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Highlights 

• A 2D axisymmetric multiphysics model was built for CO2 photoreduction in a twin 

reactor. 

• The model was based on the turbulent bubbly flow, transport of dilute phase and 

radiation in the participating medium. 

• The effects of variables, such as size of bubble, gas volume rate, bubble entrance size 

and photocatalyst loading were investigated. 

• The predicted CH3OH yields matched the experimental data. 

 

  



3 
 

 

Graphical abstract 

 

Ar CO, CO2

Ar, O2 CO, CO2, H2

Water splitting reactor

Catalyst: WO3

Water, pH=2.6 
[Fe3+]

CO2 photoreduction reactor

Catalysts: 
Pt/SrTiO3:Rh
Pt/CuAlGaO4

Water, pH=2.6 
[Fe2+]
Hydrocarbon:
CxHyOz

Nafion membrane

SunlightSunlight

Sun

H+

e

  

 

 

 

 

 

  



4 
 

 

Abstract  The production of solar fuels through CO2 photoreduction is a promising process to 

control CO2 emissions and provide alternative renewable fuels. Recently, a twin photoreactor 

design has been used to enhance CO2 conversion efficiency. However, the reaction mechanisms 

and operating conditions are not well understood. Therefore, the purpose of this work is to 

understand the CO2 photoreduction mechanisms in the twin photoreactor by using multiphysics 

modelling (COMSOL 5.2a). A 2D axisymmetric model was built and the predicted yield of 

CH3OH matched very well the experimental values under different molar ratios of CO to CO2. 

Moreover, the effects of operating parameters, including bubble size, gas volume rate, bubble 

entrance size and photocatalyst loading, were investigated. The CO2 photoreduction in the 

liquid phase was shown to be a mass-transfer controlled process, and the flow properties 

significantly influenced the CO2 photoreduction.  It was found that the bubbly circulation flow 

structure, interfacial area between gas and liquid, and surface area of the catalyst are critical 

for the CH3OH yield. This study can provide the theoretical guidance for process optimization 

and reactor design. 

 

Keywords: Solar fuels; CO2 photoreduction; twin reactor; multiphysics modelling. 

 

 

 

 

  



5 
 

1. Introduction 
    Carbon dioxide (CO2) is one of the main contributors for climate change (Steeneveldt et al., 

2006), but it can also be used as a carbon source for the production of synthetic fuels (Mignard 

and Pritchard, 2006), such as production of solar fuels via CO2 photoreduction. Photoreaction 

is a photocatalytic process (Ola and Maroto-Valer, 2015), where a semiconductor is used to 

generate holes and electrons upon light excitation. p-type semiconductors, such as CuAlGaO4 

(Li et al., 2014; Rajeshwar et al., 2018), which have a large number of holes as the electron 

acceptor, are favourable for photoreduction reactions, while n-type semiconductors, such as 

WO3 (Hoseinzadeh et al., 2017; Gondal and Seddigi, 2006), which have a large number of free 

electrons, promote photooxidation reactions.  

    Although photoreaction has many advantages, it suffers from low efficiency (Thompson et 

al., 2020). The design of highly active photocatalytic process should consider the following 

aspects: the semiconductor interface charge-transfer and separation kinetics; reactant or 

product adsorption and diffusion kinetics, and catalyst surface reaction kinetics (Xia and Yu, 

2020). Currently, the methods for improving the reaction efficiency include the development 

of novel photocatalysts and design of new reactor systems, such as photocatalytic fuel cells and 

twin reactors.  

    Until now, significant research efforts have focused on the development of efficient 

photocatalysts for CO2 photoreduction. Abdullah et al. (2017) reviewed TiO2 based 

photocatalysts for CO2 photoreduction, including different doping methods, such as cation- and 

anion-doped TiO2, and different surface modifications. The design of dual cocatalysts with 

tailored composition and structures is preferred because these catalysts not only promote 

charge separation, but also potentially provide highly efficient catalytically active sites, and 

furthermore, inhibit the backward reactions of CO2 reduction products (Xia and Yu, 2020). 

Cocatalysts serve the four major functions: trapping and extracting charge carriers from light-

harvesting centres; inhibiting their recombination; activating CO2 molecules; and accumulating 

more electrons and holes for CO2 reduction and H2O oxidation (Xia and Yu, 2020). Ran et al. 

(2018) summarized co-catalysts in semiconductors for CO2 photoreduction, including (ⅰ) 

inorganic noble metal-based co-catalysts, such as Pt-based, Ag-based, Pd-based, Ru-based, Rh-

based and Au-based co-catalysts. For example, Bahadori et al. (2018) prepared a photocatalyst 

which obtained from commercial Evonik P25 TiO2 with gold doping for CO2 photoreduction 

in the liquid phase. The effects of some reaction parameters, such as catalyst concentration, pH 



6 
 

and amount of Na2SO3 as hole scavenger have been investigated. The CO2 solubility in water 

was enhanced by adding a base (pH = 12-14). The products in liquid phase were mainly formic 

acid and formaldehyde. The products in the gas phase were H2 and CO. The yields of HCOOH, 

CO and H2 reached 6980 µmol/(g·h), 84 µmol/(g·h) and 2018 µmol/(g·h), respectively; (ⅱ) 

organic noble metal complex co-catalysts; (ⅲ) inorganic noble metal-free co-catalysts, such as 

Cu-based, Ni-based and Cd-based co-catalysts; (ⅳ) organic non-noble metal-based co-catalyst; 

and (ⅴ) metal-free co-catalysts. Furthermore, the metal organic frameworks (MOFs) were 

developed as photocatalysts for CO2 photoreduction (Liu et al., 2018; Wang et al., 2019; Fu et 

al., 2012). Recently, a series of supramolecular photocatalysts have been proposed and 

prepared (Sahara and Ishitani, 2015; Kumar et al., 2018). In addition, Wang et al. (2020) found 

that the activity of Au nanoparticles deposited rutile on CO2 photoreduction were boosted by 

solar-heating effect, where UV and visible light can initiate the reaction and the heat from IR 

light and local surface-plasmon resonance relaxation can boost the reaction kinetically. Their 

experiments further demonstrated that the apparent activation energy of CH4 formation reaction 

using Au/rutile is about 17.3 kJ/mol which is much lower than that using pure rutile of 77.5 

kJ/mol. 

    The design of the reactor system and operating parameters are essential to improve and 

optimise the efficiency of CO2 photoreduction. Rossetti et al. (2015) proposed an innovative 

high pressure photoreactor for CO2 photoreduction. The purpose using high pressure was to 

improve CO2 solubility. The experimental results showed that the productivity of organic 

compounds in liquid phase increased with pressure and the highest productivity of CH4 and H2 

was achieved at 6 bar and at 353 K with the 0.1 wt% Au/TiO2 photocatalyst. Furthermore, 

Bahadori et al. (2019) reported that increasing pressure favours the accumulation of organic 

reduced products in the liquid phase, such as CH3OH and the gas phase productivity (CH4 and 

H2) is favoured at intermediate pressure. In addition, the effect of temperature has also to be 

considered. For example, Li et al. (2020) demonstrated that the CO yield rises greatly when the 

temperature increases from room temperature to 393 K. They employed in situ 

photoconductivity to reveal that photothermal coupling assisted the detrapping of electrons at 

the oxygen vacancy surface and promoted electron transfer to CO2. 

