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ABSTRACT: The Water Gas Shift reaction is essential to numerous activities, including  

the production of Hydrogen and the reforming of natural gas. This reaction is enhanced by various 

catalysts. However, the catalyst acidity is a crucial parameter that affects catalyst performance.  

In this work, using the co-precipitation method, the effects of catalyst acidity on the low-temperature 

Water Gas Shift (WGS) reaction were examined. In this way, ternary Cu/ZnO/ZrO2 and Cu/ZnO/Al2O3 

catalysts were selected and made. XRD, SEM, BET, NH3-TPD, CO-TPD, and TGA studies were used 

to characterize the catalysts. The catalytic performance was tested at atmospheric pressure, 180C, 

and space velocity 3600 /h, with the inlet gas composition H2O/CO= 1/1 in a fixed bed micro-reactor 

for around 6 hours. Weak and moderately acidic sites were shown to be preferable to strong sites  

for the water gas shift reaction. The Cu/ZnO/ZrO2 catalyst was the best one to use in the WGS process 

because of its acidity, which mostly consisted of mildly acidic sites.  Based on the experimental results, 

Cu/ZnO/ZrO2 had a hydrogen selectivity and conversion of around 61% and 98%, respectively. 
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INTRODUCTION 

In recent years, due to the significant reduction of fossil 

fuel sources, hydrogen-based processes have become 

particularly important as an alternative to fossil fuels [1,2]. 

This fact has led scientists to develop new methods to 

produce and apply Hydrogen as a clean and abundant 

energy resource [3–7]. Renewable technologies such as 

Proton Exchange Membrane Fuel Cells (PEMFCs) are 

being investigated as viable replacements for high-

emission combustion engines in this area [8–11]. 

Hydrogen is the primary feedstock of PEMFCs. It is 

produced by the reforming Hydrocarbons. However, the 

product has some impurities, such as Carbon monoxide 

(1-10 vol. %). The sensibility of Carbon Monoxide 
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poisoning is one of the main problems of Proton Exchange 

Membrane Fuel cells. Carbon Monoxide is adsorbed  

on PEMFCs electrode as a catalyst poison [12–15].  

The water gas shift reaction is a significant reaction 

that can collaborate with the efficiency of fuel cells by 

increasing hydrogen production and decreasing carbon 

monoxide concentration [16–19]. Eq. (1) is the chemical 

reaction followed by the water-gas shift reaction [20]. 

H2O + CO → H2 + CO2 

∆HR = −41.2 kJ/mol          ∆G = −28.6 kJ/mol 
(1) 

The process is split into two parts based on the 

temperature at which it works: the low-temperature water 
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gas shift reaction and the high-temperature water gas shift 

reaction [21]. However, these reactions are slow reactions 

that need to accelerate by using a catalyst. Many studies 

have been done to find the appropriate catalyst for each 

region [12,14, 22–25]. Among all materials, copper is a good 

candidate for low-temperature regions [10,12,14,18, 26–31]. 

To reduce the amount of carbon monoxide, catalysts must 

be made that are very active at low temperatures, where  

the equilibrium for removing carbon monoxide with  

the water–gas shift reaction is good [32–36]. 

The stability of the catalyst is another crucial element 

that affects the catalyst’s lifetime and the process. 

Consequently, it should be considered, especially 

wherever carbon monoxide is present. Coke formation is 

one of the main side reactions that may occur during  

the CO removal by water-gas shift reaction, poisoning  

the catalyst and acting as a reaction inhibitor [37]. Eq. (2) 

is Carbon monoxide conversion to coke according to the 

Boudouard reaction [38]. 

