Published on 01 January 1970. Downloaded by University of Massachusetts - Amherst on 27/10/2014 02:48:50.

View Article Online / Journal Homepage / Table of Contents for thisissue

Dynamic Technique to Elucidate the Reaction Intermediate
in Surface Catalysis

Water-Gas Shift Reaction

By AxirFumi UENO, TAKAHARU ONisHI AND KENZI TAMARU

Dept. of Chemistry, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo, Japan
Received 20th June, 1969

The mechanism of the water-gas shift reaction on ZnO and MgO was studied by means of
infra-red spectroscopy during the course of the reaction. When a mixture of carbon dioxide and
hydrogen was introduced over ZnO, formate ion was observed. The rate of decomposition
(dehydration) of the surface formate ion was measured at the reaction temperature (230°C) as a
function of its concentration, and compared with the rate of the overall reaction on ZnO at the
same coverage of the surface formate ion. Both rates were in reasonable agreement showing that
the surface formate is the reaction intermediate of the water-gas shift reaction on ZnO and its de-
composition is the rate-determining step.

When a mixture of carbon monoxide and water vapour was passed over MgO, the formation of
surfaceformateion wassimilarlyconfirmed. Itwas, however,different from ZnO, in that it was difficult
to detect the surface formate ion from a mixture of carbon dioxide and hydrogen. The comparison
of the rate of the dehydrogenation decomposition of the surface formate ion with that of the overall
reactions at the same formate coverage leads to conclusion that the surface formate ion is the reaction
intermediate of the water-gas shift reaction on MgOand the rate determining step is the dehydrogena-
tion of the formate ion.

The mechanism of the water-gas shift reaction has been studied by many workers
on various catalysts and has been discussed on the basis of the reaction kinetics;
this resulted in various mechanisms inconsistent with each other.!"®¢ Scholten
and his coworkers ! observed the formation of formate ion by infra-red spectro-
scopy when a mixture of carbon monoxide and water vapour was introduced over
magnesium oxide, and they concluded that the formate ion is the reaction inter-
mediate of the water-gas shift reaction on MgO. However, even if the adsorbed
species was present on the catalyst during the reaction, it does not follow that it is an
actual reaction intermediate. Tamaru’ emphasized the importance of measuring
adsorption during the reaction to identify the reaction intermediate from kinetic
behaviour of the surface species. This dynamic method has been applied using the
infra-red spectroscopic technique. Accordingly, not only the rate of the overall
reaction but also the kinetic behaviour of the adsorbed species during the course of
the reaction were measured as a function of their coverage, as was done in the de-
composition of formic acid.®

EXPERIMENTAL

The catalysts were zinc and magnesium oxides. The zinc oxide was obtained from the
New Jersey Zinc Co. and the magnesium oxide from Merck Co. Ltd. The surface area
was 10 m?/g and 89 m?/g for ZnO and MgO (B.E.T. method) respectively. The apparatus
consisted of two cells directly connected to a closed circulating system, one contains a disc
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of ZnO (ca. 0.3 g) to study the chemisorbed species on the catalyst ® and the other a lot of
discs (total weight ca. 11 g) to measure the rate of the overall reaction as well as the selectivity
of decomposition of the surface adsorbed species. The coverage of the surface species
during the reaction and their kinetic behaviour were measured by means of infra-red spectro-
scopy in the range 4000-900 cm~!. The selectivity of the decomposition of the surface
species and the rate of the overall reaction were measured by the gas chromatographic
technique using a dioctyl sebacate column for carbon dioxide and a molecular sieve 13x
for carbon monoxide and hydrogen. Carbon dioxide was obtained from the decomposition
of NaHCO; and was purified by vacuum distillation. Carbon monoxide was prepared
from concentrated sulphuric acid and sodium formate and was passed through a liquid-
nitrogen trap.

RESULTS AND DISCUSSION
MECHANISM OF THE WATER-GAS SHIFT REACTION ON ZnO

A ZnO disc (about 300 mg) in the infra-red cell was treated in vacuum at 400°C
for 5h. Then the mixture of 100 mmHg of carbon dioxide and 100 mmHg of
hydrogen was introduced to the catalyst and was heated at 200°C for 2h. The
infra-red spectra of adsorbed species on ZnO were observed after evacuation of the
gas-phase mixture, these are given in fig. 1la. On the other hand, 0.7 mmHg of
formic acid vapour was conducted at room temperature on to ZnO disc pretreated
under the same conditions. A similar infra-red spectrum was obtained after removing
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Fic. 1.—Infra-red spectra of the chemisorbed species on ZnO at 150°C. (@) CO, and H,;
() HCOOH ; (¢) CO; and D, ; (d) DCOOD.

the acid vapour (fig. 15). Accordingly, the formation of surface formate ion on the
catalyst was confirmed when a mixture of carbon dioxide and hydrogen was intro-
duced over the catalyst. The bands at 2870, 1572 and 1369 cm~! are assigned to the
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C—H stretching, O—C—O antisymmetric stretching and O--C—O symmetric
stretching vibrations, respectively, and the C—H inplane bending vibration band
was found at 1379 cm~!. The isotope shift of the C—H (and C—D) stretching
vibration bands was observed employing deuterium gas or deuterated formic acid
vapour (DCOOD), these are shown in fig. 1¢ and 1d. It was, however, difficult to
detect the surface formate ion from the mixture of carbon monoxide and water
vapour on ZnO at 200°C.
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FiG. 2.—(a) Change in the infra-red spectra of the mixture of CO, and D, adsorbed on ZnO with
temperature. (b) Change in the infra-red spectra of the mixture of CO and H,O adsorbed on
MgO with temperature.

