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Catalytic activities of partially metal ion exchanged X- and Y-type zeolites for the water gas shift 
reaction have been examined in the range 473-773 K. Among the zeolites, Cuz+- or Ni*+-zeolites 
showed good performance as shift catalysts in the respective reduced states. The activity of a 
CuNaX zeolite prereduced at 773 K by hydrogen was comparable to that of the practical catalyst 
CuO-ZnO-Cr203. The catalytic activities of the zeolites were shown to be related to the electro- 
negativities of metal ions. 

INTRODUCTION (II) have been reported to be active solid 
catalysts for the WGS reaction. 

The water gas shift (WGS) reaction, Since various transition metal cations 

CO + Hz0 * CO2 + Hz, can be exchanged for sodium ions into the 
zeolite structures, it is of interest to evalu- 

is extensively used to increase the hydro- ate the catalytic performance of the metal 
gen content of synthesis gas through the re- ion-exchanged zeolites in the forward WGS 
action of carbon monoxide with steam. The reaction. In the present work, X- and Y- 
catalysts for the WGS reaction have been type zeolites exchanged with Cr3+, Mn*+, 
subjected to many theoretical and mecha- Co*+, Ni*+ , Cu*+, or Zn*+ ions were exam- 
nistic investigations (I). A lot of materials ined. Zeolites containing Fe*+ and Fe3+ 
are capable of catalyzing the WGS reac- ions were also used here, but partial frame- 
tion, though iron- or copper-based catalysts work decomposition was observed by X- 
are used almost exclusively in industry as ray analyses after use in the catalytic reac- 
shift catalysts which are active at tempera- tion at elevated temperatures. This is 
tures above 625 K or in the range 473-573 consistent with the report by Pearce et al. 
K, respectively. Catalysts active at lower (13) that iron-zeolites were unstable toward 
temperatures are still of interest as a result high-temperature treatment. The results 
of a more favorable thermodynamic equilib- concerning iron-zeolites have therefore 
rium (2). been excluded in this paper. 

Recently new types of homogeneous and 
heterogeneous catalysts have been pro- EXPERIMENTAL 

duced (3-12). In homogeneous phase, Transition metal ion-exchanged zeolites 
metal carbonyls of Group VIII and VI were prepared by conventional ion-ex- 
metals are precursors of active WGS cata- change methods (14-29) from Linde NaY 
lysts (3, 4). For example, King et al. (3) and NaX, which have compositions 
measured the rate of hydrogen production Na56(A102)56(Si02)1,6 and NadAW~ 
using iron pentacarbonyl as a catalyst in a (Si02)iw, respectively. The reagents used, 
basic methanol-water solution and ob- the extents of exchange, and the colors 
served a turnover number of 2000 mol H2/ of zeolites prepared were summarized 
mol Fe(C0)5 per day at 453 K. On the other in Table 1, in which, for example, CrNaY 
hand, Ru-X- (8), Ru-Y (9), Ni-Mo-Y-zeo- means a chromium ion-exchanged NaY-ze- 
lites (ZO), and alumina-supported metals olite. The low Cr3+ exchange levels were 
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intentionally selected since higher concen- 
trations induce a notable loss of lattice 
crystallinity (28-20). 

Catalytic runs were carried out in a tubu- 
lar continuous-flow reactor at an atmo- 
spheric pressure. Water was supplied 
through a water saturator and helium was 
employed as a diluent gas. Standard opera- 
tion conditions were as follows: amount of 
catalyst = 0.8 g (42-80 mesh), total flow 
rate = 23 cm3 (STP) * min-l, partial pres- 
sure of CO = 3.1 kPa, partial pressure of 
HZ0 = 1.3 kPa, contact time = 2.1 g * s * 
cmm3 (STP). Reactants and products were 
analyzed by gas chromatography. 

RESULTS AND DISCUSSION 

Over some types of zeolites the WGS re- 
action proceeded above ca. 473 K. A 
steady-state reaction was achieved for re- 
action times greater than about 1 h. The 
results at 573, 673, and 773 K are shown in 
Table 2. Here, a rate of 1.0 pmol * g-cat-’ * 
min-i for the formation of hydrogen corre- 
sponds to a conversion of 6.0% based on 
water. NaY and NaX exhibited small cata- 
lytic activities for the WGS reaction, while 

TABLE 1 

Zeolite Samples Used 

Zeolite Reagent 

NaY 
CrNaY Crcl, 6HzO 

MnNaY Mn(CH1COOh 2HzO 
CoNaY COCIZ 6H20 
NiNaY Ni(CH,COOh 4H20 

CuNaY Cu(CHjCOO)z Hz0 
ZnNaY Zn(CH,COOh . 2H20 
NaX 
CrNaX Crcll .6H20 

NiNaX Ni(CH,COO)z .4H20 

CuNaX Cu(CH,COOh . Hz0 

Exchange 
Level” 

m 

30 

54 
70 
66 

67 
49 

15 

46 

52 

Color 

White 
Grayish 

green 
White 
Pink 
Yellowish 

green 
Blue 
White 
White 
Grayish 

green 
Yellowish 

green 

a The extent of exchange was determined by atomic absorp- 
tion spectroscopy after each sample was dissolved in coned 
HCI solution. 

