatively high, intermediate and low pressure, respectively, of Ar.

cally feasible formaldehyde (HCHO) pathway. They (2) Momentum equation

showed that CO, photoreduction will be more efficient

when the formation of CO is preferred if CO instead of pu-Vu=V-[-p+ /J(Vu + (Vu)T)}, )

formic acid (HCOOH) during the reduction process.
Thompson et al.’s work [11] showed that CO is one of
dominant intermediate products, and thus, in this work we
chose and treated the potential CO pathway as the main
reaction route for CO, photoreduction to CH,4. To further
simplify the reaction route, the intermediate products of
HCHO and methanol (CH30H) are not considered in our
simulation and CO directly generates CHy.

2.3 Governing equations

In this work, the CO, photoreduction takes place in a one-
phase gas flow reactor, where the flow is in the laminar
regime (Re;, < 0.1). The photocatalyst thin film is treated
as a surface with the size of 40 mm x 25 mm. The
assumptions employed for the photoreduction reactor
include: 1) the gas flow is in the steady-state; 2) the gas
is incompressible; 3) the gas density and viscosity are
constant during the whole process and are obtained by the
mixture mole ratio of Ar, CO, and H,O. Because the
generated quantity of CH4, CO and H, with concentration
around 10~ mol-m™ is much smaller than that of Ar, CO,
and H,O with concentration around 1-20 mol-m>, we do
not consider the change of gas density with the studied
reactions; 4) the gas enters the reactor at the inlet with a
uniform constant velocity distribution; 5) the reactor wall
is adiabatic; 6) the heating caused by the UV lighting is
negligible; 7) the photocatalyst is always active during the
process and the deactivation of photocatalysts is not
considered in this work; 8) the hole and electron generation
and recombination activated by the UV lighting are very
fast and do not influence the hole and electron trapping
reactions; 9) the temperature distribution is uniform.
The governing equations are as follows:
(1) Mass equation

pV'(u) = ms, 1)

where p is the density; u is the velocity; mg is the mass
source.

where p is the pressure; u is the kinematic viscosity.
(3) Species equation

V ) (*D,»VC,-) +u- Vcl- - Ri’ (3)

where D; is the diffusivity; ¢; is the mole concentration; R;
is the reaction mass source.

2.4 Langmuir adsorption

The mass transfer between the bulk flow and photocatalyst
surface is described by the Langmuir adsorption model.
The gas adsorption and desorption are reversible and the
adsorption of gas species on the surface is related to the gas
partial pressure and adsorption sites (S). The adsorption
steps are shown in the following reactions.

Ar + Sz=S—Ar 4)

CO, + S=S-CO, )

H,0 + S=S-H,0 (6)

H, + S=S-H, (7

CO 4+ S=S-CO (®)

0, +S=8-0, ©))

CH,4 + S=S—CH, (10)

The adsorption rate is

Fad = kaapiS] (1)

where 7,4 is the adsorption rate; k.4 is the adsorption rate
constant; p; is the partial pressure; [S] is the bare site
density. The desorption rate is

(12)

e = kge [Cad]a
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where ry, is the desorption rate; &y is the desorption rate
constant; [c,q] is the adsorbed concentration.

If the desorption is described by the Arrhenius model,
the kinetic constant is

_Ey
kge = Age RT,

(13)

where A4 is the frequency factor; R is the gas constant. F4
is the heat of desorption [22].

1
ad*ERT,
where AH,4 is the adsorption enthalpy. The adsorption

equilibrium constant is

Ey= - (14)

kad
Keq:k;:ea

(15)
where K. is the adsorption equilibrium constant.
2.5 UV lighting

In this work, the irradiation model neglects the absorption,
scattering or emission of radiation by the gaseous media in
the reactor, which follows the literature [19].

The UV light intensity distribution along the x, y-
directions is described by the Gaussian distribution model.
The light intensity distribution is

I(,) :I<0)e @0~ | (16)
where [ is the light intensity; 7 is the radius and ) is the
beam radius.

The radiative transport equation (RTE, Eq. (17))
comprising the light absorption, extinction, and scattering
is used to model the UV light intensity along the thin-film
thickness. In this work, the UV light radiative intensity is
dominated by scattering and extinction [23]:

Q- VI(Q) = xly(T) - I(Q)

US
4
where, /(QQ) is the radiative intensity at a given position
following the Q direction; #, absorption coefficient; f,
extinction coefficient; oy, scattering coefficient.

