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Abstract. Utilization of CO2 as a carbon source to produce valuable chemicals is one of the 
important ways to reduce the global warming caused by increasing CO2 in the atmosphere. 
Supported metal catalysts are crucial to produce clean and renewable fuels and chemicals from the 
stable CO2 molecules. The catalytic conversion of CO2 into methanol is recently under increased 
scrutiny as an opportunity to be used as a low-cost carbon source. Therefore, a series of the 
bimetallic Cu/ZnO-based catalyst supported by SBA-15 were synthesized via an impregnation 
technique with different total metal loading and tested in the catalytic hydrogenation of CO2 to 
methanol. The morphological and textural properties of the synthesized catalysts were determined 
by transmission electron microscopy (TEM), temperature programmed desorption, reduction, 
oxidation and pulse chemisorption (TPDRO), and N2-adsorption. The CO2 hydrogenation reaction 
was performed in a microactivity fixed-bed system at 250oC, 2.25 MPa, and H2/CO2 ratio of 3. 
Experimental results showed that the catalytic structure and performance were strongly affected by 
the loading of the active site. Where, the catalytic activity, the methanol selectivity as well as the 
space-time yield increased with increasing the metal loading until it reaches the maximum values at 
a metal loading of 15 wt% while further addition of metal inhibits the catalytic performance. The 
higher catalytic activity of 14% and methanol selectivity of 92% was obtained over a Cu/ZnO-SBA-
15 catalyst with a total bimetallic loading of 15 wt%. The excellent performance of 15 wt% 
Cu/ZnO-SBA-15 catalyst is attributed to the presence of well dispersed active sites with small 
particle size, higher Cu surface area, and lower catalytic reducibility.   

Introduction 
Due to the industrial and population growth expected in the future, reduction of CO2 emission has 
received significant attention because of climate change and ocean acidification related to the rising 
CO2 concentrations in the atmosphere [1]. Furthermore, the global energy consumption has 
gradually increased and led to an increase of the alternative energy demand. Therefore, this rapid 
energy consumption is an increasing threat to the environment owing to the high energy-related 
CO2 emission contributing to global warming, climate change, and ozone depletion [2, 3]. Despite 
being the main contribution for environmental emissions, CO2 can be one of the greatest valuable 
carbon resources for sustainable development. With the interest evolving at the current mitigation of 
the greenhouse effect of CO2 through the conversion to liquid fuels, the path of direct 
hydrogenation of CO2 instead of CO into methanol has earned higher interest and become a very 
active field of research [4]. The catalytic hydrogenation of CO2 to a value added substance is 
considered as a powerful reaction pathway for the utilization of CO2 and a possible solution for 
energy shortage.  
Methanol was previously produced via hydrogenation of carbon monoxide at a relatively low 
pressure and temperature process (50–100 bar, 200–300oC) using a CuO/ZnO/Al2O3 catalyst. With 
the emerging interest in mitigating the increasing concentration of CO2 by storing energy as liquid 
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fuels, the direct hydrogenation of CO2 instead of CO into methanol has become a very active field 
of research. Due to the CO and CO2 reactivity difference, conventional catalysts for hydrogenation 
of CO to methanol do not show enough activity when CO2 is used. Methanol synthesis via 
hydrogenation of CO2 which can be described by Eq. 1 is an exothermic reaction and the H2/CO2 
stoichiometric coefficient was found to be 3. Where any deviation from this value reduced methanol 
formation is possibly due to competing reaction forming side products such as methane, ethanol or 
CO via water gas shift reaction (Eq. 2).  

𝐶𝐶𝐶𝐶2 + 3𝐻𝐻2 ↔ 𝐶𝐶𝐻𝐻3𝐶𝐶𝐻𝐻 + 𝐻𝐻2𝐶𝐶  ∆𝑟𝑟𝐻𝐻298 𝐾𝐾 = −40.9 𝑘𝑘𝑘𝑘 𝑚𝑚𝑚𝑚𝑚𝑚−1      (1) 