TABLE 2 

The WGS Reaction over Various Zeolites 

Catalyst Rate of hydrogen formation0 
(pm01 . g-cat-’ mu-r). 

573 K 673 K 773 Kb 

Without prereduction of catalyst 
NaY 0.12 0.15 0.19 
CrNaY 0.03 0.16 0.42 
MnNaY 0.38 1.79 1.87 
CoNaY 0.01 0.54 0.82 
NiNaY 0.32 0.98 10.22 
CuNaY 0.14 0.45 1.41 
ZnNaY 0.20 0.84 1.84 
NaX 0.13 0.15 0.20 
CrNaX 0.21 0.23 0.26 
NiNaX 0.31 1.06 10.22 
CuNaX 1.60 2.68 5.53 

With prereduction of catalyst’ 
NiNaY 0.65 3.20 10.45 
CuNaY 0.56 2.33 5.45 
CuNaX 5.30 7.93 8.04 

n Experiments were performed under the standard 
conditions. 

b The extent of conversion at equilibrium is 88% at 
773 K under the present conditions. 

c Catalysts were prereduced at 773 K with hydrogen 
(20). 

some metal ion-exchanged zeolites were 
active for the reaction. This indicates that 
the exchange of the transition metal ions 
into a zeolite lattice caused an appearance 
of catalytic performance for the WGS reac- 
tion as well as many other catalytic reac- 
tions. It is further evident that Ni*+- or 
Cu2+-zeolites show fairly high activities 
among the metal ion-exchanged zeolites. 

The colors of each catalyst after use in 
the reaction at 773 K remained unchanged 
except for the zeolites containing Ni*+ or 
Cu*+. NiNaY and NiNaX turned black 
around 723 K. Since the total amount of CO 
and CO2 coming out of the reactor balanced 
with the amount of CO fed within experi- 
mental error, the color change of the cata- 
lysts to black is probably not due to carbon 
deposition through the reaction, 2C0 + 
CO2 + C. The color of NiNaY was con- 
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firmed in a separate experiment to turn to 
blue to blue-black to black by hydrogen re- 
duction at elevated temperatures, suggest- 
ing that the color change during the cata- 
lytic reaction is probably due to reduction 
of Ni2+. Furthermore, as shown in Table 2, 
in the range 573-673 K the catalytic activ- 
ity of NiNaY prereduced by hydrogen (21) 
was higher than that of NiNaY without pre- 
reduction, and at 773 K the latter was ap- 
proximately equal to the former because of 
the reduction of Ni*+ by hydrogen gener- 
ated in the WGS reaction. These results in- 
dicate that the reduced type of Ni-zeolite 
shows greater catalytic activity than the un- 
reduced type and hence what valence state 
of nickel is active for the reaction is now of 
interest. 

Electron paramagnetic resonance (EPR) 
and ferromagnetic resonance (FMR) exper- 
iments have been performed for the detec- 
tion of Ni+ and NiO. At 773 K the NiNaY 
sample was outgassed in a sample tube for 1 
h under a vacuum of 1.3 x lo-* Pa, treated 
with oxygen of 13 kPa for 30 min, and 
reevacuated for 30 min. Subsequently, an 
EPR-FMR spectrum was determined; no 
signal was observed. After this sample con- 
ditioning, the zeolite was reduced by hy- 
drogen for 10 min at 673,723, or 773 K and 
subjected to EPR-FMR measurements in 
the presence of hydrogen. Each spectrum 
shows no signal at ambient temperature, 
though several workers have reported Ni+ 
spectra (22-24). However, the FMR ab- 
sorption due to nickel clusters (g = 2.22, 
AH = 850 G) (24-27) was detected in each 
case upon evacuation of hydrogen at ambi- 
ent temperature for only a few minutes. 
These findings strongly suggest the follow- 
ing reduction scheme. 

