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Abstract−The water-gas shift (WGS) reaction in the temperature range of 100-350 oC for various feed composi-

tions simulating forward, reverse and real WGS conditions was studied for a series of coprecipitated mixed metal oxide

catalysts of 30 wt% of CuO and 70 wt% of metal oxide (CeO2, ZnO, Cr2O3, and ZrO2) as well as for a commercial

WGS catalyst (ICI 83-3). The catalysts were characterized using BET, XRD, H2-TPR and N2O dissociation studies.

Among the tested catalysts, CuO-Cr2O3 showed the best activity in the forward WGS, while the commercial catalyst

was the best catalyst in the real and reverse WGS reactions. The effect of Cu content in the catalyst was also studied

and, in the case of the real WGS, 50 wt% CuO-Cr2O3 was more active than 30 wt% CuO-Cr2O3. H2 and CO2 were found

to inhibit the forward WGS, decreasing the reaction rate substantially, particularly at temperatures below 200 oC. The

inhibition effect varied depending on the tested catalyst and increased with increasing H2 or CO2 concentration. As

the inhibition effect was reversible, the competitive adsorption of H2 or CO2 on the active sites has been suggested to

be responsible for the effect. The high activity of the commercial catalyst in the H2 rich real WGS could be described

by the difference in the H2 inhibition between the catalysts. An easily reducible copper species was found in CuO-Cr2O3

and could be attributed to the high activity in the forward WGS.
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INTRODUCTION

The water-gas shift (WGS) reaction is not only important for gener-

ating hydrogen, but also useful for enriching hydrogen in the effluent

stream of reforming units by decreasing the concentration of CO

[1-5]. This is often a two-stage process: the high-temperature shift

(HTS) over 350 oC and the low-temperature shift (LTS) below 250 oC.

The standard industrial catalysts for these processes are iron oxide

promoted with chromium oxide for the HTS step, and copper on a

mixed support composed of zinc oxide and aluminum oxide for

the LTS step [6,7]. The WGS reaction is reversible and mildly exo-

thermic, and hence, is thermodynamically unfavorable at elevated

temperatures. Therefore, the equilibrium conversion of CO is depen-

dent largely on the reaction temperature, and a lower temperature

is favored for higher CO removal [1,8-10].

CO+H2O↔CO2+H2, ΔH=−41.1 kJ/mol, ΔG=−28.6 kJ/mol (1)

CuO-CeO2 has been reported to be an active catalyst for the WGS

reaction [2,11-14]. Wang et al. [15] studied the behavior of CuO
x
-

CeO2 and Ce1−xCuxO2 catalysts for the WGS reaction, identifying

the active sites on Cu-CeO2 catalyst and illustrating the importance

of in-situ structural studies for the WGS reaction. It has been reported

that, CuO-ZrO2 catalyst showed a good performance in the for-

ward WGS conditions, namely in the absence of the product com-

ponents, ie, H2 and CO2 [16,17]. Shishido et al. [18] studied ZnO based

Cu catalyst for the WGS reaction, reporting that the binary cata-

lysts (Cu-ZnO) showed higher activity than the ternary catalysts

(Cu-ZnO/Al2O3), and that this activity may depend on the copper

metal surface area of the catalyst. Boumaza et al. [19] studied a series

of CuM2O4 (where M is Al, Zn, Mn, Co, Cr and Fe) spinel catalysts

for water gas shift reaction at atmospheric pressure and reported

CuCr2O4 as the best catalyst among the series. Significant improve-

ments in the activity of skeletal copper catalysts for the WGS reaction

were achieved by adding small amounts of Cr2O3 to the copper sur-

face [20]. The stability and the activity of Cr2O3 supported catalysts

were examined by Park et al. [21] for a reverse WGS reaction, who

reported that the Cr2O3 supported catalyst activity was stable dur-

ing the reverse WGS reaction and no coke was formed during the

reaction. The literature on WGS clearly shows that the activity of

the Cu-based catalysts can be considerably improved when com-

bined with the metal oxides, namely CeO2, ZnO, ZrO2 and Cr2O3.

Hence, we attempted to directly compare the performance of the

mixed metal oxide catalysts (CuO-CeO2, CuO-ZnO, CuO-Cr2O3

and CuO-ZrO2) on WGS reactions. To characterize the catalysts,

we made BET, XRD, H2-TPR and N2O dissociation measurements

for the catalysts. To investigate the catalytic performance under vari-

ous WGS conditions, we tested the catalysts for three different feed

conditions: forward WGS (CO and H2O), reverse WGS (CO2 and

H2) and real WGS (CO, H2O, CO2 and H2).