Finally, the UV light intensity distribution along the

z-direction can be simply described by the Beer-Lambert
model. The light intensity distribution is

+ 1(Q)p(Q,Q)dY, (17)

[(z) :IleiuLz, (18)

where g is the attenuation coefficient; z is the depth of
lighting in the object.

Due to the attenuation of light intensity, we divided the
film into ten layers. To easily perform the simulation, the
real three-dimensional photocatalyst thin film in this work

was considered as a XY plate surface to overcome the
difficulty of meshing, but this causes the XY plate surface
area is less than the real area of the thin film. As gas
adsorption, reaction and desorption directly depend on the
number of active sites on the surface, here we assume all
the adsorption sites in the real thin film are distributed
uniformly on the XY plate surface in the physical model.
The light intensity for the surface reaction model is

A
]-A_° :[l_o.zl_-o +[0.9.ZO_9 _|_]0.8.ZO_-8 4.
t Z Z Zt

Iy, 2L (19)

Zt

2.6 Surface reactions

From prior theoretical [21] and experimental investigations
[11], CO is the preferred intermediate of CO, photoreduc-
tion on the P25 TiO, thin film. Therefore, we consider the
CO; photoreduction mechanism described in Section 2.2
[21]as CO, — CO — HCHO — CH3OH — CH,4 and
simplification of the intermediate reactions between CO
and CH;O0H as CO directly to generate CH4, where the
surface reactions are shown as follow:

2H,0 =2H, + O, (20)
CO, +H, = CO + H,0 21
CO + 3H, = CH, + H,0 (22)
The reaction rate is
= ke "o 3)

Ay
where 7, is the reaction rate; k. is the reaction rate constant;
A, is the effective lighting area; 4, is the total area of the
photocatalyst; m, n is the order of the reaction. The reaction
constant is

Ea
k. = A.e RT, (24)

where A4, is the frequency factor; E, is the activation
energy.

2.7 Simulation method

The simulation was performed using COMSOL version
5.2a. The three modules, including laminar flow, transport
of diluted species and general form boundary partial
differential equations (PDE) were employed. The Newton-
Raphson method is used for discretization of all the
differential equations. For laminar flow, P2 (velocity) + P1
(pressure) is used. For species dilute transport and
boundary, the quadratic method is used. The simulation



Xuesong Lu et al. Investigation of CO, photoreduction process by modelling 5

process has two consecutive steps: first, the fully coupled
velocity, and pressure are solved; followed by the fully
coupled species transport and surface reactions. For the
nonlinear iterative method, the flexible generalized mini-
mal residual method is used. The relative tolerance is
0.001. The factor in error estimate is 80. The scaling
manual method is employed. The scale for the species in
the bulk flow is 10~ and the scale for the species in the
surface is 107'%. In this work, the CO, photoreduction
process is considered to be steady-state, which is the same
as described in other literatures [24,25], and thus, the
simulation was solved by the stationary solver. In addition,
modeling the deactivation is a separate issue as there are
many unknown factors with respect to what the causes are
such as catalyst deactivation and external conditions. For
example, Thompson et al. [11] introduced a probability
function to approximate the loss of active sites or
deactivation.

2.8 Mesh

Figure 2 shows the physical model of the CO, photo-
reduction reactor and mesh in this work. Figure 2(a) shows
the physical model as described in Section 2.1. The mesh
1, shown in Figs. 2(b—d), has 179856 grids with corner
refinement, boundary layers and film surface refinement,
which was automatically generated based on the user-
controlled mesh setting in COMSOL and element sizes
were calibrated for the physical principle of fluid
dynamics. Mesh 2, shown in Fig. 2(e), comprises
288781 grids and was generated by using COMSOL
predefined normal method for fluid dynamics. The

TiO, catalyst

Reactor
top

Gas inlet

Reactor
bottom

Gas outlet

@

percentages of difference between these two meshes for
the final CH,4 concentration, CO concentration and H,
concentration are 0.0%, 3.0% and 4.3%, respectively.
Therefore, mesh 1 with 179856 grids was used in this
work.