    To solve the issue of low photoconversion rate, another promising new twin reactor, which 

comprises two independent reactor columns linked by a Nafion membrane, has been proposed 

recently. In this case, two different types of photocatalysts (i.e. p- and n-type) are required. Yu 

et al. (2016) investigated hydrogenation of CO2 using a twin photoreactor with charge balance 
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using IO3
-/I- as redox mediator. The twin reactor allowed water splitting reactions and CO2 

photoreduction reactions to be more thermodynamically favourable in each reactor column, 

whilst a Nafion membrane prevents the undesired reverse reaction. The experimental results 

showed that the twin reactor could significantly improve the PQE (photoreduction quantum 

efficiency) from 0.015% to 0.070%, in comparison with a single reactor. Xiong et al. (2018) 

used a novel twin reactor, that included a gas phase compartment and a liquid phase 

compartment, to investigate the CO2 photoreduction in the gas phase by using H2 produced 

from photocatalytic water splitting. The experimental results showed that separation of 

photocatalysts for water splitting and for CO2 reduction in different phases and different reactor 

columns can simultaneously enhance H2 evolution and CO2 hydrogenation. In addition, a new 

twin reactor has been used for CO2 photoreduction, in which the electron and ion exchange are 

enhanced by an external circuit. For example, Kalamaras et al. (2018) reviewed CO2 reduction 

using photoelectrochemical (PEC) systems or electrochemical cells combined with a 

photovoltaic system. Xie et al. (2019) developed an integrated photocatalytic fuel cell (PFC) 

system comprising the photocatalytic CO2 reduction to produce hydrocarbon solar fuels and 

electricity generation, where the current density reached 0.175 mA/cm2. Zhang et al. (2020) 

used a thin film rotating disk photocatalytic fuel cell to enhance CO2 reduction to CH4 and the 

yield of CH4 was 7.62 μmol/(g·h), which is 2.7 times higher than that in commonly used 

bubbling reactors. 

    However, the mechanism of CO2 photoreduction in the twin reactor remains unclear. For 

example, it is not understood whether the reaction is a mass-transfer or reaction-controlled 

process. Moreover, the effects of reactor design, operating parameters and the solid 

photocatalysts on the radiative field remain ambiguous. Therefore, the strategies for optimizing 

reactor design, and accordingly, improving process efficiency, have not been proposed. Process 

simulation studies have been performed using COMSOL to understand the intrinsic reaction 

and extrinsic flow/transportation mechanisms of CO2 photoreduction in the twin reactor (Li et 

al., 2016; Chu et al., 2017). However, these studies have not considered the flow effect and 

radiative field in the reactor. To the best of the authors’ knowledge, a complete simulation 

combining flow of fluid, radiation, species transport, and reactions has not been yet conducted. 

Hence, the purpose of this work is to understand the mechanisms of CO2 photoreduction in the 

twin reaction through multiphysics modelling and to provide theoretical guidance for 

optimisation of operation and reaction design.  
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2. Simulation theory 

2.1 Photocatalytic CO2 reduction mechanism 

    The photocatalytic CO2 reduction process comprises three steps: carrier generation and 

recombination, electron and hole trapping reaction and radical propagation reactions (Dillert et 

al., 2013; Schneider et al., 2014). First, the UV light irradiates on the surface of the 

semiconductor, which acts as photocatalyst. The valence electrons receive enough photon 

energy to jump into the conduction band and simultaneously the holes with positive charge 

leave the surface. The carrier generation reaction is TiO2 + hν  → TiO2 + e- + h+. However, the 

generated electrons with negative charge and holes with positive charge quickly recombine. 

The recombination reaction is e- + h+ → heat. The lifetime for the active electron-hole pairs is 

roughly 10 μs (van Zeghbroeck, 2007). Thus, the active pair concentration on the 

semiconductor is a function of pair generation velocity and the pair lifetime. The pair 

generation velocity is related to the light intensity, absorption coefficient and photon energy 

(van Zeghbroeck, 2007). The photocatalytic conversion of CO2 is a reduction process, so the 

p-type semiconductor as the catalyst is favourable for it. In the slurry reactor, the light intensity 

on the catalyst surface is affected by light scattering and attenuation in the reactor. Then, the 

free electrons with negative charge could combine with ions or molecules, which is called 

electron trapping reactions and the free holes with positive charge could combine with ions and 

molecules as well, which is called hole trapping reactions. For CO2 photoreduction, the electron 

trapping reaction is e- + CO2 → CO2
- and the hole trapping reaction is h+ + H2O → OH- + H+ 

(Casado et al., 2017). Finally, the radicals generated by trapping reactions can react further 

with other radicals to generate products, such as CH3OH, which is called radical propagation 

reactions. For example, CO2 + H2 → CO + H2O; H2 + CO → HCHO; and HCHO + H2 → 

CH3OH (Ji and Luo, 2016). The CO2 concentration on the surface of the photocatalyst is one 

of most important factors for CO2 photoreduction. In the slurry reactor, the CO2 concentration 

on the surface of photocatalyst is determined by the CO2 mass transfer rate from gas to liquid 

and CO2 adsorption on the photocatalyst surface. 

2.2 Description of twin reactor and physical model 

    The twin reactor is a modified water-splitting Z-scheme system. The Z-scheme system 

comprises two reactors shown in Fig. 1, where one compartment includes a type of H2 

generating photocatalyst, e.g. Pt/SrTiO3:Rh, to produce hydrogen (right reactor in Fig. 1) and 



9 
 

another compartment includes a type of O2 generating photocatalyst, e.g. WO3, to produce 

oxygen (left reactor in Fig. 1). The twin reactor introduces a CO2 reduction photocatalyst, e.g. 

Pt/CuAlGaO4, into the compartment of H2 generating photocatalyst (CO2 photoreduction 

reactor in Fig. 1). The role of each participant species in the twin reactor has been previously 

reported (Lee et al., 2013; Cheng et al., 2015; Li et al., 2016; Chu et al., 2017). 

The twin reactor (Fig. 1) separates the CO2 photoreduction into two independent processes: 

water splitting and CO2 photoreduction, but allowing exchange of hydrogen ions and electrons 

through a Nafion membrane. The diameter of each reactor is 5 cm. The reactor height is 15 cm 

and the liquid height is 11.46 cm. The diameter of the tube for the Nafion membrane is 4 cm. 

The left compartment is for the water splitting reaction, in which WO3 (0.3 g) was loaded into 

the liquid solution of FeCl3 (2 mM) with pH = 2.6. Ar gas was introduced from the bottom of 

the reactor to help dispersing the photocatalysts, while the products of H2 and O2 were collected 

from the top of the rector. Meanwhile, the right compartment is for CO2 photoreduction, in 

which Pt/SrTiO3: Rh (0.15 g) and Pt/CuAlGaO4 (0.15 g) were loaded into the solution of FeCl2 

(2 mM) with pH = 2.6. The low pH value of around 3 is demonstrated to be the optimum pH 

value for CO2 photoreduction (Yang et al., 2011). FeCl2/FeCl3 act as electron transfer 

mediators to assist electron transfer through the Nafion membrane in order to maintain the 

charge balance in the solution. The reagent gas mixture of CO and CO2 was bubbling from the 

bottom of the reactor through a jet with a diameter of 1.4 mm and the formed Φ3 mm bubbles 

were distributed around the Φ1.4 cm area at the bottom of the reactor. CxHyOz from CO2 

photoreduction is generated in the liquid phase. The photoreaction of CO is thermodynamically 

more favourable than that of CO2 to produce CH3OH, so CO mixed with CO2 can promote 

CH3OH yield (Cheng et al., 2015; Li et al., 2016).  