EXPERIMENTAL

1. Catalyst Preparation

Binary mixed metal oxide catalysts of 30wt% CuO and 70wt%

metal oxide (CeO2, ZnO, Cr2O3, or ZrO2) were prepared by co-pre-

cipitation. The nitrate salts of copper and the partner metal (i.e., Ce,
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Zn, Cr, or Zr) were dissolved in deionized water. Precipitation with

a solution of 1.0M NaOH was carried out at pH 10 and 50 oC under

vigorous stirring for 1 h. The resulting precipitate was filtered and

washed with hot deionized water to remove sodium ions until the

pH of the filtrate was 7. The precipitate was dried for 10 h at 80 oC

and calcined in a muffle furnace for 3 h at 500 oC. The calcined cata-

lysts were ground and sieved to 250-425µm in size.

2. Catalytic Activity Measurements

The water-gas shift reaction was carried out in a fixed bed reactor

over a temperature range of 100-350 oC at atmospheric pressure.

The reactor was a ¼-inch quartz tube, into which 1 g of catalyst

with the size of 250-425µm was loaded. Prior to the activity test,

the catalyst was reduced for 2h at 300 oC in a 10% H2/He gas flowing

at 50 mL/min. The catalyst bed was then cooled to 100 oC in a He

atmosphere before the reaction was started. In the reaction experi-

ments, the reactor temperature was slowly increased from 100 oC

to 350 oC at a rate of 0.5 oC/min and, after reaching 350 oC, it was

cooled under He flow to 100 oC before the next run of the same cata-

lyst. All the feed gases were of UHP grade and were further purified

with oxygen and a water trap (except CO). The iron carbonyl impu-

rity from CO was decomposed by passing the CO stream through

a trap at 400 oC.

Experiments were carried out at three feed compositions:

(i) forward WGS (5% CO, 15% H2O and balance He)

(ii) real WGS (5% CO, 15% H2O. 40% H2, 10% CO2 and balance

He)

(iii) reverse WGS (40% H2, 10% CO2 and balance He) 

The total feed flow rate was 50mL/min and the reaction prod-

ucts were analyzed by gas chromatography (GC, Agilent 6890N)

equipped with a TCD detector.

3. Catalyst Characterization

Specific surface areas of the fresh catalysts were measured by

BET method (Micromeritics ASAP 2010). XRD patterns of the

fresh and used catalysts were determined with a Rigaku powder

diffractometer (D/Max-2500), utilizing Cu-Kα radiation in the 2θ

range of 20-80. The reduction profiles of the prepared catalysts were

measured by the H2-TPR method at atmospheric pressure in a con-

ventional flow system with a temperature ramp of 10 oC/min from

50 to 400 oC. A 50mg sample was placed in a U-shaped quartz tube

which was heated in a furnace under a flow of 10% H2 in N2 stream

at 50mL/min. Before each measurement, the samples were purged

in a flow of N2 at 250
oC for 1h. The copper surface area was meas-

ured by the method of N2O dissociation of the catalyst samples [22].

A 150mg catalyst sample was first reduced at 300 oC for 2 h, under

a 10% H2/He mixture flowing at 50mL/min. The sample was cooled

to 80 oC under a He flow, and a series of 100µL of N2O pulses were

injected in a 10-min interval using He as a carrier gas (25mL/min).

The N2 and N2O in the effluent were separated in a Porapak N column

(1.8m, 1/8 inch) at room temperature and analyzed with a TCD

detector.

RESULTS AND DISCUSSION

1. Catalyst Stability

The catalysts were subjected to three consecutive runs to test their

stability. The CO conversion profiles of the CuO-ZnO catalyst on

forward WGS and real WGS reactions are presented in Fig. 1. CuO-

ZnO and CuO-Cr2O3 catalysts were stable with a 1% decrease in the

conversion of the second run, whereas CuO-ZrO2 showed a slightly

greater decrease in the conversion of 3%, and CuO-CeO2 catalyst

showed a decrease of about 11% in the second run. However, the

conversion of all catalysts was stabilized after the first run, as the

conversion profiles of the second and third runs were almost identical.