2.9 Simulation conditions

The simulation conditions are described here. The site
density is 3.6 x 10°° mol-m™ or 2.31 sites-nm 2 [26]. The
specific surface area of P25 TiO, is 53.31 m?-g ' [11]. The
diffusivity on the surface is 5 x 10® m?-s™' [27]. The
temperature of the reactor is fixed at 314.15 K, which is the
same as the temperature of the hotplate. Finally, the
average concentration of the gas outlet is regarded as the
species concentration determined by the GC. The average
intensity on the surface of the photocatalyst is 160 W-m™
[11], which was measured by using a fiber optic guide and
an OmniCure R2000 radiometer. The physical properties
of the gas species and properties of gas adsorption on the
TiO, photocatalyst are shown in Table 2. The gas
adsorption data were obtained from prior published work
[22]. This is also the case for CO, and H,O equilibrium
constants [28] and the other equilibrium constants were
estimated based on the literature [22,26-28] and matched
with the experimental results under the conditions of
PCO2H.

A, for reaction Egs. (20), (21) and (22) is 6.1 x 10%,
82x10"m*s'-W'-mol'and 1.1x 10" m®-s'-W'-mol 3,
respectively. E, for reaction Egs. (20), (21) and (22) is
239.0, 67.54 and 42.5 kJ-mol ', respectively. The activa-
tion energy is estimated from the conversion of the

P SVAVAVAVAS
VAVAVAVAVAN <
PYAVAVAVAVAVAV)

(©

Fig. 2 Physical model and mesh: (a) physical model; (b) mesh 1 from top view; (c) mesh 1 from bottom view; (d) mesh 1 at the local

area; (e) mesh 2 at the local area.
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Table 2 Physical properties of gas species and properties of gas adsorption for the TiO, photocatalyst [22,28-30]

Gas Dy(m’-s™) Adsorption K/Bar ™' u/(Pa-s) plkg-m™)
Agls! ~AH,/(kJ-mol 1)

Ar 1.89 x 107° 10'28 8.4 0.021 223 x 107° 1.78

CO, 1.60 x 107° 10196 772 0.019 147 x 107° 1.98

H,0 7.56 x 107° 1046 83.7 8.070 2.55 x 107 0.033

H, 7.56 x 107° 10'%¢ 100.0 0.090

0, 1.76 x 10°° 10'38 16.4 0.020

CO 2.08 x 10°° 10'43 39.6 0.003

CH,4 2.10 x 10°° 10'3! 12.0 0.031

potential energy level [21]. Because the frequency factors I,y = 10.2957 [ e 20714402 (25)

for the reaction rate constants are not known in advance,
here they are assumed to the frequency factors which were
obtained through simulation matching the experimental
results under the condition of PCO2H.

3 Results and discussions
3.1 UV light distribution

The simulation of UV light distribution was performed
with a two-dimensional RTE. The physical model and
simulation results are shown in Fig. 3. Figure 3(a) shows
the schematic diagram of physical model. The incident UV
light with the intensity of 160 W-m™ is irradiated on the
top surface of the TiO, thin film. The thickness of the thin
film is 0.2 mm. The simulation result is shown in Fig. 3(b).
It is found that the light intensity on the top surface is ten
times that of the incident light intensity due to light
scattering on the surface. Moreover, the light intensity
decreases steeply and approaches zero after 0.198 mm
along the z-direction of the thin film. The effective
thickness for UV lighting on thin film is 0.002 mm.
Finally, the UV light intensity distribution can be written in
the form of Beer-Lambert equation in Eq. (25).

(a) UV light

0.2 mm

3.2 Velocity, pressure and concentration

In the simulation, we considered the path of CO, —
CO — CHy4 as the dominant reaction route. Therefore,
seven species, including Ar, CO, CO,, H,, O,, CH,4 and
H,0, and three reactions, including reaction Egs. (20), (21)
and (22) (Section 2.6), are considered.

Figure 4 shows the typical gas flow and CO, photo-
reduction process. The modeled gas velocity distribution in
the reactor and gas pressure contour are shown in
Figs. 4(a) and 4(b). The gas velocity is 1-10 x 107
m-s~' and the gas pressure is 0.007 Pa. The velocity
distribution and pressure distribution are as expected.
During the process, the CO, and H,O concentrations
in the gas flow are 9.85 and 1.02 mol-m™, respectively.
The CO, and H,O concentrations on the film are 6.3 x
107 and 2.77 x 107 mol-m™, respectively. The typical
product concentrations of CHy in the bulk flow and
photocatalyst surface are up to 2.5 x 10™* mol-m™ and
2.5 x 107" mol-m™, respectively, as shown in Figs. 4(c)
and 4(d). The concentrations of CH, in the gas bulk and on
the surface rise along the direction from gas inlet to gas
outlet.