    The reaction of water splitting in the left compartment of the twin reactor is 

 𝐻𝐻2𝑂𝑂 = 𝐻𝐻2 + 𝑂𝑂2       (1) 

    The reactions of CO2 photoreduction in the right compartment of the twin reactor are 

 𝐶𝐶𝑂𝑂2 + 3𝐻𝐻2 = 𝐶𝐶𝐻𝐻3𝑂𝑂𝐻𝐻 + 𝐻𝐻2𝑂𝑂     (2) 

 𝐻𝐻2𝑂𝑂 + 𝐶𝐶𝑂𝑂 = 𝐻𝐻2 + 𝐶𝐶𝑂𝑂2      (3) 

 𝐶𝐶𝐻𝐻3𝐶𝐶𝑂𝑂𝑂𝑂𝐻𝐻 + 𝐶𝐶𝑂𝑂 = 𝐶𝐶𝐻𝐻3𝐶𝐶𝐻𝐻𝑂𝑂 + 𝐶𝐶𝑂𝑂2    (4) 

 𝐶𝐶𝑂𝑂2 + 𝐻𝐻2 + 𝐶𝐶𝐻𝐻3𝑂𝑂𝐻𝐻 = 𝐶𝐶𝐻𝐻3𝐶𝐶𝑂𝑂𝑂𝑂𝐻𝐻 + 𝐻𝐻2𝑂𝑂    (5) 
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 𝐶𝐶𝑂𝑂 + 𝐶𝐶𝐻𝐻3𝑂𝑂𝐻𝐻 = 𝐶𝐶𝐻𝐻3𝐶𝐶𝑂𝑂𝑂𝑂𝐻𝐻      (6) 

    The details of the twin reactor are also described in the literature (Cheng et al., 2015; Li et 

al., 2016; Chu et al., 2017). WO3 as a n-type photocatalyst favours water splitting reaction, 

whilst Pt/CuAlGaO4 and Pt/SrTiO3:Rh as p-type photocatalysts favour CO2 photoreduction 

and H2 generation reactions. In each of the separate vessels of the twin reactor, single type 

photocatalysts can exert greater efficiency and interferences from unfavourable factors and 

concurrent reactions are prevented. The CO2 photoreduction reaction needs H2 or hydrogen ion 

which is transferred from the water splitting reactor through the Nafion membrane. 

Simultaneously, the Nafion membrane prevents O2 or oxygen ion transferring into the CO2 

photoreduction reactor that would be detrimental towards the CO2 photoreduction. In addition, 

separate fluid flows in each of the vessels of the twin reactor do not influence each other thanks 

to the isolation offered by the Nafion membrane. To complement previous studies, this work 

focuses on the compartment for CO2 photoreduction, as the compartment for water splitting 

uses the same type of bubbly slurry reactor with the same dimensions as the compartment for 

CO2 photoreduction. This approach also helped to optimise both the mesh cell and 

computational time.  

 

Ar CO, CO2

Ar, O2 CO, CO2, H2

Water splitting reactor

Catalyst: WO3

Water, pH=2.6 
[Fe3+]

CO2 photoreduction reactor

Catalysts: 
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Hydrocarbon:
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H+

e

  

Fig. 1- Schematic diagram of a twin reactor 
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    The particle size for the photocatalysts used WO3, Pt/CuAlGaO4 and Pt/SrTiO3: Rh is 0.3 

µm, 0.2 µm and 0.1 µm, respectively (Lee et al., 2013) and the photocatalyst loading is very 

small 1.33 g/L. Due to this small particle size (< 150 µm) and low particle loading in the slurry 

bed, the simulations assume that the solid catalysts can be treated as a part of the liquid, forming 

a pseudo homogeneous slurry phase, as previously reported (Calderón and Ancheyta, 2016; 

Pan et al., 2016). Therefore, the effect of particle size is not considered in the simulation of this 

work.  

    The simulation study of the twin reactor included the following assumptions: (ⅰ) CO2 

photoreduction takes place in a mixture of three phases (gas-liquid-solid), where the reactions 

happened predominantly in the gas-liquid phases. Therefore, in this work we treat the bubbly 

flow with dispersed solid catalysts as a gas-liquid two-phase flow and combine the solid 

catalyst and the liquid as one phase for our simulation; (ii) The temperature distribution in the 

reactor is uniform and the reactor is isothermal; (iii) The bubbles keep their size as they travel 

through the liquid; (iv) The bubbles motion is balanced by the drag and pressure force in the 

liquid; and (v) The effect of wall on the light intensity is not considered in this work. 

    A comparison of the simulations of the 3D model and the 2D axisymmetric model is shown 

in Fig. 2(a) and (b), showing that the effect of the side tube on the bubbly flow is very small 

with nearly same gas volume and liquid velocity distribution. Therefore, in order to simplify 

the simulation process and optimise resources, the 2D axisymmetric physical model is used in 

this work, as shown in Fig. 2(c). The gas enters the reactor bed through the gas inlet at the 

bottom and flows out of the bed at the top of gas outlet. The wall for liquid at the gas inlet and 

outlet is set as the slip wall, whilst other walls are set up as no slip walls. For the studied system, 

the sunlight only shines on half of the column wall of the reactor, as shown in Fig. 1. However, 

for the 2D axisymmetric model, the whole column wall receives the light, as shown in Fig.2(c). 

In order to overcome this, simulations based on the 3D model (Fig. 2(a)) were performed and 

the results showed that the whole circular wall received 0.52 of the light intensity, which is 

roughly equivalent to the half circular wall receiving sunlight. This factor was estimated from 

the 3D model simulations based on the radiative transport equation (Eq.14) and the half circular 

column wall receiving sunlight that predicted UV light intensities in the liquid phase of 123.88 

W/m2, 206.71 W/m2 and 235.81 W/m2, respectively as the incident UV light intensities are 

23.24 W/m2, 38.78 W/m2 and 44.24 W/m2. These values correspond well with the 2D model 

predicted UV light intensities in the liquid phase of 127.37 W/m2, 212.54 W/m2 and 242.47 

W/m2 using the radiative transport equation (Eq.14) and the whole circular column wall 
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receiving sunlight when using the 0.52 correction factor for the incidence UV light intensity. 

Thus, we used the 2D axisymmetric model with a factor of 0.52 for the incident UV light 

intensity on the boundary wall to closely represent the studied system receiving sunlight. 

(a) Gas volume fraction

Gas volume fraction(b)

3D model

2D axisymmetric model

r=0
Axis

Gas inlet
Liquid slip wall

no slip wall

Gas outlet
Liquid slip wall

no slip wall

r

z

(c)

 
Fig. 2- Physical model for the CO2 photoreduction compartment in a twin reactor. (a) 

gas volume fraction in the 3D model; (b) gas volume distribution in the 2D 
axisymmetric model; (c) detail physical model for the CO2 photoreduction compartment 

of the twin reactor. 
 