2. Forward WGS

To eliminate the effect of product components (CO2 and H2) on

WGS, the experiments were performed with the forward WGS feed

(5% CO, 15% H2O and balance He), and the results of which are

shown in Fig. 2. CO conversion profiles for the prepared catalysts

were compared with the profile of a commercial LTS catalyst (ICI

83-3). Among the catalysts, CuO-Cr2O3 exhibited the best perfor-

mance with the forward WGS feed. Even at 100 oC, the CO con-

version was 45% for CuO-Cr2O3, 26% for CuO-ZrO2, 18% for CuO-

CeO2, 11% for CuO-ZnO and 5% for the commercial LTS catalyst

(ICI 83-3). Up to 170 oC, all four catalysts showed higher CO con-

version than ICI 83-3, while above 220 oC, all catalysts showed 100%

Fig. 1. CO conversion profiles of the CuO-ZnO catalyst in the three
consecutive runs with the forward and real WGS feed.

Fig. 2. CO conversion profiles of the catalysts with the forward
WGS feed (5% CO, 15% H2O and balance He; 50ml/min).
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CO conversion.

3. Real WGS

In addition to CO and H2O, reformer effluents contain consider-

able amounts of CO2 and H2 (the product components of WGS).

To examine the effect of these product components on WGS, the

feed for the real WGS experiments was composed of 5% CO, 15%

H2O, 10% CO2, 40% H2 and balance He, with a total flow of 50

mL/min. The CO conversion profiles of the catalysts for real WGS

reaction are shown in Fig. 3. The equilibrium CO conversion for

the feed is also included in the figure. When compared to the case

of the forward WGS (Fig. 2), the CO conversion decreased con-

siderably in the presence of CO2 and H2. Above 200
oC, the com-

mercial catalyst ICI 83-3 (having the composition: 51% CuO, 31%

ZnO, 18% Al2O3) showed the best performance among the tested

catalysts. Also, in this temperature range, the reverse WGS became

increasingly significant with the reaction temperature, and hence,

the measured CO conversion followed the equilibrium CO conver-

sion above 225 oC and 250 oC for the commercial catalyst and CuO-

Cr2O3, respectively.

There can be two possible causes for the considerable decrease

in the CO conversion below 200 oC with the real WGS feed, as com-

pared to the case with the forward WGS feed. As the WGS reaction

is a reversible reaction, the product components in the real WGS

feed can make the reverse WGS active, even below 200 oC, to form

CO from CO2 and H2 in the feed, reducing the CO conversion of

the WGS. The other possible cause for the decrease is an inhibition

of the forward WGS by CO2 and H2, such as competitive adsorp-

tion of the product components on the active sites for the forward

WGS. These two possibilities are experimentally examined in the

next two sections.

4. Reverse WGS

To determine the effect of product components in the real WGS

reaction, we studied the activity of catalysts for the reverse WGS

reaction: CO2+H2→CO+H2O. Fig. 4 shows the CO2 conversion

of the catalysts with the reverse WGS feed (40% H2, 10% CO2 and

balance He). No appreciable CO2 conversion was observed for any

catalyst until 175 oC, showing that the reaction rate of the reverse

WGS was negligibly slow. This clearly shows that the decrease in

the CO conversion by switching the feed from the forward WGS

to the real WGS was not caused by the reverse WGS.

Above 200 oC, the reverse WGS became more rapid with increas-

ing temperature. The commercial catalyst (ICI 83-3) was the most

active catalyst in the reverse WGS. The activity of CuO-Cr2O3, CuO-

CeO2 and CuO-ZnO was similar, and slightly better than that of

CuO-ZrO2 in the reverse WGS. In the case of CuO-Cr2O3 and ICI

83-3, the reverse WGS balanced the forward WGS reaction at high

temperatures, as depicted in Fig.3, so that once the conversion touched

the equilibrium curve, it followed the equilibrium path.

5. Effect of CO2 and H2

To examine the individual effect of CO2 and H2 on WGS, either

CO2 or H2 was added to the forward feed of 5% CO and 15% H2O,

Fig. 3. CO conversion profiles of the catalysts with the real WGS
feed (5% CO, 15% H2O, 10% CO2, 40% H2 and balance He;
50 mL/min).

Fig. 4. CO2 conversion profiles of the catalysts with the reverse WGS
feed (40% H2, 10% CO2 and balance He; 50 ml/min).