Incident light intensity: 160 W-m™>

1600 L~ Light intensity (b)
\E -
= 1200} |
< [ ]
5 ]
g 800r ]
= |
= .
.30 400 | r

—J.

0.196 0.198 0.200

Thin film thickness/mm

Fig. 3 UV light irradiation along the z-direction of the thin film: (a) physical model and (b) light intensity along the z-direction of the thin film.
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(a) Velocity

(c) CH, concentration

Qs .
S i ey
(.

Oy, t/e;

(d) CH, concentration

Gy, .
///—/7\\0&”/61 2.4

pZ
>

Fig. 4 Velocity, pressure and generated CH, distribution in the reactor. (a) Velocity from top view and (b) pressure contour; (¢) CHy
concentration in the bulk flow, which released from CH,4 on the catalyst surface; (d) CH4 concentration on the photocatalyst surface, which

generated from the photoreaction.

3.3 Validation of the models

The comparison between simulation and experimental
results for CH4, H, and CO concentrations is shown in
Fig. 5. It can be seen that increasing CO, partial pressure
from 25.72 to 98.38 kPa leads to the decrease of CH,
concentration from 2.44 x 10#to 1.51 x 10 *mol-m3, as
shown in Fig. 5(a). These match the experimental results
for CH, concentration decreasing from 2.45 x 10~ to
0.87 x 10* mol-m . The discrepancy of the simulation,
which is the difference between simulation value and
experimental value, dg;,, is calculated using Eq. (26),
which averages deviations between simulation and experi-

mental values:
N
E ! |dsim - dexpl
=l dexp

N b
where d;p, is the simulation value; d.y,, is the experimental
value; N is the number of data pairs.

The discrepancy of CH, yield between simulation and
experiment is around 30%. The predicted CH, concentra-
tion by simulation is in the reasonable range of the
experimental data. Dilla et al. [24] also reported that
increasing CO, concentration decreases the CHy yield due
to the competition between O, and CO,. Delavari et al.
[31] reported that with increasing CO, partial pressure,
there is an initial increase of CH, yield, followed by a

5sim =

(26)

decrease. Thompson et al. [9] pointed out that there are two
reasons for the decrease of CH, yield: 1) CO, dominates
adsorption over H,O to active sites; 2) an increase in
repulsion between adsorbed CO, leading to larger surface
diffusion activation energies causing reduced surface
mobility. However, higher adsorption equilibrium constant
for H,O over CO, has also been reported [28]. The
simulation work here has found that the CH4 concentration
has a linear proportional relationship with [CO] or of [H,]?
(where 3 stands for the third order reaction for [H,]). The
decrease of CH, concentration is due to the decrease of the
H, concentration in the experimental conditions, e.g.,
PCO2H, PCO2I and PCO2L. At the same time, the
simulation studies also show that increasing CO, partial
pressure from 25.72 to 98.38 kPa results in lower H, yields
from 0.50 x 10 to 0.25 x 10~ mol-m~ (Fig. 5(b)). In
contrast, the experimental results show that the H, yield
decreases from 0.49 x 10 to 0.18 x 10 mol-m™. The
simulation discrepancy of H, yield is about 30%. The CO
concentrations from experiments are in the range 0f 0.98 x
10*-1.15 x 10 mol-m™. The predicted CO concentra-
tion increases from 1.08 x 10~ to 5.32 x 10 mol-m™
(Fig. 5(c)). The simulated data predicted that CO
concentration increases with higher CO, partial pressure
under certain conditions, e.g., 98.38 kPa. This is different
from the experimental data trend reporting that CO
concentration decreases with increasing CO, partial
pressure. However, the rule for predicted CO concentration
matches the experiments by Lo et al. [32]. It demonstrates
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that under some certain conditions, our model can still
fully appropriately predict the trend with increasing CO,
pressure.

The experimental studies (Fig. 5(d)) show that with
increasing H,O partial pressure, the CH, concentration is
in the range 0f 1.92 x 107-2.82 x 10~* mol-m™, while the
simulation values show increasing CH, formation from
3.05 x 10* to 12.45 x 10* mol-m”>. There is a big
deviation between simulation and experiment for CHy
yield at the higher H,O partial pressure of 6.64 kPa that is
discussed in the following section. In addition, the
simulation data show that with increasing H,O partial
pressure from 2.66 to 6.64 kPa, the H, yield goes up
from 0.48 x 107 to 2.53 x 107 mol-m™, as presented in