𝐶𝐶𝐶𝐶2 + 𝐻𝐻2 ↔ 𝐶𝐶𝐶𝐶 + 𝐻𝐻2𝐶𝐶  ∆𝑟𝑟𝐻𝐻298 𝐾𝐾 = −49.8 𝑘𝑘𝑘𝑘 𝑚𝑚𝑚𝑚𝑚𝑚−1      (2) 
A catalyst with promote activity and reaction performance were extensively required to convert the 
stable CO2 molecules and produce methanol under relatively low reaction temperature and pressure. 
Accordingly, methanol catalyst improvement has explored many support and promoters such as 
CNT’s [5], zeolite [6], mesoporous silica [7], Nb [8], Mn [9], Ce [10], Ag [11] etc. respectively. In 
addition, the use of a bimetallic catalyst as an active site were investigated where various metals 
were compiled to determine the best active site for the hydrogenation of CO2 to methanol. Among 
the various transition metals Cu and Zn have been particularly promising active metals because they 
lead to a highly selective and stable catalyst with higher CO2 conversion and methanol production. 
Numerous studies have been carried out using Cu/ZnO catalyst for the hydrogenation of CO and 
CO2. However, few reports exist on the influence of the ratio between the two metals and the total 
metal loading on the performance of the catalyst. Therefore, this study focused on synthesizing a 
serious of Cu/ZnO-based catalysts supported with mesoporous silica (SBA-15) with different total 
metal loading and examined the effect of the total metal loading of Cu + Zn on the physiochemical 
characteristic of the catalyst and on the performance of the catalyst for the hydrogenation of CO2 to 
methanol.              

Experimental  
Catalyst Synthesis. Bimetallic catalyst (Cu and Zn) supported on SBA-15 [7] with different active 
site loadings were synthesized via an impregnation method. Copper nitrate nonahydrate 
(Cu(NO3)2.3H2O) and zinc nitrate nonahydrate (Zn(NO3)2.3H2O) was used as a metal precursor. 
The amount of each precursor was calculated to produce 5g of the total catalyst with a Cu:Zn ratio 
of 70:30 over SBA-15 supports. The desired amount of metals precursors was dissolved in 
deionized water to produce an aqueous solution of 0.5M and then the solution was stirred for 1h to 
form a homogenous mixture. Then a certain amount of the prepared aqueous solution was added in 
a drop-wise manner into a beaker containing the SBA-15 support under continuous stirring for 24 h. 
During the addition of the precursor solution, the pH of the mixture was kept at 7 using 25M 
ammonia solution or nitric acid 65%. Then, the slurry was filtered and washed with deionized 
water. The paste was air-dried at 120°C for 12 h followed by calcination in an Al2O3 boat at 350°C 
for 4 h. The synthesized samples were denoted as CZS-X, where C refer to Cu, Z is Zn, S denote 
SBA-15, and X refer to an amount of bimetals active site loading which varies between 5-20.   

Measurement and Characterization. The total surface area, pore volume and average pore size 
for all the synthesized catalysts were determined by N2-physisorption using micromeritics ASAP 
2020 gas adsorption equipment. Typically, 0.3 g of the catalysts was loaded in the pre-weighed 
quartz sample tube. Then the sample was degassed before analysis overnight under the flow of 
nitrogen at 195oC to remove the moisture and impurities. Finally, the value for the catalyst surface 
area was calculated according to the BET equation using the adsorption data collected at relative 
pressure (P/P0) between 0 to 1, while the value for the pore size distribution was determined from 
the desorption branch of the adsorption isotherm by the Barrett-Joyner-Halenda (BJH) method. The 
morphology of the synthesized catalysts and particles size and distribution was investigated on a 
Zeiss LIBRA 200 FE high-resolution transmission electron microscope (HRTEM). The powdered 

152 Recent Trends in Mass Transport in Solids and Liquids



sample was suspended in heptane then it was sonicated for 60 min. A portion of the sample was 
sprinkled over a carbon-coated copper grid. Then the grid was placed in the sample port of the TEM 
machine to analyze the shape and size of the nanoparticle. The reduction behavior of the calcined 
catalyst was determined via temperature programmed reduction under the flow of dilute 5%H2 in 
Ar. The prepared catalyst (0.2 g) was placed between two layers of quartz wool inside a 
conventional atmospheric quartz flow reactor then the quartz cell was placed inside the electrical 
furnace, which is equipped with a programmable temperature controller. The sample was pretreated 
under flowing of pure N2 and then the flow was switched to 5%H2/Ar (20 ml/min) which was used 
as the reducing gas and temperature was ramped to 500oC at 10oC/min for 4 h. The tail gas was 
directly passed to the thermal conductivity detector (TCD) to determine the hydrogen consumption 
in the gas stream. Distinct reducible species in the catalyst were shown as peaks in the TPR profile. 
catalyst was placed in the quartz reactor tube and pretreated at 250oC under the flow of He  
20 mL/min then the temperature was reduced to 170oC and the flow was switched to NH3 for  
30 min. after complete NH3 dosing time the sample was cooled to 50oC then the temperature raped 
up to 800oC at 10oC/min under flow of He 20 ml/min where the TCD detector was used to analysis 
the exhaust gases. Furthermore, the Cu surface area was measured by N2O chemisorption. Prior to 
analysis, 0.2 g of the sample was pretreated at 250oC under the flow of helium for 20 min and 
reduced at 500oC for 60 min under flow of 5%H2/Ar. Then the flowing gas was switched to He for 
20 min and temperature was reduced to 80oC. Then the sample was exposed to a series of fixed 
volume pulses of 2%N2O in He. During the pulse analysis, the N2O molecules will react with 
reduced metallic Cu on the surface of the catalyst to form CuO and N2 due to the equation of 
𝑁𝑁2𝐶𝐶(𝑔𝑔) + 2𝐶𝐶𝐶𝐶(𝑠𝑠) → 𝐶𝐶𝐶𝐶2𝐶𝐶(𝑠𝑠) + 𝑁𝑁2(𝑔𝑔). Then the concentration of N2 in the outlet was measured from 
the change in the TCD responses.  