Fig. 5. Effect of CO2 and H2 on CO conversion at 180
oC with the

forward WGS feed.
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and its effect on the CO conversion was measured at 180 oC, where,

in the absence of the product components, the CO conversion by

the forward WGS was close to 1 (Fig. 2) and, in the presence of

only the product components, the reverse WGS was negligible (Fig.

4). The content of CO2 or H2 in the feed was increased from 0 to

60% by volume (Fig. 5). The CO conversion decreased with increas-

ing CO2 or H2 concentration in the feed. The result clearly shows

that CO2 and H2 inhibited the forward WGS, and this effect of in-

hibition caused a considerable decrease in the CO conversion when

switching the feed from the forward WGS to the real WGS feed.

The inhibition effect was reversible, as the CO conversion returned

to the same level as that of forward WGS when CO2 or H2 in the

feed was replaced by He. This may suggest that CO2 and H2 are

also adsorbed on the active sites of the catalysts, competing with

CO and H2O, and thus, inhibiting the forward WGS.

The extent of decrease in the CO conversion, however, also de-

pended on the catalyst and the product component in the feed. For

CuO-Cr2O3 catalyst, the decrease in the CO conversion was more

pronounced for the feed containing H2 than for that containing CO2.

However, for the commercial catalyst, the decrease was more pro-

nounced for the feed which contained CO2 than for that which con-

tained H2. In the real WGS condition, the feed contained much more

H2 than CO2. For such a feed, the catalyst less susceptible to H2 in-

hibition would perform better, and thus, the commercial catalyst

showed better activity than CuO-Cr2O3.

6. Effect of Cu Loading in CuO-Cr2O3

The composition of commercial catalyst (ICI 83-3) is 53wt%

CuO, 31wt% ZnO and 16wt% Al2O3, whereas all the prepared cata-

lysts in this work consisted of 30wt% CuO with the remainder com-

posed of the partner metal oxide. For a comparison between catalysts

of similar Cu content, a 50wt% CuO-Cr2O3 catalyst was prepared

and tested for the real WGS reaction. Fig. 6 shows the performance

of ICI 83-3, 50wt% CuO-Cr2O3 and 30wt% CuO-Cr2O3. Below

300 oC, the 50wt% CuO-Cr2O3 exhibited a better CO conversion

than the 30wt% CuO-Cr2O3. Below 210
oC, the 50wt% CuO-Cr2O3

also showed better performance than that of ICI 83-3. For a similar

Cu content of 50wt%, the CuO-Cr2O3 may substitute the commer-

cial catalyst, particularly below 210 oC.

7. Catalyst Characterization

7-1. BET Surface Area and Cu Metal Surface Area

The BET surface areas and the Cu metal surface areas were meas-

ured by the N2O pulse dissociation method, and the results for each

catalyst are listed in Table 1. Among the prepared catalysts, CuO-

ZrO2 catalyst has the largest surface area of 96m
2/g and CuO-ZnO

catalyst has the smallest area of 12m2/g. However, CuO-Cr2O3 (17

m2/g) showed the best performance in the WGS reactions among

all 30wt% CuO catalysts, indicating that the BET area was not a

key factor affecting the catalytic activity. The Cu metal areas of the

catalysts in the table were also not correlated with the BET area.

For the CuO-CeO2 catalyst, it was not possible to measure the Cu

metal area because the partner metal oxide CeO2 repeatedly reduced

the oxidized Cu species by the N2O pulses, and hence the total amount

of dissociated N2O did not directly correspond to the total surface

Cu metal [23].

Among the 30wt% CuO catalysts, CuO-Cr2O3 was determined

to have the largest Cu metal area of 4.6m2/g and was the most active

catalyst in the forward WGS. Even in the forward WGS, the higher

Cu metal area did not always result in a higher activity, since the

commercial catalyst with the Cu metal area of 5.8m2/g was infe-

rior to all the other catalysts below 170 oC (Fig. 2). For the real WGS

condition (Fig. 3), however, the order in the Cu metal area of the

catalysts was observed to be the same as the order in the catalytic

performance above 200 oC, i.e., the commercial catalyst (5.8m2/g)>

CuO-Cr2O3 (4.6m
2/g)>CuO-ZnO (3.6m2/g)>CuO-ZrO2 (2.7m

2/g)

CuO-CeO2. This suggests that the Cu metal area of the catalyst sig-

nificantly affects the catalytic activity, particularly under realistic

WGS conditions.