3.0

B Experiment
7251 EEE Simulation

20t
1.5+
1.0+
05t
0‘00 25 4b 6I0 8I0 100 1

CO, partial pressure/kPa

(a) Gas outlet

CH, concentration/(x10~* mol-m™)

20

Il Experiment
B Simulation

20 ‘
OO l. 1 1 L
0 20 40 60 80

6.0 L (¢) Gas outlet

CO concentration/(x10™* mol-m™)

100 120
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Fig. 5(e). The experimental results revealed that the
production of H, rises from 0.49 x 10 to 1.27 x 10*
mol-m™. The discrepancy of H, yield between simulation
and experiment is about 30%. From adsorption and
reaction Kinetics standpoint, with increasing H,O partial
pressure, the H, and CH,4 are expected to increase, as
demonstrated in the experiments by Khalilzadeh and
Shariati [33]. The CO concentrations in the experiments
are in the range of 1.08 x 10*-1.30 x 10* mol-m* and
the predicted CO concentrations are in the range of 0.07 x
10%-1.03 x 10* mol-m (Fig. 5(f)).

With the exception of the yield of CO in PCO2L and the
yield of CH, in PH2OH, the total discrepancy of the
simulation results compared to the experimental values is
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Fig. 5 Comparison between results from experiments and those based on simulation, concentration at the gas outlet under conditions of
PCO2H, PCO2I and PCO2L: (a) CHy, (b) H; and (c) CO; concentration at the gas outlet under conditions of PH2OH, PH20I and PH2OL.:

(d) CHy, (e) H, and (f) CO.
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within 30%—40%, that are 10%—20% higher than previous
published simulation work [34]. These discrepancies might
be due to the reasons as follows:

1) During CO, photoreduction, CH, is a key final
product, but CO, also could be converted into other short-
chain hydrocarbons, such as HCHO, HCOOH, CH;0H, or
even larger hydrocarbons, such as acetic acid (CH;COOH)
and acetaldehyde (CH3;CHO) [35]. Therefore, the activity
and selectivity of reactions are key for production quantity
of intermediate product CO and final product CH4. The
activity and selectivity of these reactions are determined by
the thermodynamics and kinetics of these series of
reactions [36]. From Figs. 5(c) and 5(f), it can be seen
that when the CO, or H,O partial pressure are higher than
48.44 or 3.47 kPa, respectively, the simulation result seems
to contradict the experimental values. This may indicate
that higher CO, and H,O partial pressures can change the
selectivity of CO, conversion to CH4 and CO might be
used to produce other products than CH,. Koci et al. [20]
also demonstrated the CO, pressure influenced the CO,
conversion to CHy in a gas-liquid-solid three-phase
photoreactor. Unfortunately, Thompson’s paper [11] did
not report other potential products and only focused on CO
and CH, as the main products. This may indicate that the
combination of experiments and simulation could provide
further understanding of the reaction mechanism of CO,
photoreduction and also help to avoid the omission of
reporting key experimental data. It also may be concluded
that the current simulation and simplified reaction kinetics
are only suitable for CO, and H,O partial pressures below
48.44 and 3.47 kPa, respectively. Moreover, higher CO,
and H,O partial pressure decrease the selectivity of CO
conversion to CHy4, and thus, may enhance the selectivity
of CO, conversion to other products, such as CH;COOH.
Ola and Maroto-Valer [37] demonstrated that under certain
conditions, the preferential product of CO, photoreduction
is CH;COOH or CH;CHO, instead of CH4. The effect of
the reaction conditions on the selectivity of CO, photo-
reduction will be further investigated in our future work.

2) From the simulation, it can be seen that the
discrepancy of CO or CH, between simulation results
and experimental data are larger than that of H,. During the
CO, photoreduction process, O, is generated. H, can be
oxidized by O,/O, more easily than CO and CHy. Thus, it
seems that O,/O, influences H, more than CO and CH,.
However, because CO and CHy, are generated by reduction
of CO, and CO through generated H, (Egs. (21) and (22)),
0,/0, can greatly influence production of CO and CHy
through free H, as well. For the CO generation reaction
(Eq. (21)), the reaction rate is k. [CO] x [CO;] x [H;]. For
the CH,4 generation reaction (Eq. (22)), the reaction rate is
k. [CH,4] x [CO] x [H,]. In addition, the reaction rate
constant of CH,4 is much higher than that of CO and
moreover, the reaction rate constant of CO is much higher
than that of H, (k. [CH4] (9.43 x 10°®) for Eq. (22) >k,
[CO] (4.82 x 10° for Eq. 21) >k, [H,] (0.11) for Eq. (20)