The dynamic behaviour of the surface formate ion at various coverage and
temperature was studied by means of infra-red spectroscopy (fig. 2a). It appeared
that the formate ion on ZnQO is stable at 200°C, but at 300°C carbon monoxide was
formed at a considerable rate by the dehydration decomposition of the surface
formate ion. The rate of this decomposition on ZnO was examined by means of
infra-red spectroscopy in order to compare with the rate of the overall reaction at
the reaction temperature (230°C). At first, a known amount of formic acid (DCOOD)
was adsorbed on ZnO and the optical density of the C—D stretching vibration band
was measured. This procedure was carried out for various amounts of DCOOD
adsorbed on ZnO, which gave a relation between the coverage (calculated from the
amounts of adsorbed DCOOD taking the size of the formate ion as 17 A2/molecule)
and the optical density of the C—D stretching vibration band, as is shown in fig. 3a.
The relation between the decomposition rate of the surface formate ion on ZnO
and its coverage was also obtained in a similar manner, by following the decrease
of the C—D stretching vibration band with time, which is given in fig. 3. Con-
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sequently, the dependence of the decomposition rate of the surface formate jon upon
its coverage could be obtained at the reaction temperature (230°C).
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F1G. 3.—(a) Dependence of the optical density ([O.D.]) of vc—p upon the coverage (8) of DCOO
(a) on ZnO. (b) Dependence of the decomposition rate (d[0.D.]/d¢) of surface formate upon its
coverage 6 on ZnO, by following the decrease of the C—D stretching vibration band with time.

The decomposition of the surface formate ion proceeds in two different manners ;
dehydration to form CO and dehydrogenation to CO,. The selectivity of the de-
composition was defined as the fraction of carbon monoxide in the total carbon
monoxide and carbon dioxide produced, CO/(CO+CO,). The dependence of the
selectivity upon the coverage at 230°C is given in fig. 4a. The rate of the dehydration
decomposition of the surface formate ion was estimated by multiplying the rate of

IOO°/° IOOC’/o
o ~N
Q @)
; :
0‘

S soo, 150% &
Q 154
o o

Q
© O

o O-5 7 1-O

coverage 0

FiG. 4.—Selectivity of the decomposition of surface formate on the catalyst at various coverages :
(a) on ZnO; (b) on MgO.

decomposition by the selectivity at the same coverage. On the other hand, the rate
of the overall reaction and the coverage of surface formate were measured by the
infra-red technique and gas chromatographic analysis of the amounts of carbon
monoxide produced (fig. 5). The rate of dehydration decomposition of the surface
formate ion on ZnO and that of the overall reaction were calculated from fig. 5
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and are given in table 1 with the coverage of the formate ion on ZnO in the steady-
state. Both rates were in reasonable agreement within the experimental error, which
led to the conclusion that the surface formate ion is the real reaction intermediate
of the water-gas shift reaction on ZnO. The mechanism is considered to be as
follows :
Hz(g)#ZH(a)}LHCOO(a)Z_\ OH(a)=H,0(9)
CO,(9)=C0,(@)f~ H(@ ~ |CO®@)=CO(g).

The dehydration step (2) is the rate-determining step of the reaction.
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FiG. 5.—(a) Concentration of surface formate measured by the infra-red technique. (b) The rate

of the overall reaction measured by the gas chromatographic analysis of the amounts of CO produced.

[, CO, 5.5cmHg, D, 5.5cmHg; A, CO; 10.5 cmHg, D, 10.5 cmHg; O, CO. 16.0 cmHg, D,
16.0 cmHg.

TABLE 1.—COMPARISON OF THE RATE OF THE DEHYDRATION OF SURFACE FORMATE WITH THAT .
OF THE OVERALL REACTION ON ZnO AT 230°C

D,;+C0;—D0+CO D2COa)—+D;0+CO  coverage of
DCOx(a) (6)

I 0.023cm3/gh  0.022cm3/gh 0.35
I 0.028 0.025 0.38
III 0.030 0.029 0.41
02
A
20
q‘ 01 . v HC;o
=]
yCH
o NI
0
0 — VCD

0 30 60 30 120 150

reaction time min
Fic. 6.—The rate of hydrogen exchange between DCOO (a) and H, on ZnO at 230°C.
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In addition to these observations, it was also found by infra-red spectroscopy
that the exchange reaction, H,+DCOO(a)==HD+HCOO(g), proceeded easily
on the surface on the ZnO catalyst at the reaction temperature as is shown in fig. 6.
The rate of decomposition of surface formate was not greatly influenced by the
additional water adsorbed under the reaction conditions employed, (fig. 7). In this
case 0.3 cm (s.t.p.) of H,O vapour was added to 0.25 g of catalyst during the course
of the decomposition of surface formate ions.
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Fi1G. 7.—The influence of the additional water upon the rate of the decomposition of surface formate
on ZnO.

