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Abstract. Carbon dioxide (CO2) is one of the greenhouse gases that contribute to global 

warming. CO2 could be converted to valuable products such as hydrocarbons through the 

photocatalytic process. The aim of this research was to develop the kinetic model for the 

photocatalytic reduction of CO2 to methanol (CH3OH) in liquid phase reaction using cerium 

oxide-titanium dioxide (CeO2-TiO2) catalyst. The Langmuir-Hinshelwood approach was used in 

developing rate laws for the catalytic reaction using the catalytic reaction mechanism proposed. 

The catalytic reaction mechanism is about the adsorption of reactant (CO2 dissolved in the liquid 

phase), the reaction on catalyst surface and desorption of product. The experimental kinetic data 

were evaluated in the Polymath 6.1 software. In this study, two types of mechanism are proposed 

whereas one is considered the carbon monoxide (CO) oxidation while the other is not. Based on 

the model fitting, it was found that the model considers the CO oxidation is fitted well with the 
experimental data represents that the oxidation reaction of intermediate product, CO is the rate-

determining step in the photocatalytic reduction of CO2 to CH3OH in liquid phase reaction. 

  

1.  Introduction 

The technologies of reducing CO2 emission is important to tackle the challenge of global climate change. 
Reduction of CO2 to hydrocarbons using catalyst and photon as an energy which is called photocatalytic 

reaction has the potential to be parts of renewable energy as well as to reduce CO2 emission. Titanium 

dioxide (TiO2) catalyst has gained a lot of interest as potential photocatalyst due to its non-toxicity, low 
cost and excellent photochemical properties [1]. However, it has limitations such as has wide band gap 

which makes it only active under UV light and has high electron/hole pair recombination rate as 

compared to the rate of a chemical reaction [2]. Both factors lead to low activity and yield of the product. 

Therefore, various research has been studied in order to design the ideal catalyst for photocatalytic 
reduction of CO2 to hydrocarbons such as doping TiO2 with anions [3], doping TiO2 with cation [4], 

coupling TiO2 with another semiconductor [5] and etc. Koci et al. [11] found that modification of TiO2 

by doping with silver (Ag) could enhance the yield of methane (CH4) and CH3OH under visible light 
irradiation mainly caused by the narrow band gap and decreases of electron-hole recombination rate [6]. 

TiO2 modified by doping with gold (Au) also improved the photocatalytic activity of CO2 reduction due 

to the efficient electron-hole separation and surface plasmon response of Au-nanoparticles [7]. Among 

them, modifying TiO2 with cation is widely investigated [8]. Cation as rare earth elements, instead of 
transition and noble metals, have caught the interest of researches because it is abundant, non-toxic and 
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inexpensive. Moreover, it has a 4f electron configuration that contributes to lower the band gap and 

reduce the high electron/hole recombination rate problem [9].   
However, the physical properties of the catalyst are not enough to describe the net photocatalytic 

activity since the photocatalytic reduction of CO2 has a multistep process such as CO2 adsorption, 

activation and dissociation of the C-O bond [10]. Moreover, the photocatalytic reduction of CO2 to 

CH3OH also has various pathway [11]. Therefore, understand the kinetics of a photocatalytic reaction 
is important in order to determine the rate -determining step and the right pathway. Besides, kinetic 

study is vital to develop the photocatalytic system as well as practical application in the future.  

Thus, the objective of this study is to develop a kinetic model based on the Langmuir- Hinshelwood 

model using CeO2-TiO2 catalyst in order to determine the kinetic parameters and to provide fundamental 
insights on the possible reaction mechanism. 

2.  Materials and Method 

2.1.  Materials 
The CeO2-TiO2 (2 wt % CeO2 loading) catalyst used was prepared as per the reported procedure [12]. 

The sodium hydroxide (NaOH) with 99 % purity was purchased from R & M Chemicals. Purified carbon 

dioxide (99.98 %) was supplied by Siad Technical Gases, Malaysia.  

2.2.  Kinetic Measurement 
The photocatalytic reduction of CO2 was performed according to the procedure reported elsewhere[13]. 