2.3 Governing equations for turbulent bubbly flow 

    For the turbulent bubbly flow, the continuity equation is provided below. 
𝜕𝜕
𝜕𝜕𝜕𝜕

(𝜌𝜌𝐿𝐿𝜙𝜙𝐿𝐿 + 𝜌𝜌𝐺𝐺𝜙𝜙𝐺𝐺) + ∇ ∙ (𝜌𝜌𝐿𝐿𝜙𝜙𝐿𝐿𝑢𝑢𝐿𝐿 + 𝜌𝜌𝐺𝐺𝜙𝜙𝐺𝐺𝑢𝑢𝐺𝐺) = 0    (7) 

where, t is time; ρL, density of liquid phase; ρG, density of gas; ϕL, liquid volume fraction; ϕG, 

gas volume fraction; uL, liquid velocity; uG, gas velocity. 

    The gas phase transport equation is 
𝜕𝜕
𝜕𝜕𝜕𝜕

(𝜌𝜌𝐺𝐺𝜙𝜙𝐺𝐺) + ∇ ∙ (𝜌𝜌𝐺𝐺𝜙𝜙𝐺𝐺𝑢𝑢𝐺𝐺) = −𝑚𝑚𝐺𝐺𝐿𝐿     (8) 

where, mGL is the mass transfer rate from gas to liquid. 

    The momentum equation is: 

𝜌𝜌𝐿𝐿𝜙𝜙𝐿𝐿
𝜕𝜕𝑢𝑢𝐿𝐿
𝜕𝜕𝜕𝜕

+ 𝜌𝜌𝐿𝐿𝜙𝜙𝐿𝐿𝑢𝑢𝐿𝐿 ∙ ∇𝑢𝑢𝐿𝐿 = −∇𝑝𝑝 + ∇ ∙ �𝜙𝜙𝐿𝐿(𝜇𝜇𝑙𝑙 + 𝜇𝜇𝜕𝜕)(∇𝑢𝑢𝐿𝐿 + ∇𝑢𝑢𝐿𝐿𝑇𝑇)� + 𝜌𝜌𝐿𝐿𝜙𝜙𝐿𝐿𝑔𝑔 + 𝐹𝐹 (9) 

where, p is pressure; μl, dynamic viscosity of the liquid; μt, turbulent viscosity; g, gravity; F, 

any additional volume force. 



13 
 

    The gas velocity is the sum of liquid velocity and slip velocity: 

𝑢𝑢𝐺𝐺 = 𝑢𝑢𝐿𝐿 + 𝑢𝑢𝑠𝑠𝑙𝑙𝑠𝑠𝑠𝑠      (10) 

where uslip is the relative velocity between the phases. 

     The slip model is set as the drag-pressure balance model and considering the turbulence 

caused by the bubble rising, the k-ε turbulent model is applied in this work.  

2.4 Model for interfacial area between liquid and gas bubbles 

    In order to describe the interfacial area between gas and liquid, the equation for the bubble 

number density, n, is introduced as follows: 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ ∇ ∙ (𝑛𝑛𝑢𝑢𝐺𝐺) = 0      (11) 

where, n is the bubble number density. 

    The interfacial area between liquid and gas is: 

𝑎𝑎𝐺𝐺𝐿𝐿 = (4𝜋𝜋𝑛𝑛)
1
3(3𝜙𝜙𝐺𝐺)

2
3       (12) 

where, aGL is the interfacial area between gas and liquid. 

2.5 Species transport 

The species transport equation includes diffusion, convection, and reaction rate as shown 

in the following equation: 

𝜕𝜕𝑐𝑐𝑖𝑖
𝜕𝜕𝜕𝜕

+ ∇ ∙ 𝐽𝐽𝑠𝑠 + 𝑢𝑢𝐿𝐿 ∙ ∇𝑐𝑐𝑠𝑠 = 𝑟𝑟𝑠𝑠      (13) 

where, ci is the concentration of the species i; ri, reaction rate for the species i; Ji, mass diffusive 

flux. 

2.6 Radiative transport equation for UV lighting 

    The radiative transport equation (RTE, Eq.14) comprises the light absorption, extinction, 

and scattering. In this work, the UV light radiative intensity is dominated by scattering and 

extinction: 

Ω ∙ ∇𝐼𝐼(Ω) = 𝜅𝜅𝐼𝐼𝑏𝑏(𝑇𝑇) − 𝛽𝛽𝐼𝐼(Ω) + 𝜎𝜎𝑠𝑠
4𝜋𝜋 ∫ 𝐼𝐼(Ω′)𝜙𝜙(Ω′,Ω)𝑑𝑑Ω′    (14) 

where, I(Ω) is the radiative intensity at a given position following the Ω direction; κ, absorption 

coefficient; β, extinction coefficient; σs, scattering coefficient 
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    The absorption coefficient and scattering coefficient in a slurry bed are 0.25 × 10-4 cm2/g 

and 2.5 × 10-4 cm2/g, respectively (Wang et al., 2019b; Cabrera et al., 1996; Romero et al., 

1997) . The relationship among the absorption coefficient, extinction coefficient and scattering 

coefficient is 

 𝛽𝛽 = 𝜅𝜅 + 𝜎𝜎𝑠𝑠      (15) 

    The solar light intensity is (Li et al., 2016): 

𝐼𝐼𝑠𝑠𝑠𝑠𝑙𝑙𝑠𝑠𝑠𝑠 = −1996 + 435 �8 + 𝜕𝜕
3600

� − 18 �8 + 𝜕𝜕
3600

�
2
    (16) 

where, Isolar is the solar radiative intensity. 

    Generally, the UV light is 7% of solar light, so the UV light intensity is: 

𝐼𝐼𝑈𝑈𝑈𝑈 = 7% × 𝐼𝐼𝑠𝑠𝑠𝑠𝑙𝑙𝑠𝑠𝑠𝑠      (17) 

where, IUV is the UV radiative intensity. 

2.7 Mass transfer between gas and liquid 

    In this work, the two-film theory is used to describe the mass transfer between gas and liquid. 

The CO2 or CO mass transfer from gas phase to liquid phase goes through three stages: from 

bulk gas flow to gas film, from gas film to liquid film and from liquid film to bulk liquid flow. 

The species gas concentration and liquid concentration at the interface follow Henry’s law. 

Thence, the saturated liquid concentration at the interface is given in Eq. 18 when the partial 

pressure in the bulk approaches the saturation partial pressure at the interface. 

𝑐𝑐𝐿𝐿𝑠𝑠∗ = 𝑠𝑠𝑖𝑖
𝐻𝐻𝐿𝐿𝑖𝑖

       (18) 

where, HLi is the Henry constant for the gas and liquid of species i; cLi*, saturated concentration 

at the interface; pi, partial pressure. 

    The mass transfer rate is given below: 

𝑚𝑚𝑔𝑔𝑙𝑙 = 𝐾𝐾𝐿𝐿𝑀𝑀𝑎𝑎𝐺𝐺𝐿𝐿(𝑐𝑐𝐿𝐿𝑠𝑠∗ − 𝑐𝑐𝐿𝐿𝑠𝑠)      (19) 

where, M is the molar mass; KL, general mass transfer coefficient. 

    The total mass transfer coefficient is a function of mass transfer coefficient in the gas film 

and mass transfer coefficient in the liquid film, which is provided in Eq. 20: 
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1
𝐾𝐾𝐿𝐿

= 𝑅𝑅𝑇𝑇
𝐻𝐻𝐿𝐿𝑖𝑖𝑘𝑘𝐺𝐺

+ 1
𝑘𝑘𝐿𝐿

       (20) 

where, R is the gas constant; T, temperature. 