2 CO  CO2 + C                                                                              (2) 

This reaction shows that Coke can be produced over  

the catalyst, and consequently, the activity of the catalyst 

may be reduced [39–41]. So, much research has focused on 

finding ways to prevent coke formation during specific 

chemical reactions by modifying the surface structure of 

the catalyst [42–44]. Several studies have been carried out 

on the effect of catalyst acidity on various process 

efficiency. By investigating the impact of ZSM5 catalysts 

acidity on the reaction of Propylene production from 

Hexane cracking, Sun and his colleagues found that 

increasing the concentration of strong Brønsted acid sites 

leads to an increase in the production of undesirable side 

products, including coke, and as a result, decreases the 

selectivity and efficiency of the main reaction [45]. Lee et al. 

showed that the acidity of the HY catalyst plays an essential 

role in the selective ring opening reaction of multi-ring 

aromatics in heavy oil, and there is an optimum value for 

catalyst acidity in each reaction [46]. In another study, 

Jensen and Sigman evaluated the effect of catalyst acidity 

in a hydrogen bond-catalyzed reaction. They observed  

a linear relationship between surface acidity and both 

reaction rate and selectivity [47]. Jian-Lu et al. showed that 

the catalytic activity of palladium-supported catalysts is 

strongly dependent on surface acidity and has a direct 

relationship with it [48]. Viscardi et al. also investigated  

the effect of the strength of surface acid sites on the activity 

and deactivation of the silica-alumina catalysts in the 

conversion of methanol to dimethyl ether. They found that 

the Brønsted and Lewis acid sites with medium strength  

are required to achieve the appropriate conversion rate [49]. 

A recent study on the effect of surface acidity on catalyst 

performance and, as a result, coke production is available. 

We tried to study the coke formation and the essential 

characteristic of a catalyst that enhances this phenomenon. 

In this way, two catalysts, including Cu/ZnO/Al2O3 and 

Cu/ZnO/ZrO2, were selected as case studies. Cu/ZnO/Al2O3 

is a common catalyst for many catalytic processes, especially 

the water gas shift reaction. However, it may not be the best 

candidate for the water gas shift process. In this research, 

Cu/ZnO/Al2O3 and Cu/ZnO/ZrO2 catalysts were prepared 

and compared together. 

 

EXPERIMENTAL SECTION 

Catalyst preparation 

The co-precipitation method was used to create the 

catalysts. An aqueous solution of Na2CO3 (1 M) was added 

dropwise to a solution of metal nitrates while stirring 

continuously at 60 °C. The solution of metal nitrates 

contained the desired amounts of M(NO3)2 (M = Cu, Zn) 

and Al (NO3)3.9H2O or ZrO(NO3)2·xH2O with a total 

cation concentration of 1M and the weight ratio of  

20/10/70 for Cu/ZnO/Metal oxide. The pH of the 

suspension was measured using a pH meter, and the 

Na2CO3 solution was injected at a regulated rate to keep 

the pH of the suspension at the desired level (about 6) 

throughout precipitation. The residue was stirred for 90 min, 

aged at room temperature for 30 minutes, filtered three 

times, and then washed for 15 minutes between each 

filtration. The residue was then dried for 14 hours at 110 °C  

and calcined for 4 hours by airflow at a progressive 

temperature increase up to 400 °C [50]. 

 

Catalyst Characterization 

APW-1800 Philips X-ray diffractometer with Cu K 

radiation and a wavelength of 1.54Å was employed for  

X-ray measurement. At 40 kV and 40 mA, spectra were measured 

with a step size of 0.02 across a 2 range of 4° to 90°. Using 

the Scherrer equation, the CuO crystal sizes of the calcined 

catalysts were calculated from the whole width at half 

maximum of the CuO X-ray peaks. 

Using Micro Meritics ASAP2010 equipment,  

the BET surface areas of the catalysts were determined using  

a multipoint N2 adsorption-desorption technique at liquid N2  
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Fig. 1. Schematic of the experimental setup 

 

temperature (77 K). Before analysis, samples were out-

gassed under a vacuum to remove the physisorbed water. 