Ni*+ + H2 + Ni” + 2H+, (1) 

xNi” + yNi*+ + zH2 + (Ni)$(H*) z7 (2) 

N)%~W2)z Eva; Nix0 + yNi*+ + zH2. (3) 

The formation of nickel atoms through re- 
duction of Ni*+ ions located in supercages 
(reaction (1)) and the reaction of Ni” with 

unreduced Ni*+ ions to form diamagnetic 
nickel clusters (reaction (2)) would occur 
during the high-temperature reduction in 
the presence of hydrogen. When the sample 
was evacuated, disproportionation reaction 
(reaction (3)) would proceed to give rise to 
the FMR spectrum. 

This scheme agrees with the experimen- 
tal data that any EPR signal of Ni+ could 
not be detected in the present system and 
that only a few minutes of evacuation re- 
sulted in the appearance of the FMR spec- 
tra. The former is probably because the mi- 
gration of Ni” to yield clusters was easy 
owing to the reduction temperatures higher 
than those reported for the formation of 
Ni+ atoms giving the EPR spectrum with g 
= 2.096 through Ni” + Ni2+ + 2Ni+ (22, 23). 
The latter indicates that the genesis of 
nickel clusters does not take place during 
the outgassing treatment of hydrogen. Loy 
and Noddings (25) and Olivier ef al. (23) 
have reported that Ni-zeolite samples 
reduced by hydrogen exhibited ferro- 
magnetism after hydrogen was pumped off, 
supporting the above scheme. It is also re- 
ported by several workers that a part of 
Ni*+ remains unreduced at the present re- 
duction temperatures (28, 29) and that small 
nickel metal clusters produced are located 
inside the supercages (27, 29). Further- 
more, for example, silver metal clusters 
surrounded by Ag+ ions, Agk’ (m > n), 
have indeed been reported to be present in 
the supercages (30). On these bases, reac- 
tions (1) and (2) may be proposed and the 
possibility is suggested that the (Ni)zT;(H*) Z 
clusters might be generated in the WGS re- 
action, since hydrogen is present as one of 
the reaction products. It is difficult to know 
the values of x, y, and z in the complex, but 
for the sake of simplification x = y will be 
assumed and the active valence state of 
nickel will formally be written Ni+. 

On Cu*+-zeolites, the reduction of Cu*+ 
to Cu+ in the working state was also ob- 
served. The color of CuNaY and CuNaX 
became whitish around 773 and 673 K, re- 
spectively, under the reaction conditions. 
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The EPR signal of Cu2+ ions was decreased 
in strength upon use in the reaction at 773 
K. In addition, prereduction of CuNaY and 
CuNaX by hydrogen at 773 K (22) turned 
the sample color to white and resulted in 
the increase of catalytic activities for the 
reaction, as shown in Table 2 and Fig. 1. It 
is clear that copper exists as monovalent 
ions in the above prereduced copper-zeo- 
lites, based on investigations by other 
workers (31, 32) and our group (33). It is 
therefore concluded that Cu+ ions show 
higher catalytic activity than Cu2+ ions do. 
The structures of CuNaX and NiNaX were 
ascertained not to be changed before and 
after the reaction by X-ray analysis, though 
the X-type lattices are usually less stable 
than the Y-type lattices. It follows that X- 
zeolite is more suitable for the WGS reac- 
tion than Y since Cu2+ and Ni2+ ions could 
be reduced more easily in X-zeolite (34) 
and the number of metal ions exchangeable 
in a unit cell of X-zeolite is greater than that 
of Y-zeolite. 

As mentioned above, the catalytic activi- 
ties of Cu2+- and Ni2+-zeolites were im- 
proved upon the reduction to lower valence 
states by hydrogen produced, while the 
other zeolites showed no such activity 
change. This is consistent with the reduci- 
bilities of metal ions in a zeolite lattice. 
Minachev et al. (35) first reported the order 
of decreasing ease of reduction, Zn2+ > 

Temperature (K 1 

FIG. 1. The WGS reaction over CuNaX with (a) and 
without (b) prereduction at 773 K by hydrogen. Reac- 
tion conditions are the same as those of Table 2. 

Cu2+ > Ni2+ > Co2+ by X-ray photoelec- 
tron spectroscopy. In contrast, Suib et al. 
(36) have recently claimed that the order is 
Cu2+ > Ni2+ > Zn2+ > Co2+ from their Au- 
ger study. The latter sequence appears to 
be correct since the order of lowest temper- 
ature for detectable reductions of metal ion 
zeolites was found to be Cu2+ > Ni2+ % 
Co2+, Mn2+, Zn2+, Na+ by a temperature- 
programmed reduction technique using hy- 
drogen (37, 38). Therefore, the catalytic ac- 
tivities of only Cu2+- and Ni2+-zeolites were 
improved during the reaction at elevated 
temperatures. 