7-2.XRD Analysis

Fig. 7(a)-(d) shows the XRD patterns of fresh and used catalysts

after WGS reaction in both forward and real conditions. The crystal

structure of copper in each catalyst has been marked in Fig. 7(a)-

(d). All fresh catalysts showed a monoclinic CuO phase, except for

CuO-Cr2O3, in which copper was observed as spinel copper chro-

mate (CuCr2O4). After the reaction, copper chromate crystals were

no longer present, being replaced by metallic copper and chromium

oxide peaks. After the reaction, metallic Cu was observed in all cata-

lysts and the corresponding peaks are indicated in Fig. 7. This is in

agreement with previous studies [16,24,25] which have reported

that metallic Cu is the active species in WGS.

7-3. H2-TPR Studies

The reduction properties of the catalysts were measured by H2-

TPR experiments (Fig. 8). The peak temperature of the reduction
Fig. 6. CO conversion profiles of the catalysts (30wt% CuO/Cr2O3,

50 wt% CuO/Cr2O3, ICI 83-3) with the real WGS feed.

Table 1. BET surface areas and copper metal surface areas of the
catalysts

Catalyst
BET surface

area (m2/g)

copper metal

surface area (m2/g)

 30 wt% CuO-ZnO 12.0 3.6

 30 wt% CuO-CeO2 69.0 -

 30 wt% CuO-Cr2O3 17.0 4.6

 30 wt% CuO-ZrO2 96.0 2.7

 ICI 83-3 74.0 5.8

 50 wt% CuO-Cr2O3 15.5 6.1
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profile of ICI 83-3 was 227 oC and was higher than those for the

prepared 30wt% CuO catalysts. The lowest peak temperature was

observed for 30wt% CuO-Cr2O3 at 184
oC, substantially lower than

the peak temperatures of the other prepared catalysts. The low reduc-

tion temperature may indicate that the copper in CuO-Cr2O3 was

highly dispersed, interacting strongly with the partner metal oxides

to form CuCr2O4 spinel, as confirmed by XRD, and may have been

responsible for high activity in the forward WGS.

CONCLUSIONS

30wt% CuO-MO
x
 (M=Ce, Zn, Cr, or Zr) catalysts prepared by co-

precipitation method as well as a commercial catalyst (ICI 83-3)

were examined for their catalytic activity in the water gas shift (WGS)

reaction under the forward (5% CO, 15% H2O and balance He),

reverse (40% H2, 10% CO2 and balance He), and real WGS feed

(5% CO, 15% H2O, 40% H2, 10% CO2 and balance He) condi-

tions. For the forward feed, CuO-Cr2O3 showed the best performance

among all catalysts, while ICI 83-3 was the most effective catalyst

Fig. 7. XRD patterns of the prepared catalysts before and after reaction.
CuO - [●], ZnO - [▲ ], CeO2 - [▼ ], Cr2O3 - [◆], CuCr2O4 - [◈], ZrO2 - [▶], copper - [■]
#1 - fresh catalyst, #2 - after forward WGS reaction, #3 - after real WGS reaction

Fig. 8. H2-TPR profiles of the catalysts.
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for the real and reverse WGS feed.

When the feed was switched from the forward WGS feed to the

real WGS feed containing the product components, CO2 and H2,

the CO conversion was significantly suppressed in the temperature

range of 100-350 oC. The suppression of the CO conversion could

be attributed to the reverse WGS at temperatures well above 200 oC,

but below 200 oC, where the reverse WGS was negligible, it was

found to be caused by CO2 and H2 inhibition on the forward WGS

reaction. The inhibition effect increased with increasing CO2 or H2

contents in the feed and also depended on the catalyst. As to the

strength of the inhibition, it was found that ICI 83-3>CuO-Cr2O3

for CO2 inhibition, and CuO-Cr2O3>ICI 83-3 for H2 inhibition. For

an H2-rich feed such as the real WGS feed, it was desirable for a

catalyst to be less inhibited by H2 than by CO2. In this regard, ICI

83-3 outperformed 30wt% CuO-Cr2O3 in the case of the real WGS

even though 30wt% CuO-Cr2O3 was considerably more active than

ICI 83-3 in the case of the forward WGS.

The Cu content of the catalyst was also an important factor af-

fecting the catalyst activity. In the case of the real WGS, 50wt%

CuO-Cr2O3 was more active than 30wt% CuO-Cr2O3 and was also

more active than ICI 83-3 below 200 oC.
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