when T = 314.15 K). Therefore, this may affect the
sensitivity of our predictions, resulting in higher CHy error
than that of CO and much higher than that of H,. From H,
to CHy, the error would gradually spread and expand.
Therefore, the reaction is very sensitive to the frequency
factor of the surface reactions, A,. The 5% change of 4,
may bring 50% change of CO, H, and CH,4 concentrations
in the gas phase. This may be the main reason for the
discrepancy from Eq. (26) in this work been higher than
the general simulation. 4, may also change and sensitive to
the environment, such as temperature. This implies that
very small change of operating conditions, such as
temperature, may bring significant changes in the gas
production measured.

3) The photocatalytic activity is quite sensitive to
oxygen on the surface of TiO, because O, seeks the
oxygen vacancy defects of TiO,, producing superoxide O,~
species as an oxidizing agent [38]. Thus, the superoxide
species may reduce CO, photoreduction activity. Water
splitting is key for the CO, photoreduction process and the
generated O, needs to be quickly removed from the
surface. To confirm the effect of the O, concentration on
the surface, further experimental studies are needed.

A complete photocatalysis simulation requires the
holistic knowledge on UV light propagation, semiconduc-
tor, fluid flow, diffusion, heat and mass transfer, adsorption
and surface reactions. Currently, most models on CO,
photoreductions are empirical or mechanistic models based
mainly on adsorption and surface reactions [11,13]. Our
work here advances current models by combining UV light
propagation, flow dynamics, diffusion, and adsorption
kinetics, as well as reaction kinetics to describe the CO,
photoreduction process. In addition, the above discussion
also indicates that combination of modeling and experi-
ment is critical to reveal the mechanism of photocatalysis,
and thus, provides a basis for further improving the
efficiency of CO, photoreduction. The simulation results
reported here were based on the available experimental
data and well-known CO, photoreaction routes. With the
enrichment of experimental data and development and
improvement of new theoretical model formulas, the
discrepancies are expected to be reduced further. There-
fore, it is also possible to enhance further understanding of
light-driven reactions.

3.4 Effect of CO and H, adsorption equilibrium constant

The gas adsorption equilibrium constant affects the
concentration of produced gases on the surface and further
influences the concentration in the bulk flow. The CO and
H, intermediate gases are key for the whole CO,
photoreduction process, so in this section, the effect of
the CO and H, adsorption equilibrium constants has been
investigated under the conditions of PCO2I and PH20I.
The simulation results are shown in Fig. 6.

Figures 6(a) and 6(b) show that with increasing CO
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adsorption equilibrium constant from 0.0006 to 0.0106
Bar', the CH, yield increases from 1.81 x 10 to 2.69 x
10* mol-m™ and the CO yield decreases from 4.36 x 10™*
to 1.32 x 10* mol-m™. Figures 6(d) and 6(e) show that
with increasing H, adsorption equilibrium constant from
0.07 to 0.13 Bar ', the concentration of CH, increases from
480 x 10* to 5.10 x 10* mol-m> and the H,
concentration decreases from 0.90 x 10 to 0.53 x 10™*
mol-m>. These trends indicate that the CO and H,
concentrations on the surface increase. The decrease of the
CO or H, concentration in the bulk flow is caused by the
increase of the CO or H, concentration on the photo-
catalyst surface from 0.77 x 107"* to 4.15 x 10'% and
from 2.34 x 107" to 2.46 x 107" mol-m™2, as shown in
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Figs. 6(c) and 6(f) because of the higher CO or H,
equilibrium constants.

The simulation results in Fig. 6 show that the adsorption
equilibrium constant highly influences the yields of CHy,,
CO and H,. The increase of CO and H, adsorption
equilibrium constants enhances the adsorption quantities
of CO and H, on the photocatalyst surface.

3.5 Effect of adsorption site concentration

The number of bare sites plus the number of sites occupied
by the gases is equal to the total number of adsorption sites
on the photocatalyst surface. When the total number of
adsorption sites is increased, it is possible for more gases to
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be adsorbed on the photocatalyst surface. Therefore, the
concentration of adsorption sites on the surface of the
photocatalyst may strongly influence the concentration of
produced gases on the surface as well as the concentration
in the bulk flow. In this section, we explore the effect of
adsorption site concentration on CO, photoreduction under
the conditions of PCO2I and PH2OI and the simulation
results are shown in Fig. 7.