     The mass transfer coefficients in the gas film and in the liquid film are provided below: 

𝑘𝑘𝐺𝐺 = 𝐷𝐷𝐺𝐺
𝛿𝛿𝐺𝐺

   and  𝑘𝑘𝐿𝐿 = 𝐷𝐷𝐿𝐿
𝛿𝛿𝐿𝐿

        (21) 

where, kG is the mass transfer coefficient in the gas film; kL, mass transfer coefficient in the 

liquid film; DL, diffusion coefficient in the liquid phase; DG diffusion coefficient in the gas 

phase; δG, the thickness of gas film; δL, thickness of liquid film. 

2.8 Mass transfer and reaction between liquid and solid 

    In this work, the mass transfer between liquid and solid is described by the adsorption 

equilibrium process, which is shown in Fig. 3.  

Bulk
Liquid

cLi

cSi

Solid
Catalyst

 

Fig. 3- Schematic diagram of mass transfer between liquid and solid 

   The relationship between liquid concentration and solid surface concentration is given here: 

𝑐𝑐𝑆𝑆𝑠𝑠 = 𝐾𝐾𝑆𝑆𝑠𝑠𝑐𝑐𝐿𝐿𝑠𝑠       (22) 

where, KSi is the adsorption equilibrium constant of species i in the liquid phase and solid phase; 

cSi, concentration on solid surface of species i. 

    Thus, the photoreaction on the catalyst surface is: 

𝑟𝑟𝑆𝑆𝑆𝑆 = 𝑘𝑘𝑠𝑠𝑆𝑆𝐼𝐼𝑐𝑐𝑆𝑆𝑆𝑆𝑚𝑚𝑐𝑐𝑆𝑆𝑆𝑆𝜕𝜕      (23) 

where, rsj is the j number reaction rate on the catalyst surface; krj, is the reaction rate constant 

of the j number reaction; I, UV light intensity within the whole UV band in the sunlight; cSA 

and cSB, concentration of material A and material B on the catalyst surface; m and n, order of 

reaction. UV light covers a wavelength spectrum from 100 nm to 400 nm. It has been reported 
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that the UV-vis absorption spectrum for WO3, Pt/SrTiO3:Rh and Pt/CuGaAlO4 are 200 - 450 

nm, 200 - 800 nm and 200 - 800 nm, respectively, and its absorption peak is centred at 380 nm, 

360 nm and 520 nm, respectively (Lee et al., 2013). As the spectrum and absorption peak of 

WO3 and Pt/SrTiO3:Rh cover most of the UV light range, the light intensity for the whole UV 

band is employed in this work. 

    Then, Eq. 23 becomes Eq. 24 and Eq. 25 as the solid surface concentration is substituted by 

the liquid concentration using Eq. 22: 

𝑟𝑟𝑆𝑆𝑆𝑆 = 𝑘𝑘𝑠𝑠𝑆𝑆𝐼𝐼(𝐾𝐾𝑆𝑆𝑆𝑆𝑐𝑐𝐿𝐿𝑆𝑆)𝑚𝑚(𝐾𝐾𝑆𝑆𝑆𝑆𝑐𝑐𝐿𝐿𝑆𝑆)𝜕𝜕    (24) 

𝑟𝑟𝑆𝑆𝑆𝑆 = 𝑘𝑘𝑠𝑠𝑆𝑆
∗𝐼𝐼𝑐𝑐𝐿𝐿𝑆𝑆𝑚𝑚𝑐𝑐𝐿𝐿𝑆𝑆𝜕𝜕      (25) 

where, krj* is the pseudo reaction rate constant of the j number reaction. 

    Finally, the reaction in a liquid volume caused by the solid surface reaction is below: 

𝑟𝑟𝐿𝐿𝑆𝑆 = 𝜙𝜙𝐿𝐿𝑎𝑎𝑆𝑆𝑟𝑟𝑆𝑆𝑆𝑆 = 𝑘𝑘𝑠𝑠𝑆𝑆
∗𝐼𝐼𝜙𝜙𝐿𝐿𝑎𝑎𝑆𝑆𝑐𝑐𝐿𝐿𝑆𝑆𝑚𝑚𝑐𝑐𝐿𝐿𝑆𝑆𝜕𝜕     (26) 

where, aS is the surface area of catalysts per volume. 

3. Simulation method and conditions 

3.1 Simulation method 

    The simulation was performed using COMSOL 5.2a. Three modules, namely turbulent 

bubbly flow (bf), transport of dilute species (tds) and radiation in participating media (rpm), 

were employed. For the turbulent bubbly flow, the P1(velocity) + P1(pressure) discretization 

was used. For species dilute transport and radiative transport equations, the linear discretization 

was adopted. The linear P1 approximation as the radiation discretization method was applied 

for solving the radiative transport equation. Finally, the simulation was solved by the time 

dependent PARDISO solver.  

3.2 Simulation conditions 

    The properties of the materials and model parameters are listed in Table 1. These parameters 

were obtained from published work (Li et al., 2016; Chu et al., 2017; Lee et al., 2013; Jiao et 

al., 2019; Seger and Kamat, 2009). 
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Table 1 
Physical properties of materials and model parameters 

Type Variable  value Unit 
Geometry H Reactor Bed height 11.46 cm 
 D1 Diameter of reactor 5 cm 
Condition p pressure 1 × 105 Pa 
 T temperature 298 K 
 V Gas volume rate 0.11, 0.55, 

0.28 
L/h 

Simulation  mesh 17593  
 tstep Time step 0.1, 2 s 
 tduration Time duration 36, 120, 14400 s 
Gas phase ρCO2 Density of CO2 1.7878 kg/m3 
 ρCO Density of CO 1.1233 kg/m3 
 μCO2 Viscosity of CO2 1.37 × 10-5 Pa·s 
 μCO Viscosity of CO 1.75 × 10-5 Pa·s 
 CO:CO2 Ratio of CO to CO2 0, 1:10, 1:5  
 D2 Diameter of bubble entrance 1.4 cm 
 DG Gas diffusion coefficient 1.41 × 10-7 m2/s 
 δG Thickness of gas film 0.1 mm 
 Db Bubble size 3 mm 
Liquid phase ρL Density of liquid 1000 kg/m3 
 μL Viscosity of liquid 8.9 × 10-4 Pa·s 
 σL Surface tension 0.073 N/m 
 DL Liquid diffusion coefficient 1.98 × 10-9 m2/s 
 δL Thickness of liquid film 0.1 mm 
 HLCO2 Henry constant of CO2 4.09 × 103 Pa·m3/mol 
 HLCO Henry constant of CO 1.47 × 105 Pa·m3/mol 
 HLH2 Henry constant of H2 1.30 × 105 Pa·m3/mol 
Solid phase aS_CGA Surface area of 

Pt/CuGaAlO4 
1.99 m2/g 

 aS_STR Surface area of  
Pt/SrTiO3:Rh 

3.83 m2/g 

Reaction kinetic kr1aS Reaction rate constant 1.7 × 10-2 m9·s2/(kg·mol3) 
 kr2 aS Reaction rate constant 2.3 × 10-4 m3·s2/(kg·mol) 
 kr3aS Reaction rate constant 1.7 × 10-4 m3·s2/(kg·mol) 
 kr4aS Reaction rate constant 5.8 × 10-6 m6·s2/(kg·mol2) 
 kr5aS Reaction rate constant 8.1 × 10-3 m3·s2/(kg·mol3) 
 rc Hydrogen crossover rate 1.4 × 10-6 mol/(m3·s) 
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3.3 Effect of mesh, time step and solver 