A catalyst weight of 5 mg was used for the 

ThermoGravimetric Analysis (TGA), carried out in an 

environment of 10 vol% Ar (100 mL/h) at a slow heating 

rate of 10 °C/min up to 800 °C. The weight losses  

of the manufactured catalysts due to coke depletion  

was evaluated to assess their stability. 

SEM was used to examine the microstructures of the 

produced catalysts using a field emission electron 

microscope (Philips, XL30) running at 15.0 kV. Using  

an EDX Link Analytical QX 2000 spectrometer connected 

to a scanning electron microscope, Energy-Dispersive  

X-ray Spectroscopy (EDS) was used to evaluate the 

elemental composition of the catalysts. 

Acidity measurements were made using standard flow 

equipment with a Thermal Conductivity (TC) detector and 

temperature-programmed desorption of ammonia (NH3-TPD). 

The sample was processed for 1 hour at 500 °C in flowing 

helium, cooled to 150 °C, and then exposed for 30 minutes 

to NH3 (20 mL/min). To eliminate the physisorbed NH3, 

samples were purged with He for 1 hour at the same 

temperature. The TPD measurements were carried out  

in flowing He (30 mL/min) at a heating rate of 10 °C/min 

from 100 to 700 °C [51]. 

Al2O3 and ZrO2 were subjected to CO-TPD analysis. 

In a manner comparable to NH3-TPD analysis, this study 

was conducted. As a result, 100 mg of each sample  

were processed for 1 hour at 500 °C under flowing helium, 

cooled to 150 °C, and then exposed to CO for 30 minutes 

at a rate of 20 mL/min. After that, samples were purged 

with He for 1 hour at the same temperature to eliminate 

the physisorbed CO. The TPD measurements were carried out in 

flowing He (30 mL/min) at a heating rate of 10 °C/min 

from 100 to 700 °C. 

 

Catalytic reactions 

In a fixed bed, 3-mm-diameter tubular stainless steel 

micro-reactor with 500 mg of catalyst, experiments on 

catalyst performance were conducted for 6 hours at 

atmospheric pressure and 180 °C. Fig. 1 depicts a schematic 

of the experimental setup. The micro-reactor was equipped 

with an electrical furnace coil and PID controller. The flows 

of high-purity CO and Nitrogen were controlled by mass 

flow controllers and directed to the bottom of the reactor. 

Before the catalytic activity measurements, the catalysts 

would be reduced by Hydrogen flow at normal pressure. 

For this purpose, first, the reactor was flushed with 

Nitrogen, and heated from room temperature to 400 C 

and then a mixed gas flow having the composition of 

N2/H2= 1/1 with a flow rate of 60 mL/min was subjected  

to the reactor for 6 h. A feed gas containing H2O/CO 

(molar ratio= 1/1) with gas hourly space velocity (GHSV) 

of 3600 /h was used for all experiments. 

A calibrated water pump injected water into the flowing 

gas stream, which was then heated in the gas feed line before 

entering the reactor. A small portion of the reactor effluent 

(after passing through a trap for removing water) was subjected 

to a Philips PU4815 Gas Chromatography (GC). It was 

continuously analyzed with two TCDs, the first, to 

investigate Hydrogen and the second to measure Carbon 

Monoxide. The following equations were used to determine 

the activity and selectivity of catalysts: 

CO conversion = 
Inlet molar flow rate of CO−Outlet molar flow rate of CO

Inlet molar flow rate of CO
 

(3) 

H2/CO2selectivity = 
Molar flow rate of H2/CO2 production

Inlet molar flow rate of CO−Outlet molar flow rate of CO
 

(4) 

 