The CO2 with 0.4 L/min was bubbled through the 300 ml of 0.1 M NaOH solution in the reactor. Then, 

0.3 g CeO2-TiO2 catalyst was dispersed in the reactor. The solution was agitated under the visible light 
irradiation for 6 hours. The gas and liquid samples were taken every 1 hour and analyzed using a gas 

chromatography (GC-Agilent Technologies 6890N) with a thermal conductivity detector (TCD) and 

flame ionization detector (FID), respectively.  
The experimental kinetic data, which is the concentration of CH3OH for each interval in 6 hours 

reaction, were evaluated using non-linear regression method (Levenberg-Marquardt) in the Polymath 

6.1 software to estimate the unknown kinetic constants.  

3.  Results and Discussion 

Based on the previous result [12], the CH3OH was observed as the main product in the reaction. The 

CH3OH is possibly produced by the reduction of CO2 in gas and CO2 which dissolved in water and form 

carbonate as equations 1 to 3. The carbonate formed was supported by the result shown in figure 1. It 
shows that the pH dropped drastically from pH 12.4 to 6.87 in the first 10 minutes and then remain 

stable. The carbonic acid (H2CO3) , ion bicarbonate (HCO3
-) and ion carbonate (CO3

2-) were formed and 

in equilibrium as in equation 4 when a CO2 is dissolved in solution [14]. 
 

OHOHCHeHCO 232 66 +→++ −+
                                                    (1)                             

       

OHOHCHeHCOH 2332 266 +→++ −+
         (2)

   

OHOHCHeHCO 23

2

3 268 +→++ −+−
        (3)

         

)()(2)()()()( 2

3322 aqCOaqHaqHCOaqHlOHaqCO −+−+ +++       (4)
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Figure 1.  pH as function of time in NaOH solution under the bubbling of CO2. 

 

Sasirekha et al. [15] proposed that the CH3OH was formed from the intermediate product (CO) as 
equation (5) [15]. The details proposed mechanisms are as equations 6 to 12. Besides, the using of NaOH 

in the reaction also contribute to the formation of CH3OH. The oxidation of OH ions in NaOH solution 

could form OH radicals, thus supplying more OH radicals for CH3OH formation. Tseng [17] reported 
that the CH3OH yield from the photocatalytic reduction of CO2 increases after adding NaOH in solution 

[16-17].  

 

OHCHCOCO 32 →→                                       (5) 

 
+•+ +⎯⎯ →⎯+ HOHhOH catalyst

adsorbed2                                      (6) 

 

HeH catalyst •−+ ⎯⎯ →⎯+           (7)

         
−•− ⎯⎯ →⎯+ 22 COeCO catalyst

                        (8) 

 
−•−• +⎯⎯ →⎯+ OHCOHCO catalyst

2      (CO as an intermediate product)              (9) 

 
−•− ⎯⎯ →⎯+ COeCO catalyst

                                                  (10) 

 
−•−• +⎯⎯ →⎯+ OHCHCO catalyst

                                                      (11) 

 

OHCHOHCHHCHHCHHC catalystcatalystcatalystcatalyst

332 ⎯⎯ →⎯+⎯⎯ →⎯+⎯⎯ →⎯+⎯⎯ →⎯+ ••••••
 

                            (12) 
 

Thus, the proposed mechanisms with a combination of the Langmuir Hinshelwood (L-H) model were 

used in this study as the basis in developing the kinetic model. The reactants and products were assumed 

to be adsorbed on the same active sites as equation (13) [18-19]. 
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The rate of reduction equation can be deduced as equation (14) by using this assumption: 

i) the reaction rate is proportional to the fraction of the surface covered by CO2 
ii) H2O, CH3OH, and O2 are weakly adsorbed over the catalyst  

iii) CO2 and CO are moderately adsorbed. However, the reaction was observed to be very 

fast at the beginning and become slow after a certain time of reaction. Besides, CO was 

not observed. Thus, it indicates that the CO formed is not effectively desorbed from the 

catalyst surface and accumulated (
22

1 COCOCOCO CKCK + ) 

 

                                              
21

)(

2222

COCO

COCOOHOH

reduction
CK

CKCK
kr =                                          (14)                                                                                              

 

where 1k  is the photoreduction rate constant affected by temperature and light intensity (

Irk reduction=1 ) and COOHCO KKK ,,
22

 are the ratios of the rate constant for adsorption of CO2, H2O, 

and desorption of CO,  respectively. Since H2O was in great excess and CO2 was continuously feed into 

the reactor, the concentration of CO2 and H2O can be assumed constant. Thus, the rate of reaction 
becomes as per equation (15). 