    In this work, five meshes (namely mesh 1 to 5) with grid numbers of 3938, 6409, 8619, 

12127 and 17593 were used to check the effect of mesh. These meshes were generated based 

on the user-controlled mesh in COMSOL and the element sizes were calibrated for the physical 

principle of fluid dynamics with corner refinement, boundary layers and film surface 

refinement. The simulation was carried out under the gas volume rate of 0.11 L/h. The time 

step was 0.1 s and the time duration was 36 s. The gas volume fractions along the r direction 

with z = 5 cm predicted by different meshes at 36 s are shown in Fig. 4(a). The maximum 

deviation of the gas volume fraction is situated at the bed centre axis (r = 0 cm, z = 5 cm) and 

the maximum deviations for mesh 1 to 4 based on mesh 5 are 4.2 %, 2.6 %, 1.5 % and 0.6 %, 

respectively. Aiming at comparing with experimental data, the time duration targeted by 

simulation is required to be much longer than 4 hours, which is consistent with the experimental 

CO2 photoreduction time and compatible with the computer resource, the mesh with 17593 

cells was employed in this work. 

    We used the time dependent solver in the simulation. As the time step may influence the 

simulation accuracy, this effect was examined in this section. The simulations were performed 

under the condition of 0.11 L/h and the time duration of 36 s at the time step of 2, 1, 0.1, 0.01 

and 0.005 s. The yield of CH3OH with the time extending are shown in Fig. 4(b). The results 

showed that the time step affects the results very slightly, below ~0.5 %, using the COMSOL 

time dependent solver. 

    To assess the effectiveness of the solver, two solving methods were evaluated, including P1 

+ P1 for bubbly flow equations with the linear method for species transport and radiative 

transport equations (method 1), and P2 + P1 for bubbly flow equations with the quadratic 

method for species transport and radiative transport equations (method 2). The comparison of 

gas volume fraction between these two methods is shown in Fig. 4(c). It shows that the 

deviation of average gas volume fraction for method 1 to method 2 is only 1.0 %, but the 

simulation using the method 2 may take over 4 weeks to be completed for time duration of 4 

hours as expected for comparing with the experiment, whilst using the method 1, only 6 hours 

were needed. Therefore, in this work, the P1 + P1 / linear method was selected. 
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 Fig. 4- Effect of mesh, time step and solver under the condition as time duration 
of 36 s, gas volume rate of 0.11 L/h, bubble size of 3mm and CO:CO2 of 1:10. (a) gas 

volume fraction distribution along the r directions under different meshes (time 
step: 0.1 s, P1+P1/linear method); (b) average CH3OH concentration with time 
passing at different time steps (mesh 5, P1+P1/linear method); (c) gas volume 

fraction distribution along the r directions under different solvers (mesh 5, time 
step: 0.1 s). 

 

4. Results and discussion 

4.1 Validation of simulation by the experiments 

    The first purpose of this section is to provide an introduction to the simulation results for the 

CO2 photoreduction process in the twin reactor. The simulation was carried out with the gas 

volume rate of 0.11 L/h, molar ratio of CO to CO2 at 1:10 and the time duration of 120 s at the 

time step of 0.1 s. Typical simulation results, including gas volume fraction, liquid velocity, 

CH3OH yield, gas velocity, CO2 concentration distribution and CO concentration distribution 

are presented in Fig. 5. 
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Fig. 5- Typical 3D simulation results under the condition as time step: 0.1 s; time 
duration: 120 s; gas volume rate: 0.11 L/h; bubble size: 3 mm; CO:CO2 = 1:10. (a) 

contour of gas volume fraction; (b) liquid velocity vector; (c) CH3OH concentration  
distribution; (d) gas velocity; (e) CO2 concentration; (f) CO concentration. 

     Fig. 5(a) shows that the gas volume fraction decreases along the z direction and extends 

along the r direction, indicating that the bubbles flow up and are dispersed along the r direction 

from the bottom to the top, as expected. Fig. 5(b) shows that the liquid ascends in the bed centre 

area following the rising of the gas bubbles and falls near the wall area. The concentration of 

CH3OH is shown in Fig. 5(c), where the high CH3OH concentration in the liquid is mostly 

located in the bed centre and near wall areas following the liquid circulation with nearly the 

same UV light intensity in the liquid. Fig. 5(b) and Fig. 5(c) indicate that the liquid flow 

circulates internally, meaning that the fluid rises from the centre of the bed, moves to the wall 

area at the top, then falls along the wall, moves to the centre at the bed bottom and then rises 

from the bed centre again. There are two clear zones along the r direction: bed centre zone and 

near wall zone. In the bed centre zone, the liquid moves up, while in the near wall zone, the 

liquid descends against wall. On the boundary between the bed centre zone and near wall zone, 

the liquid velocity approaches zero. Thus, there is a liquid “static area” in the bed lower level 

with very low movement, where species transportation is very slow leading to a very low 

concentration, such as shown for CH3OH in Fig. 5(c). Therefore, this indicates that the liquid 

flow circulation highly affects the CO2 photoreduction.  
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    The gas velocity distribution is shown in Fig. 5(d). The gas velocity is reduced along the z 

direction, as expected. The CO2 and CO concentration distributions are shown in Fig. 5(e) and 

(f), which display that the mass transfer of CO2 is much higher than that of CO because of its 

lower Henry constant.  

    The simulation shows that the UV light intensity distribution is nearly uniform with the 

difference less than 0.01 W/m2 through the whole bed and the UV light intensity is 127.34 

W/m2. This indicates that the UV light intensity distribution is slightly affected by the flow 

structure as the catalyst concentration in the liquid is small, e.g. 1.33 g/L. 

   

  
Fig. 6- Simulation and experimental results obtained and from Ref. (Li et al., 2016) 
under different CO:CO2 conditions. (a) CO:CO2 = 0:1 (pure CO2); (b) CO:CO2 = 

1:10; (c) CO:CO2 = 1:5. 

 

    This section also presents the validation of the simulation studies using experimental data 
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work is shown in Fig. 6. The CH3OH yield in this work is obtained by averaging the simulation 

results through space positions. It can be seen that the simulation values from this work are in 

good agreement with the experimental data, where the deviation was 14.9%, 13.1% and 10.1% 

for 0:1, 1:10 and 1:5 of CO:CO2, respectively. As the CO:CO2 ratio goes from 0:1 to 1:10, it 

seems that the presence of CO promotes the CO2 photoreduction. The simulation and 

experimental results show that when CO2 is mixed with CO, the yield of CH3OH dramatically 

improved from 3.6 μmol/g(catalyst) (4 hr, pure CO2; 0:1) to 7.3 μmol/g (4 hr, CO:CO2 = 1:10 

or 1:5). However, when the CO:CO2 ratio increases from 1:10 to 1:5, the CH3OH yields are 

very similar and this indicates that further increasing the CO prohibits yielding more CH3OH. 

Therefore, in this work it was found that the CO:CO2 ratio of 1:10 is most favourable for the 

process. Moreover, the CH3OH yield values predicted here are in closer agreement with the 

experimental values than those reported by Li et al. (2016). The possible reason is that the built 

model in this work comprises a detailed description of the fluid flow. 