Turnover frequencies (TOF) are defined as the rate of methanol formation per the amount of 
surface copper atoms within a defined time. In order to compare the catalytic performance of the 
synthesized catalysts, the space-time yield for each catalyst was calculated, which it is expressed by 
the mass of methanol formed per catalyst weight at given time. The CO2 conversion (𝑋𝑋𝐶𝐶𝐶𝐶2) and 
product selectivity (𝑆𝑆𝑖𝑖) is calculated as follows  

𝑋𝑋𝐶𝐶𝐶𝐶2 = � 
𝑛𝑛𝑐𝑐𝑐𝑐2𝑖𝑖𝑖𝑖−𝑛𝑛𝐶𝐶𝐶𝐶2𝑐𝑐𝑜𝑜𝑜𝑜

𝑛𝑛𝑐𝑐𝑐𝑐2𝑖𝑖𝑖𝑖
� × 100                                                      (3) 

𝑆𝑆𝑖𝑖 =  � 𝑃𝑃𝑖𝑖∑𝑃𝑃
� × 100                                                      (4) 

where 𝑛𝑛𝑐𝑐𝑐𝑐2𝑖𝑖𝑖𝑖 and 𝑛𝑛𝐶𝐶𝐶𝐶2𝑐𝑐𝑜𝑜𝑜𝑜 is the number of moles of CO2 at the inlet and outlet, respectively. While 
𝑃𝑃𝑖𝑖 and ∑𝑃𝑃 represent the mole of selected product ‘i’ and total mole of all product. 
Catalyst Evaluation. Catalytic hydrogenation of CO2 to methanol was performed in a 
microactivity fixed bed reactor (PID Eng & Tech). 0.2 g of the synthesized catalyst was loaded into 
a fixed bed stainless steel tube reactor between two dead volumes of silica quartz wool to ensure an 
isothermal temperature zone around the catalyst. Prior to reaction, the calcined catalyst was reduced 
in under the flow of 20 mL min−1 of 5 vol% H2 in He at 250oC for 4 h under atmospheric pressure. 
Then the reaction was taking place at 250oC and 2.25 MPa using the premixed blend of reactant gas 
with H2/CO2 of 3 molar ratio. All post-reactor lines and valves were heated to 180oC to prevent 
product condensation. The feed and gaseous products were analyzed by an on-line gas 
chromatograph (Agilent 7890A) equipped with HayesepQ and molsieve columns and TCD detector 
for analysis of H2 and permanent gases. Methanol and other hydrocarbons were analyzed using  
DB-1 column and FID detector.    
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Results and Discussion 
Characterization results  
Textural, Morphology and Structure. The textural properties for SBA-15 supported Cu/ZnO-based 
catalyst with different total metal loading of 5, 10, 15, and 20 wt% are shown in Table 1. Where, an 
opposite trend was observed between the metal loading and the BET surface area while increasing 
of the metal loading resulted in decrease in the catalyst surface area. The BET surface area 
decreased by 1.4% when the metal loading was increased by a factor of four. This could be due to 
the partial blockage of the support mesopores and the fraction of this blockage increased with 
accumulative amount of impregnated metals. For further confirmation, morphological analysis was 
accomplished using the TEM technique. Figure 2 shows that the size of metal particles increases 
with increasing metal loading while the particles distribution decrease with increasing the amount 
of the loaded metal which could be due to aggregation of the particles in a bigger cluster. This 
observation supports the BET results which indicate the formation of bigger agglomerate and more 
mesoporous filling with bigger particle obtained via increasing the metal loading. A catalyst with 
15% total metal loading (CZS) exhibits the best physicochemical properties, of higher Cu 
dispersion and metal distribution in addition to a relatively higher surface area. Linear correlation 
was obtained between the metal loading and Cu surface area where the surface area of metallic 
copper increased by factor of 3 as result of increasing the total metal loading from 5 to 20 wt%. 
Increasing of the metal loading from 5 to 20 wt% resulted in the appearance of bigger clusters of 
particles indicating metal agglomeration and resulted in the formation of bigger particle size. The 
distribution of particle size as a function of the total metal loading is presented in Figure 1. The 
results show that lower metal loading exhibit uniform distribution while increasing the loading 
more than 15 wt% reveals a bimodal distribution at the higher size range. 