 

                                            
22

)(

1

COCO

reduction
CK

kr =                                                         (15)                                                          

 

 where 
222212 COCOOHOH CKCKkk =   

 
Based on equation (15), it can be said that the rate of formation of products is dependent on CO 

conversion and/or desorption over the catalyst surface. Tan et al. [18] proposed that the CO also 

sometimes undergoes partial oxidation with oxygen [18, 20]. They suggested that the CO oxidation 
undergoes dissociative adsorption process. The rate of photo-oxidation of CO could also be evaluated 

by L-H model as equation (16).  

 

23
)1(

22

22

OOCOCO

OOCOCO

oxidation
CKCK

CKCK
kr

++
=                                 (16) 

 

where 3k is the kinetic constant of oxidation while COK  and 
2OK  are the ratios of rate constants for 

adsorption and desorption of CO and O2, respectively. Equation 16 is simplified to equation 17 by 

assuming that all active sites are occupied by CO due to the CO being strongly bound to the catalyst 

surface )1( COCOCK  

COCO

OO

oxidation
CK

CK
kr

22

3=                                                             (17) 

 

In this study, two types of mechanism are proposed. One is considered the CO oxidation while the 
other is not. The rate of CH3OH formation that does not consider the CO oxidation is per equation (15) 

while the net rate of reduction by considering the CO oxidation is shown in equation (18). 
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Both equations can be simplified to equations (19) and (20) by assuming that the concentration of 

CO )( COC and O2 )(
2OC  is proportional to the concentration of CH3OH )(

3OHCHC   
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Equations 19 and 20 were integrated and arranged as equations (21) and (22), respectively. 
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8764 .,, kkkk are the kinetic constant related to reaction rate constants, adsorption-desorption ratio 

constants and light intensity. The unknown kinetic constants were estimated with a non-linear least 

square regression method (Levenberg-Marquardt) using Polymath 6.1 software. The CeO2-TiO2 

performance has been explored in the proposed kinetic model. Table 1 shows the summary results of 
the processing of kinetic data using the method of non-linear regression. The experimental data of 

photocatalytic reduction of CO2 to CH3OH were compared with the data calculated according to both 

equations. The profiles of CH3OH formation for both proposed models and experimental data are shown 

in figure 2. It is clearly seen that model 2 fit well with the experimental data when compared to model 
1. Moreover, the correlation coefficients in table 2 also show that the model 2 is suitable for CH3OH 

formation rate using CeO2-TiO2 catalyst in liquid phase reaction. Thus, it is confirmed that CO is 

produced as an intermediate product, the CO was oxidized with O2, and the reaction of CO to CH3OH 
is the rate-determining step in the photocatalytic reduction of CO2 to CH3OH in liquid phase reaction. 

It is different if the reaction is occur in the gas phase reaction whereas the rate-determining step is the 

adsorption of the reactants and desorption of products over the catalyst surface [21].     
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Table 1. The results of the kinetic data by non-linear regression. 

Equation Constant 95 % interval of 

reliability 

Correlation 

coefficient 

Variance 

(21) 

(Model 1) 

k4 = 0.00034   8.745 x 10-5 0.805 0.912 

 

(22) 

(Model 2) 

k6 = -0.078 

k7 = -3.020 

k8 = -0.078 

    0.00035 

    0.08060 

  5.627 x 10-6 

0.991 0.064 

 

Figure 2. Comparison of model fitting with the experimental data for the formation of 

CH3OH on the CeO2-TiO2 catalyst. 

4.  Conclusions 

The experimental data obtained in this research were used to validate the model and it was fitted very 
well with the proposed model that considered the CO oxidation occur in the reaction. Thus, a kinetic 

model simulating the CH3OH formations by photocatalytic reduction of CO2 in NaOH solution on CeO2-

TiO2 catalyst has been developed in this study and the kinetic constants have been determined with 
correlation coefficient of 0.991. 
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