    In order to investigate the effect of other parameters, such as bubble size, gas volume rate 

and catalyst loading on the yield of CH3OH, the following simulations were further executed 

based on the validated 2D axisymmetric model and using gas volume rate of 0.11 L/h, gas 

bubble entrance diameter at the bottom of 1.4 cm, molar ratio of CO to CO2 of 1:10, time step 

of 0.1 s, time duration of 120 s and a mesh with 17,593 cells. 

4.2 Effect of bubble size 

     The effect of bubble size in the liquid has not been widely investigated. However, it is 

essential to understand the relationship between the size of bubbles and CO2 photoreduction. 

The bubble size not only affects the liquid velocity through the drag force between gas and 

liquid, but it also significantly influences the interfacial area, and consequently, enhances CO2 

photoreduction by mass transfer. The simulation results showed that the interfacial area greatly 

decreases from 3.06 m2/m3 to 0.93 m2/m3 with increasing bubble size from 3 mm to 10 mm 

(Fig. 7(a) to Fig. 7(c)). The interfacial area with the bubble size of 3 mm is 3 times larger than 

that with bubble size of 10 mm. The CO2 concentration increase significantly quicker with time 

from 0.02 mol/m3 to 0.03 mol/m3 and 0.06 mol/m3 at 120 s, respectively, as the bubble size 

becomes smaller from 10 mm to 3 mm (Fig. 7(d)). The average CO2 concentration with bubble 

size of 3 mm is 3 times higher than that with bubble size of 10 mm.  Due to the rapid increase 

of CO2 concentration in the liquid, the yield of CH3OH rises sharply, as shown in Fig. 7(e). 
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The yield of CH3OH with bubble size of 3 mm attains 1.81 × 10-10 mol/m3, but with bubble 

size of 10 mm, it is only 0.12 × 10-10 mol/m3.  

   Therefore, the following conclusions can be drawn: (ⅰ) the CO2 photoreduction in the liquid 

is a mass-transfer controlled process in agreement with other photoreactions in liquid phase 

which is a mass transfer or diffusion controlled process (Ibhadon et al., 2007; He et al., 2004) 

and previous research (Rossetti et al., 2015; Bahadori et al., 2018; Bahadori et al., 2019) also 

indicates that the CO2 photoreduction in water is a CO2 dissolution limited process; (ⅱ) the 

interfacial area is a critical parameter to evaluate the mass transfer and reaction for the entire 

process; and (ⅲ) gas bubbles with smaller size are beneficial to CO2 photoreduction in the twin 

reactor. 

(a) (b) (c)m2/m3 m2/m3 m2/m3

Bubble diameter: 3 mm Bubble diameter: 6 mm Bubble diameter: 10 mm

Interfacial area Interfacial area Interfacial area

 

  
Fig. 7- Effect of bubble size. 3D distributions of interfacial area: (a) bubble size: 3 

mm, (b) bubble size: 6 mm and (c) bubble size: 10 mm; (d)average CO2 
concentration with time; (e) average CH3OH concentration with time. 
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be seen that the gas velocity increases with higher gas volume rate from 0.11 L/h to 0.28 L/h 

and 0.55 L/h (Chu et al., 2017), as shown in Fig. 8(a) to (c). The liquid velocity at r = 0 cm 

along the z direction is shown in Fig. 8(d). This indicates that the maximum liquid velocity is 

expected to be located at the bed bottom area and then the velocity decreases along the z 

direction. The maximum liquid velocity is 0.034 m/s, 0.062 m/s and 0.094 m/s for the gas 

volume rate of 0.11 L/h, 0.28 L/h and 0.55 L/h, respectively. Higher gas volume rates are 

responsible for both higher gas velocities and higher liquid velocities along the r and z 

directions. Simultaneously, with increasing gas volume rate, more bubbles are distributed in 

the liquid and the interfacial area between gas and liquid certainly increases e.g. 3.06 m2/m3, 

7.21 m2/m3 and 13.63 m2/m3 at 120 s respectively for gas volume rate of 0.11 L/h, 0.28 L/h and 

0.55 L/h. Because of that, more CO2 penetrates into the liquid, causing the CH3OH yield to go 

up from 0.02 × 10-8 mol/m3 to 0.21 × 10-8 mol/m3 and 1.81 × 10-8 mol/m3 at 120 s, which is 

shown in Fig. 8(e). This indicates that this is a dissolution limited process. 

    In brief, the higher gas volume rate means that higher gas velocity induces the higher liquid 

velocity due to the drag force, and therefore, higher gas volume rate enhances mass transfer 

rate, leading to higher CO2 photoreduction rate. 

(a) (b) (c)m/s m/sm/s
Gas velocity Gas velocity Gas velocity

Gas: 0.11 L/h Gas: 0.28 L/h Gas: 0.55 L/h  

   
Fig. 8- Effect of gas volume rate. 3D distributions of gas velocity under different gas 
volume rate: (a): 0.11 L/h, (b) 0.28 L/h and (c) 0.55 L/h; (d) liquid velocity along the 

z direction (r=0 cm) at 120 s;(e) average CH3OH concentration with time. 
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4.4 Effect of gas bubble entrance diameter 

    The gas bubble entrance diameter will greatly affect the liquid flow. Under the same gas 

volume rate, the larger gas bubble entrance size could cause low bubble density and release 

bubbles slower, while smaller gas bubble entrance size has higher dense bubbles and higher 

bubble rising velocity. The bubble entrance size also changes the liquid flow circulation 

structure, in which liquid rises from the bed centre and descends along the wall. With increasing 

bubble entrance size, the boundary between centre liquid-rising zone and near wall liquid-

dropping zone is pushed towards the wall, as shown in the liquid velocity vector in Fig. 9(a) to 

(c). The minimum average interfacial area is 3.06 m2/m3 with bubble entrance size of 1.4 cm 

and the maximum average interfacial area is 6.91 m2/m3 under the bubble entrance size of 3 

cm, as displayed in Fig. 9(d). Because of the largest interfacial area with the bubble entrance 

size of 3 cm, the yield of CH3OH rises much quicker than the other two situations with elapsing 

time, as shown in Fig. 9(e). For example, the CH3OH yield is 0.82 × 10-8 mol/m3 at 120 s for 

bubble entrance diameter of 3 cm, but it is only 0.02 × 10-8 mol/m3 and 0.02 × 10-8 mol/m3 

respectively for the bubble entrance diameter of 0.8 cm and 1.4 cm. The bubble entrance 

diameter with a small size gives similar CH3OH yield. 

    Essentially, the bubble entrance diameter influences the liquid flow circulation structure 

under the same gas volume rate. The extra larger bubble entrance size which approaches the 

reactor diameter is favourable for CO2 photoreduction because of the resultant higher 

interfacial area.  
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Fig. 9- Effect of bubble entrance diameter. liquid velocity vector under different 
bubble entrance size: (a) 0.8 cm, (b) 1.4 cm and (c) 3.0 cm; (d) average interfacial 
area under different bubble entrance size at 120 s with time; (e) average CH3OH 

concentration varied with time. 

 

4.5 Effect of photocatalyst loading 

    The effect of catalyst loading in the liquid increases the solid surface area per volume and 

also the scattering and extinction coefficient. The simulation results with 1.33 g/L, 2.67 g/L 

and 4.45 g/L catalysts are shown in Fig. 10.  

        Under the three different catalyst loadings investigated, the UV intensity is 127.34 W/m2.  