Table 1. Physical properties of SBA-15 supported Cu/ZnO catalyst with different metal loading 

Catalyst Loading 
[wt %] 

SBET 
[m2/g] 

VP 
[cm3/g] 

DBJH  
[nm] 

Scu 
[m2/g] 

Dcu 
[%] 

APZ 
[nm] 

SBA-15 - 510 0.87 6.8 - - - 
CZS-5 5 488 0.72 6.2 2.12 10.7 5.1 
CZS-10 10 464 0.61 6.5 3.66 12.4 8.7 

CZS 15 458 0.62 6.9 4.2 29.0 9.4 
CZS-20 20 356 0.41 7.9 6.08 9.3 23.6 

 

 
Figure 1. Particle size distribution 
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Figure 2. TEM images for the SBA-15 supported Cu/ZnO catalyst prepared with different metal 

loading (A) CZA-5, (B) CZS-10, (C) CZS, and (D) CZS-20 
Reduction Behavior of CZS Catalysts. The reduction characteristics of the catalyst with different 
metal loading are depicted in Figure 3. All the catalyst with total metal loading less than 15 wt% 
demonstrate characteristic of one broad H2 consumption peak while two peaks at low and elevated 
temperature was obtained for the reduction of CZS-20 with a metal loading of 20 wt%. The position 
of the H2 consumption peak was strongly affected by the active metal loading where, with 
increasing the metal loading from 5 to 15, slight shifts toward the lower temperature was attained. 
These phenomena could be related to the particle size of the synthesized catalyst as well as 
dispersion of Cu particles, where the size of the metal particle and DCu increased with increasing the 
metal loading (Table 1) the reduction process facilitated. While catalyst with total metal loading of 
5 wt% has the smallest particle size which was difficult to be reduced under the lower reduction 
temperature where it shows the highest reduction temperature of 370oC. CZS-20 shows two 
reduction peaks at low temperature (150oC) and high temperature (310oC) representing the 
reduction of bulk Cu (Cu2+ → Cu1+) and small particle size (Cu1+ → Cu0), respectively. A similar 
trend was presented by Wang et al. [12] who reported the influence of Cu loading over the γ-Al2O3 
in the incineration of toluene and suggested that only one reduction peak was found at low Cu 
content which represent the highly dispersed CuO. In addition, the presence of the second reduction 
peak at the higher reduction temperature for CZS-20 catalyst could be attributed to the reduction of 
CuO specimen inside the pores of SBA-15. However, increasing of the Cu loading enhances the 
metal-support interaction and aggregating of CuO species inside and outside the support pores 
resulted in the formation of two reduction peaks where assigned to the reduction of bulk CuO at low 
temperature and crystalline phase of the CuO inside the pore at high temperature.       
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Figure 3. TPR profile for the SBA-15 supported Cu/ZnO catalyst with different metal loading 

Chemical State  
The chemical state of the synthesized SBA-15 supported catalyst with different Cu+Zn loading was 
evaluated by XPS (Figure 4 and 5). The Cu 2p XPS spectra in Figure 4 shows that the position of 
Cu 2p3/2 and Cu 2p1/2 peaks revealing that the chemical state of the surface substance influenced 
by varying the loading of the two active sites. All the calcined catalyst confirmed the presence of 
Cu2+ due to the existence of a characteristic satellite peak at 938 eV. Despite the presence of Cu2+ as 
a characteristic peak in all the synthesized sample with different metal loading, the intensity of the 
peak decreased with decreasing the amount of Cu in the sample which attributed to the existence of 
Cu1+ and Cu2+. In addition, the intensity of the Cu 2p3/2 decrease for the catalyst with high Zn 
content which could be explained by coverage of Cu clusters by a thin Zn layer. The presence of Cu 
in two chemical states (Cu1+ and Cu2+) in CZS catalyst confirmed by the disappearance of the 
second satellite peak around 947 eV.   