Figures 7(a) and 7(c) show that with increasing
adsorption sites concentration from 2.6 x 107 to 7.6 x
107° mol-m™, the CH, yield goes up from 0.84 x 10~ to
24.51 x 10 mol-m=. Figures 7(b) and 7(d) show that
with more adsorption sites, the concentrations of H, and
CO in the bulk flow decline from 0.42 x 107* and 0.84 x
10*t00.28 x 10*and 0.13 x 10~ mol-m™, respectively.
This indicates that more CO, and H, were adsorbed on the
surface. Therefore, the adsorption site concentration has a
great effect on the yield of CH,4, where more adsorption
sites result in more gas adsorbed and higher CH, yields.

3.6 Effects of UV light intensity

The UV light irradiation plays a crucial role in photo-
catalytic processes and affects the photoreaction kinetics
[9,32]. The reaction rate has a positive linear relationship
with light intensity as shown in Eq. (23). This section
examines the effect of UV light intensity on the CH,4 yield.
The simulation results based on PCO2H are shown in
Fig. 8.
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Figure 8(a) shows the yields of CH4, CO and H, and
at the gas outlet with increasing UV light intensity. Figures
8(b—d) show the adsorption concentration of CH4, CO
and H, on the surface of the photocatalyst thin film.
Figures 8(a), 8(b) and 8(c) indicate that when the average
UV light intensity on the surface increases from 40 to
320 W-m™, the CH, yield at the gas outlet and CH,
concentration on the surface go up from 0.27 x 10*
mol-m>and 0.24 x 10" mol-m?t0 5.48 x 10 *mol-m?
and 4.97 x 107" mol-m2, respectively. Concurrently, the
CO vyield at the gas outlet and CO concentration on the
surface increase from 0.56 x 10* mol-m~ and 0.43 x
102 mol-m™ to 1.33 x 10 mol-m™ and 1.05 x 1072
mol-m™, respectively. However, the production of H, is
influenced by the UV light intensity limitedly. The H,
concentrations at the gas outlet and surface are in the range
of 0.47 x 10-0.50 x 10 mol-m™ and 1.44 x 10—
1.56 x 107" mol-m™, as shown in Figs. 8(a) and 8(d).
These results illuminate that the light intensity affects the
production of CO higher than that of H,.

3.7 Effect of temperature

The reactor temperature obviously affects the gas adsorp-
tion and reactions, and the effect of temperature was
discussed in the literature [9]. Several researchers demon-
strated that the higher temperature could promote trapping
reactions and activity of CO, photoreduction [39]. In this
section, the effect of different temperatures on CO,
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photoreduction was simulated using the validated models.
In the simulation, the adsorption equilibrium constant is
assumed to be constant in the temperature range of
309.15 K to 324.15 K. The simulation results based on
PCO2H are shown in Fig. 9.

Figure 9(a) shows the yields of CH,4, CO, and H, at the
gas outlet with increasing temperature. Figures 9(b—d)
show the adsorption concentration of CH,4, CO and H, on
the surface of the photocatalyst thin film with increasing
temperature. As the temperature rises from 309.15 K to
324.15 K, the yields of CH,4 and H, increase from 0.27 x
10* and 0.25 x 10 to 49.24 x 10* and 3.25 x 10*
mol-m?, respectively, and the concentrations of CH, and
H, on the photocatalyst surface increase from 0.02 x 10"
and 0.83 x 10 ''t04.62 x 10 '°and 9.84 x 10! mol-m2,
respectively. The yield of CO is in the range of 0.04 x
10*-1.08 x 10 mol-m™. The concentration of CO on the
photocatalyst surface is in the range of 0.44 x 10—
8.40 x 10" mol-m™. It seems that the yield of H, is
influenced by the temperature higher than the yield of CO.

CO, photoreduction process has two reaction steps,
resulting in a wide range of possible potential products.
Generally, the reaction steps include electron and carrier
trapping reactions and radical propagation reactions. The
UV light radiation with tuning wavelength may influence
the selectivity of trapping reactions by energy level for
driving force to overcome the reaction energy barrier. Tan
et al. [40] demonstrated highly selective photoreduction of

CO, to generate CH4 under irradiation above 600 nm. On
the other hand, selectivity toward a given final product is
mainly determined by the thermodynamic and kinetic
reaction parameters of the CO, conversion reactions [36].
The issue of reaction selectivity can also be considered on
the radical propagation reactions Although Koci et al. [20]
indicated that CO, photoreduction was not sensitive
significantly to small temperature change within 10 K,
Kohno et al. [41] and Anpo [35] demonstrated high
temperature resulted in change of reaction selectivity.
Therefore, temperature affects the reaction selectivity. As a
follow-up to the work reported here, the effect of UV light
intensity and temperature on selectivity of intermediation
reactions and products will be investigated.