Small catalyst loadings, e.g. less than 4.45 g/L, do not change the UV intensity distribution 

significantly. The CH3OH concentration distributions in Fig. 10(a) to (c) show that the higher 

catalyst loadings from 1.33 g/L to 4.45 g/L cause to increase the production of CH3OH with 

the highest concentration situated in the bed centre and near the wall area. The average CH3OH 

concentration rises dramatically from 1.78 × 10-10 mol/m3 to 3.56 × 10-10 mol/m3 and 5.93 ×10-

10 mol/m3 at 120 s due to the expansion of solid surface area from 3880 m2/m3 to 7760 m2/m3 

and 12933 m2/m3. The CO2 concentration in the liquid is the same under different catalyst 
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loadings, as shown in Fig. 10(d). This demonstrates that the catalyst loading does not influence 

the CO2 mass transfer from gas to liquid, as expected. Furthermore, the yield of CH3COOH 

rises dramatically from 0.68 × 10-16 mol/m3 to 2.63 × 10-16 mol/m3 and 7.23 × 10-16 mol/m3 

respectively at 120 s as catalyst loading increases from 1.33 g/L to 4.45 g/L, as shown in Fig. 

10(e). 

 

(a) (b) (c)

Catalyst: 1.33 g/L Catalyst: 2.67 g/L Catalyst: 4.45 g/L

CH3OH concentration
mol/m3mol/m3mol/m3 CH3OH concentrationCH3OH concentration

 

 
Fig. 10- Effect of catalyst loadings. 3D distributions of the CH3OH concentration 
under different catalyst loadings: (a) 1.33 g/L, (b) 2.67 g/L and (c) 4.45 g/L; (d) 

average CO2 concentration with time;(e) average CH3COOH concentration with 
time. 

    In summary, the addition of more catalysts in the liquid promotes the CO2 photoreduction 

when the catalysts are very dispersed and do not affect the UV light distribution strongly in the 

liquid within the low solid concentrations used in this work, e.g. 1.33 g/L - 4.45 g/L, while 

other published work has reported values reaching up to 25 g/L (Pestana et al., 2015; 

Mohammadi et al., 2016). The limiting factor for CO2 photoreduction in the liquid is mass 

transfer, so further reactor designs should primarily focus on promoting mass transfer. 

5. Conclusions 

    The simulation of CO2 photoreduction in a twin reactor was conducted using the 

multiphysics model COMSOL 5.2a using three modules: turbulent bubbly flow, transport of 

0 20 40 60 80 100 120
0.00

0.02

0.04

0.06

0.08

 1.33 g/L
 2.67 g/L
 4.45 g/L

C
O

2 (
m

ol
/m

3 )

Time (s)

(d) Catalyst loadings

0 20 40 60 80 100 120
0

2

4

6

8

 1.33 g/L
 2.67 g/L
 4.45 g/L

C
H

3C
O

O
H

 (×
10

-1
6  m

ol
/m

3 )

Time (s)

(e) Catalyst loadings



28 
 

dilute species and radiation in the participating media. The constructed 2D axisymmetric model 

was resolved by the time-dependent solver. In addition, the multiphysics model was validated 

and the CH3OH yield predicted matched the experimental data at the CO:CO2 molar ratios of 

0:1, 1:10 and 1:5 with an average deviation of 12.7%. This demonstrated that the model, 

simulation method and parameter setting are appropriate for the simulation of CO2 

photoreduction in the twin reactor. 

    This work showed that the bubbly flow in the liquid forms an internal liquid circulation flow 

pattern. The liquid in the centre area flows up following gas bubbles rising and the liquid 

descends near the wall. The liquid velocity on the boundary between these two liquid motions 

approaches to zero. This flow motion structure is key for CO2 photoreduction. 

    The effect of bubble size, gas volume rate, gas bubble entrance diameter and catalyst loading 

in the liquid were investigated. The simulation proved that the decrease of bubble size increases 

the interfacial area between gas and liquid and thus enhances CO2 and CO mass transfer rate. 

The higher gas volume rate provides more bubbles in the liquid and therefore, the yield of 

CH3OH is improved. Under the same gas volume rate, the gas bubble entrance size affects the 

bubble distribution and gas velocity in the liquid, and further influences the liquid flow 

structure. The simulation demonstrated that the larger bubble entrance size is favourable for 

CO2 photoreduction. Increasing the catalyst loading certainly promotes the CO2 

photoreduction. This conclusion has a prerequisite that the dilute particle concentration 

influences the UV light scattering and extinction slightly. If the catalyst loading is high, the 

light intensity in the liquid decreases greatly, and thus, the catalysts may prevent the 

photoreaction. 

    It can be concluded that: (ⅰ) the flow structure significantly influences CO2 photoreduction; 

(ⅱ) CO2 photoreduction in the liquid is a mass-transfer controlled process; (ⅲ) the UV intensity 

distribution is nearly uniform as the catalyst concentration is small, e.g. 4.44 g/L and it is 

affected by the bubbly liquid flow very slightly; and (ⅳ) the bubbly circulation flow structure, 

interfacial area between gas and liquid, and surface area of the catalyst are critical factors for 

reactor design and operation. Finally, the developed multiphysics model can successfully 

predict how the flow affects the reaction process and the catalyst loading on the CH3OH yields. 
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Symbols used 
aGL interfacial area between gas phase and liquid phase, m2·m-3; 

aS surface area of catalyst surface per volume, m2·m-3; 

c liquid or gas concentration, mol·m-3; 

cS concentration on the solid surface, mol·m-2; 

c* saturated concentration at the interface, mol·m-3; 

D diffusion coefficient, m2·s-1; 

Db bubble diameter, m; 

D1 reactor diameter, m; 

D2 gas bubble entrance diameter, m; 

F volume force, N; 

g gravity, m·s-2; 

H reactor bed height, m; 

HL Henry constant for the gas and liquid, Pa·m3·mol-1; 

I radiative intensity, W·m-2; 

Isolar solar radiative intensity, W·m-2; 

IUV UV radiative intensity, W·m-2; 

J mass diffusive flux, mol·m-2·s-1; 

KL general mass transfer coefficient, m·s-1; 

KS adsorption equilibrium constant of species between the liquid and solid, m-1; 

k mass transfer coefficient in the gas or liquid film, m·s-1; 
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kr reaction rate constant; 

M molar mass, kg·mol-1; 

mGL mass transfer rate between gas and liquid, kg·m-3·s-1; 

n bubble number density, m-3; 

p pressure, Pa; 

R gas constant, J·mol-1·K-1; 

r reaction rate, mol·m-3·s-1; 

T temperature, K; 

t time, s; 

u velocity, m·s-1; 

uslip relative velocity between the phases, m·s-1; 

V gas volume rate, L·h-1. 

Greek letters 

β extinction coefficient, m-1; 

δ thickness of the gas or liquid film, m; 

κ absorption coefficient, m-1; 

μl dynamic viscosity of the liquid, Pa·s; 

μt turbulent viscosity, Pa·s; 

ρ density, kg·m-3; 

σL surface tension, N·m-1; 

σs scattering coefficient, m-1; 

Φ dimaeter, mm; 

ϕ volume fraction; 

Ω light direction. 

Superscripts 

m, n order of reaction. 
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Subscripts 

A, B material A or B; 

CO carbon monoxide; 

CO2 carbon dioxide; 

G gas phase; 

i species; 

j reaction number; 

L liquid phase; 

S solid phase. 
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