RESULTS AND DISCUSSION 

Characterization of the catalysts 

The XRD patterns of synthesized catalysts are shown 

in Fig. 2. This graph shows how well-prepared the 

catalysts are. As can be seen, the crystallite phase of CuO 

has three prominent peaks that are recognizable at 2θ=31.9 

and 35.5° and 38.7°, whose Miller indices are {110}, 

{111}, and {200}, respectively. Miller indices are written 

using JCPDS card number 00-041-0254 for the Mono 

clinic structure of copper oxide. These peak intensities are 

the largest in the prepared sample. The most intense peak  
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Table 1: Characterization of fabricated catalysts 

Catalyst Cu/ZnO/Al2O3 Cu/ZnO/ZrO2 

Surface Area (m2/g) 38.397 64.696 

 

 
Fig. 2: XRD patterns of the fabricated catalysts: a) Cu/ZnO 

/Al2O3, b) Cu/ZnO /ZrO2 

 

observed for ZnO was located at 2θ=56.8° with a Miller index 

of {110} according to JCPDS card number 00-036-1451  

for the hexagonal structure of zinc oxide. Each catalyst's 

Cu crystallite size was calculated using the Debye-

Scherrer equation (Eq. (5)). According to this equation,  

the crystal sizes of the catalysts are computed from  

the whole width at half maximum of the X-ray peaks. 

D =
Kλ

β COS θ 
 (5) 

Where  is the diffracting angle,  is the X-ray wavelength 

equal to 1.54 Å, constant k equals 0.9, and is the entire width 

of a diffraction peak at half maximum intensity (FWHM). 

The average Cu crystallite sizes were calculated at 17.73 nm 

and 6.60 nm for ZrO2 and Al2O3-based catalysts, respectively. 

Table 1 indicates the results of the BET analysis. It is observed 

that the surface area of the Cu/ZnO/ZrO2 catalyst is 

significantly higher than the other catalyst. This means that 

the dispersion of active sites (Cu) in the Cu/ZnO/ZrO2 

catalyst is better than that of the Cu/ZnO/Al2O3 catalyst, 

and consequently, the catalytic performance is higher. 

Fig. 3 gives the SEM images. It seems that the crystals are 

spherical. Furthermore, the manufactured catalysts' particle 

sizes, as determined by SEM, are roughly equivalent. 

 

Activity tests 

Fig. 4 shows the conversion of carbon monoxide over 

time on stream for both catalysts. This figure demonstrates 

that the Cu/ZnO/ZrO2 catalyst has higher activity than 

the Cu/ZnO/Al2O3 catalyst. Moreover, the activity of  

 
Fig. 3: SEM images of the fabricated catalysts: 

a) Cu/ZnO/Al2O3, b) Cu/ZnO/ZrO2 

 

 
Fig. 4: Conversion profiles of Carbon monoxide on fabricated 

catalysts:  Cu/ZnO/ZrO2, Cu/ZnO/Al2O3 

 

the Cu/ZnO/Al2O3 catalyst reduces over time. Higher activity 

may be due to the higher dispersion of Cu active sites on 

the Cu/ZnO/ZrO2. This confirms the results of the BET 

analysis. The reduction of the Cu/ZnO/Al2O3 catalyst’s 

activity can be due to coke formation. Characteristics  

and surface structure of a heterogeneous catalyst influence 

the ratios and type of the products in chemical processes, 

the yields of chemical reactions, the percentage of adsorption,  

the formation of intermediate reactants, and some 

undesirable products that poison the active catalytic sites  
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Table 2: Results of thermal gravimeter analysis over the used 

catalysts (after six hours of reactor test) 

catalyst Weight loss (%) 

Cu/ZnO/ZrO2 0.5 

Cu/ZnO/Al2O3 2.1 

 

 
Fig. 5: Profiles of H2 selectivity obtained by using the fabricated 

catalysts:  Cu/ZnO/ZrO2,  Cu/ZnO/Al2O3 

 

and, following that reduces the catalyst activity. In other 

words, another reaction, namely the Boudouard reaction 

(2), may be occurred at the process condition. At high 

temperatures, the exothermic nature of this process causes 

it to reverse. The ratio of CO2/CO gases in the outlet 

depends on temperature and the applied catalyst. 