MECHANISM OF THE WATER-GAS SHIFT REACTION ON MgO

When a mixture of 40 mmHg of carbon monoxide and 9 mmHg of water vapour
was conducted onto a MgO disc (about 50 mg) treated in a vacuum at 400°C for
20 h, the formation of the surface formate ion on the catalyst was confirmed by means
of infra-red spectroscopy, as had been found byScholten (fig. 8a). A similar spectrum
(fig. 8b) of adsorbed species was obtained when 0.7 mmHg of formic acid vapour
was introduced on to the same disc at 150°C. The isotope shifts of the C—H (and
C—D) stretching vibration band and the C—H (and C—D) inplane bending band
were found by employing D,0 or DCOOD ; these are shown in fig. 8¢ and 84. Tt
was, however, different from ZnO in that the surface formate ion could not easily
be observed from a mixture of carbon dioxide and hydrogen. The change in the
infra-red spectra of the formate ion on MgO with temperature was measured (fig. 25).
The formate ion on MgO was clearly observed at 210 and 270°C but at 300°C the
reaction proceeded rapidly to form carbon dioxide by the decomposition of the
surface species.

The relation between the coverage of the surface formate ion on MgO and the
optical density of its C—H stretching vibration band, and the relation between the
coverage and its decomposition rate at 280°C, was obtained in a similar manner as
for ZnO by means of infra-red spectroscopy (fig. 9a and 9b6). The selectivity was
also measured at various coverages of the formate ion on MgO, but here it was
defined as the ratio of the initial rate of carbon dioxide produced to that of the total
carbon dioxide and carbon monoxide produced by the decomposition of the surface
formate at 280°C (fig. 4b). The rate of the dehydrogenation decomposition of the
surface formate ion was estimated by the same procedure as for ZnO, which was in
reasonable agreement within experimental error with the rate of the overall reaction
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Fic. 8.—Infra-red spectra of the chemisorbed species on MgO at 150°C. (@) CO and H,O;
(b) HCOOH ; (¢) CO and D,0O; (d) DCOOD.
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FiG. 9.—(a) Dependence of the optical density of vc-u upon the coverage of HCOO (a) on MgO
(b) Dependence of the decomposition rate of surface formate upon its coverage on MgO.
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on MgO which was obtained by gas chromatographic analysis for carbon dioxide
produced as a function of reaction time (table 2). From these results, it was con-
cluded that the surface formate ion is the reaction intermediate of the water-gas
shift reaction on MgO. The rate-determining step is the dehydrogenation step (1)
in the scheme described above.

TABLE 2.—COMPARISON OF THE RATE OF THE DEHYDROGENATION OF SURFACE FORMATE WITH
THAT OF THE OVERALL REACTION ON MgO AT 280°C

H;0+CO-H3+CO; H2C03(a)—H,+CO,  coverage of

HCO4(a) (6)
1 0.011 cm3/gh  0.017 cm3/gh 0.06
II 0.023 0.025 0.07
111 0.031 0.037 0.08

The bands at 1678 and 1270 cm—*, shown in fig. 8¢ and 8b, appeared only when
carbon monoxide and water vapour were introduced over MgO. These bands did
not shift when heavy water (D,0) vapour was employed instead of H,O. It is
considered that these bands would be due to the surface CO; ion.?

The authors acknowledge the help of Mr. Toshiki Yamamoto in performing
these experiments.

1J. J. F. Scholten, P. Mars, P. G. Menon and R. van Hardeveld, proc. 3rd Int. Congr. Catalysis
(Amsterdam, 1964), p. 881.

2 G. Parravano, Ind. Eng. Chem., 1957, 49, 266.

3 L. W. Barkley, T. E. Corrigan, H. W. Wainwright and A. E. Sands, Ind. Eng. Chem., 1952,
44, 1066.

4 T. Kagiya and K. Fukui, Kogyo Kagaku Zasshi, 1964, 67, 1493.

5 M. Masuda, J. Res. Inst. Cat. Hokkaido Univ., 1967, 14, 85.

%Y. Kaneko and S. Oki, J. Res. Inst. Cat. Hokkaido Univ., 1967, 15, 185.

7 K. Tamaru, Adv. Catalysis, 1964, 15, 65 ; J. Chem. Soc. Japan., 1966, 87, 1007.

8Y. Noto, K. Fukuda, T. Onishi and K. Tamaru, Trans. Faraday Soc., 1967, 63,3081 ; K. Fukuda,
Y. Noto, T. Onishi and K. Tamaru, Trans. Faraday Soc., 1967, 63, 3072.

2 1. G. Hisatsune and K. O. Hartman, Science, 1964, 145, 1455 ; D. L. Bernitt, K. O. Hartman
and 1. G. Hisatsune, J. Chem. Phys., 1965, 42, 3553.


http://dx.doi.org/10.1039/tf9706600756