In summary, it can be seen from the simulation studies
that when using stronger light intensity and higher
temperature, more CHy is produced. The tendency of gas
product yields by this simulation with different UV light
intensities and temperatures is in agreement with published
work [32]. This conclusion gives a valuable guidance of
adsorption kinetics and reaction kinetics for photoreactor
and CO, photoreduction process design.

4 Conclusions

In this work, the CO, photoreduction process was
simulated based on an intrinsic kinetic model by COMSOL
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version 5.2a including three modules: laminar flow
module, species dilute transportation module and general
form boundary PDE module. The mechanism of CO,
photoreduction process is the reaction potential path: CO,
— CO — HCHO — CH3OH — CHy. In our work, the
intrinsic kinetic model comprises two parts: Langmuir
adsorption/desorption and surface reactions. The novelty
of this work is the combination of the intrinsic kinetic
model with the CFD model to investigate the CO,
photoreduction on the TiO, thin film. The simulation
results are compared with the experimental results, and it
was demonstrated that the simulation results are in the
reasonable range of the experiments at the low CO, and
H,O partial pressure. The simulation shows that with
increasing CO, partial pressure, the CH, and H, yields
decrease and CO yield increases; while with increasing
H,O partial pressure, the CH, and H, yields increase and
CO decreases. Some key factors such as adsorption,
temperature and UV lighting have also been investigated in
this work. The adsorption sites and equilibrium constant,
temperature and UV lighting affect the surface concentra-
tion, and therefore, influences the yields of CH,, CO and
H,.

From the analysis of the operating parameters above, it
can be concluded that gas adsorption on the photocatalyst
surface is one of the crucial steps for improving the CHy
yield in the CO, photoreduction process. Water splitting

generates H, and most of surface reactions depend on H,
or H* on the photocatalyst surface. The separation of water
splitting and CO, photoreduction by a proton exchange
membrane could improve CO, conversion efficiency [15].
Therefore, the novel twin photoreactor [15], photoelec-
trocatalytic process [42,43] and thin-film reactor with
modified photocatalysts [44] might be promising reactor
designs for CO, photoreduction.

Nomenclatures

Aqg frequency factor for gas desorption (s™)

Ae effective area for UV lighting (m?)

A, frequency factor for reaction (m?-s'-mol™ or
m®-s™' -mol™)

Ay total area of the photocatalyst (m?)

¢ mole concentration of i species (mol-m™ (bulk) or

mol-m (surface))

[caa]  gas concentration adsorbed on the surface
(mol-m™)

Gy heat capacity (J-kg™-K™)

dexp ~ experimental value (mol-m™)

sim simulation value (mol-m™)

D; gas diffusivity of the i species (m*-s™")

E, activation energy for reaction (kJ-mol™)

Eq activation energy for gas desorption (kJ-mol™)
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adsorption enthalpy (kJ-mol™)

reaction heat (kJ-mol™)

1 light intensity (W-m™)

radiative intensity at a given position following the
Q direction (W-m?)

Ly intensity of incident UV light (W-m?)

k thermal conductivity (W-m™-K™)

k. reaction constant (m*-s™'-mol™ or m®-s™-mol )

kad adsorption constant (m-s-kg™)

kge desorption constant (s ™)

K adsorption equilibrium constant (Bar™)
7 reaction rate (mol m>-s™)

Fad adsorption rate (mol-m™=-s7")

Tde desorption rate (mol-m™=-s7")

p gas partial pressure (Pa or Bar)

m order for the reaction (-)

mg mass source (kg-m=-s™)

n order for the reaction (—)

N number of data (-)

r radius (m)

R gas constant, 8.314 (J''-K'-mol ™)

[S] bare site concentration on the surface (mol-m™)
t time (s)

T temperature (K)

u velocity (m-s™)

z depth (m)

Greek symbols

B extinction coefficient (m™)

JOsim  Simulation discrepancy (—)

K absorption coefficient (m™)

u dynamic viscosity (Pa-s)

e attenuation of the UV light (m™)
p density (kg-m™)

O scattering coefficient (m™)

o radius of light beam (m)
Subscripts

i, j gas species.
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