Frequent use of correlations between ki- 
netic parameters and the physical proper- 
ties of catalysts or, more desirably, the 
physical properties of intermediates on the 
surface, has been attempted. One such cor- 
relation is based on Sabatier’s principle (39) 
which states that the properties of surface 
intermediates may qualitatively resemble 
the properties of bulk compounds. Accord- 
ingly, for the WGS reaction it would be rea- 
sonable to expect a relationship between 
the activity of the cation-exchanged zeolite 
catalyst and the strength of interaction of 
CO with the cation. In fact, it has been re- 
ported by Grenoble et al. (II) that a corre- 
lation between the heat of adsorption of CO 
and activity of metal catalyst supported on 
alumina could be constructed. Unfortu- 
nately, however, no systematic datum is 
available for the heat of adsorption of CO 
over metal ion-exchanged zeolites (40). 
Here, by using electronegativities of metal 
ions suggested by Tanaka and Ozaki (40, a 
relationship between the electronegativity 
and the zeolite’s activity could be drawn 
(Fig. 2). The figure indicates that higher 
electronegativity of metal ion causes lower 
catalytic activity. Because carbon monox- 
ide is one of the soft bases (42) and an inter- 
mediate M”+-CO would be involved in the 
WGS reaction, if the reaction mechanism is 
not changed with the catalysts, one might 
expect that the concentration of M”+-CO 
species will be low on highly electronega- 
tive metal ions (hard acids) due to weak 



WATER GAS SHIFT REACTION 295 

interaction between metal ions and carbon 
monoxides, so that the activities of such 
metal ions will be low. It should be noted 
that the plots for Cu*+ and Ni*+ may not be 
adequate because of a possible small 
amount of reduction at these temperatures, 
though we could not observe it by color 
change or EPR measurements. 

This discussion is strongly supported by 
infrared observations of other workers. 
Angel1 and Schaffer (43) have carried out a 
detailed study of carbon monoxide adsorp- 
tion on a large number of divalent cation- 
exchanged X- and Y-zeolites. All of the ze- 
olites only physically adsorbed carbon 
monoxide. Similar results have been ob- 
tained by Bregadze et al. (44). By contrast, 
carbon monoxide was strongly adsorbed on 
Ni+-zeolites prepared by reducing Ni*+-ze- 
olite and was removed only by evacuation 
at 473 K (44). In addition, Kermarec et al. 
have very recently reported that Ni+ ions 
generated by reduction with Hz form sev- 
eral types of carbonyl complexes upon ad- 
sorption of carbon monoxide (45). Cu+-CO 
complexes have also been reported to be 

3.0 - 

0 ’ 

0.6- 

OL ’ 
4 6 6 10 12 

Xi 

FIG. 2. Correlation between the electronegativities 
of metal ions (Xi) and the rates of hydrogen formation 
at 673 K (A) and 573 K (B). 

formed upon addition of carbon monoxide 
at ambient temperature on reduced Cu*+- 
zeolites (46). These findings conclude that 
carbon monoxide is more strongly adsorbed 
on Cu+ or Ni+ than on Cu*+ or Ni*+, sup- 
porting the discussion mentioned above. 

Pressure dependencies of the WGS reac- 
tion over CuNaX prereduced at 773 K were 
examined in the range PC0 = 3.1-12.4 kPa 
and PH*O = 1.3-14.3 kPa. The reaction was 
of 0.6 order with respect to carbon monox- 
ide and the reaction order in water is ap- 
proximately 0.2. Apparently water chemi- 
sorbs strongly and almost saturates active 
sites under small partial pressures. Tamaru 
and co-workers (47) Amenomiya (48), and 
Verdonck et al. (8) concluded a formate ion 
to be an intermediate in the WGS reaction. 
We attempted separately to determine the 
surface intermediate on a CuNaY wafer 
which was suitable for obtaining infrared 
spectra in the transmission mode. How- 
ever, no peaks were obtained except those 
due to adsorbed CO and H20, produced 
CO*, and the CuNaY background. This 
would be due to small concentration of the 
surface species. 

Finally, the activity of the prereduced 
CuNaX-zeolite was compared with that of a 
practical catalyst. ZnO-CuO-Cr203 was 
employed as the latter catalyst, which was 
prepared by the method of Tsuchimoto and 
Morita (49) and had a composition of 12.9 
wt% CuO, 59.1 wt% ZnO, and 28.0 wt% 
Cr20j. The formation rate of hydrogen over 
this catalyst was 11.5 p,mol * g-cat-’ . min-’ 
at 673 K under the standard experimental 
conditions. Thus the catalytic activity of 
the prereduced CuNaX (7.9 p,mol . g-cat-l . 
mini) is comparable with that of the practi- 
cal catalyst. This fact suggests the possibil- 
ity that zeolites may be appropriate cata- 
lysts for the WGS reaction. 
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