Fig. 5 shows the selectivity of Hydrogen obtained from 

applied catalysts. This figure indicates that the Hydrogen 

selectivity of Cu/ZnO/Al2O3 is lower than the other. It can be 

said Cu/ZnO/Al2O3 accelerates the Boudouard reaction and 

causes some carbon monoxide to convert to Carbon dioxide 

and coke according to formula (4).  The results of the thermal 

gravimeter analysis are given in Table 2. According to the 

temperature program, this study was conducted in an argon 

environment between room temperature and 800C while 

increasing 20 C/min. Weight loss at the temperature range 

of 500C to 800C was related to carbon delivery. Table 2 

shows that coke is formed during the water gas shift reaction. 

However, this phenomenon is critical when Cu/ZnO/Al2O3 

is applied as the main reaction catalyst. 

NH3-TPD was utilized to characterize the surface 

acidity of heterogeneous catalysts. Results are given in 

Fig. 6. The peaks indicate the acidic strength of the 

catalysts; lower than 200 C, between 200 C to 400 C, 

and higher than 400 C are related to weak, medium,  

and strong acidic sites, respectively. As shown in Fig. 6, 

Cu/ZnO/Al2O3 has a strong acidic site. This means  

 
Fig. 6: NH3-TPD profiles of the fabricated catalysts 

 

 
Fig. 7: CO-TPD profiles of the supports 

 

The adsorption of carbon monoxide on the Cu/ZnO/Al2O3 

surface is irreversible, and enhancing the conversion of 

Carbon monoxide to carbon. On the other hand, carbon 

deposits on the catalyst surface due to low process 

temperature (180C) and covers gradually active sites. 

This reduces the conversion of Carbon monoxide during 

the time on stream. According to Fig. 6, this phenomenon 

is less critical for other catalysts. 

To know the effect of acidic sites of catalyst support, 

CO –TPD analysis was performed solely on ZrO2 and 

Al2O3. Results are given in Fig. 7. It confirms the results 

of NH3-TPD. It is observed that the adsorption of Carbon 

monoxide on supports is different. Al2O3 adsorbs carbon 

monoxide very strongly, while adsorption on ZrO2 is 

medium. It can be concluded that strong acidic sites 

enhance the conversion of Carbon monoxide to coke.  

In other words, the number of acidic sites is also 

significant. According to Figure 6, it is observed that Zirconia 

has more acidic sites. Therefore, it is deemed that acidic sites 

enhance the water gas shift reaction. However, strong acidic 

sites are not sufficient due to accelerating coke formation.  
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CONCLUSIONS 

Carbon monoxide was converted to hydrogen by using 

supported copper catalysts. The surface acidity was changed 

by changing the catalyst support from alumina  

to zirconium oxide. The NH3-TPD and CO-TPD analysis 

confirmed the change in surface acidity intensity. The acidic 

strength of the catalyst has an influential role in the water 

gas shift process. Weak and medium acidic strength 

enhances the conversion of Carbon monoxide to Hydrogen. 

In contrast, strong acidic sites lead to irreversible carbon 

monoxide adsorption on the surface and enhance the 

Boudouard reaction and, consequently coke formation. 

Based on this foundation, Cu/ZnO/ZrO2 catalyst was  

a better candidate than Cu/ZnO/Al2O3, to be applied  

in Water Gas Shift (WGS) reaction due to its acidity, which 

had mainly moderate acidic sites. The conversion and 

hydrogen selectivity of Cu/ZnO/ZrO2 were around 61% 

and 98% after 6 hours of experiment, respectively. 

 

Nomenclatures 

carbon monoxide CO 

gas hourly space velocity GHSV 

scanning electron microscopy SEM 

X-ray Diffraction XRD 

Joint Committee on Powder Diffraction 

Standards card 
JCPDS card 

water gas shift WGS 
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