Figure 5 represent the XPS patterns of Zn 2p where two main peaks of Zn 2p3/2 and Zn 2p1/2 
obtained at binding energy of 1022 and 1046 eV, respectively which were the characteristic peak of 
Zn2+. In addition to the main Zn 2p peaks two shake-up satellite peaks were obtained for all the 
synthesized catalysts except CZS which exhibits the presence of only one satellite peak at around 
1027.78 eV allowing the possibility for Zn to be existing in two different chemical states.     
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Figure 4. XPS spectra of Cu 2p region for SBA-15 supported Cu/ZnO-based catalyst with different 

loading of the bimetallic 

 
Figure 5. XPS spectra of Zn 2p region for SBA-15 supported Cu/ZnO-based catalyst with different 

loading of the bimetallic 

Catalytic Performance 
The relationship between the active metal loading and catalytic performance for methanol synthesis 
from a stoichiometric mixture of CO2 and H2 was scrutinized over two reactor systems. The results 
shown in Figure 6 displayed that increasing the metal loading from 5 to 15 wt% enhanced the CO2 
conversion up to 1.6%. Despite the linear correlation between CO2 conversion and metal loading, 
the highest methanol selectivity was observed over the CZS catalyst with 15% metal loading while 
further increasing on the metal loading inhibited the methanol formation as well as the CO2 
conversion. Formation of the larger particles and less dispersed particles could be responsible for 
declining of the catalytic activity and methanol selectivity at metal loading above 15 wt%. 
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Figure 6. Activity of catalyst with different total metal loading, reaction conditions:  

210oC, 2.25 MPa, 3 H2/CO2 ratios and 0.2 gcat 

In addition to methanol selectivity the catalytic performance was also expressed by space time yield 
for methanol formation. Variation of the values for STY as a function of the catalyst metal loading 
is expressed in Table 2. CZS catalysts with total metal loading of 15% exhibit the highest STY 
compared with other catalysts.  

Moreover, the specific activity of the supported catalyst with different metal loading investigated 
in hydrogenation of CO2 to methanol are given in Table 2. The data presented show that the 
activity, methanol selectivity as well as the space time yield increased with increasing the metal 
loading until it reaches maximum values at 15 wt% while further addition of metal inhibits the 
catalytic performance. This could be explained via the physicochemical properties of the CZS-20 
catalyst where it shows the smallest BET surface area, bigger particle size corresponding to 
agglomeration of the particles, and lesser dispersion of active sites. A catalyst with lower metal 
loading of 15 % shows the highest TOF values as well as a bigger Cu surface area. A similar trend 
of TOF was obtained for the three-phase system where catalyst with 15 wt% metal loading which 
has the larger copper surface area exhibits the highest TOF. 

Furthermore, the influence of the metal loading on the rate of water-gas-shift reaction was 
determined through measuring the amount of produced CO for the two-phase system. The results in 
Table 2 show that increasing of the metal loading up to 15 wt% declines the production of CO and 
water while further increasing the metal loading enhancing the formation of CO and water.  

 
Figure 7. Products selectivity of catalyst with different metal loading, reaction conditions: 210oC, 

2.25 MPa, 3 H2/CO2 ratios and 0.2 gcat 
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Table 2. CO2 conversion, methanol selectivity, space time yield and turnover frequency as a 
function of active metal loading at 210oC, 2.25 MPa, and H2/CO2 ratio of 3 

Catalyst XCO2 
(%) 

SMeOH 
(%) 

STY (g/h.gcat) TOF 
(s-1) CO MeOH 

CZS-5 9.83 73.5 1.36 17.71 2.93 

CZS-10 12.7 78.4 0.96 27.98 2.68 

CZS 14.2 92.1 0.48 51.4 4.29 

CZS-20 12.1 81.9 1.59 31.38 1.81 

Conclusion 
A systematic study regarding the effect of the active metal loading on the performance of the 
catalyst for the hydrogenation of CO2 was clearly addressed in this paper. The results established 
that the activity and selectivity of the SBA-15 supported Cu/ZnO-based catalyst is not just related to 
the surface area of the metallic copper but also it is influenced by loading of the bimetallic sites. 
Where, increasing of the metal loading from 5 to 15 wt % resulted in significant upgrades on the 
catalyst structure, morphology, and reducibility which led to higher CO2 conversion and methanol 
production. Furthermore, addition increase on the loading beyond 15 wt% inhibit the catalytic 
performance due to a formation of agglomerated active site particles over the support and reduce 
the total surface area and Cu surface area as well. Accordingly, for higher catalytic activity and 
selectivity the Cu + Zn loading was recommended to be kept below 20 wt% and above 10 wt%.   
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