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APPLICATION OF THE THEORY OF STOICHIOMETRIC
NUMBER DETERMINATION OF THE RATE-
DETERMINING STEP: THE MECHANISM
OF WATER-GAS SHIFT REACTION
CATALYZED BY PLATINUM

By

Makihiko Masubpa®
(Received June 2, 1976)

Abstract

The mechanism of water-gas shift reaction, CO+H30 =CO;+H,, catalyzed by evapo-
rated platinum films was investigated by means of tracers of 13C and QO over the tem-
perature from 410 to 450°C on the basis of the theory of stoichiometric number determi-
nation of the rate-determining step. The stoichiometric number v, of the rate-determining
step was determined to be unity by tracing the transfer of carbon atoms between CO
and CO; by BC, 7. ¢. the rate-determining step consists in any constituent step of transfer
of carbon atoms. The transfer of oxygen atoms among CO, H;O and CO; traced by 180,
which was observed simultaneously with the former, showed that the ratio of the total
forward rate of transfer of oxygen atoms from CO to CO; and H,O to its reverse total
rate is close to unity, which enables us to exclude several steps of the constituent steps
of transfer of carbon atoms from being rate-determining. Assuming that the reaction

1 2 3
follows the sequence of steps, COs—>CO(a), HO<—H(a)+OH(a), CO(a)+OH(a)<—X(a),

X(a)a—4—> COq{a)+Hf(a), COz(a)x—SACOZ and 2H(a)v?-‘H2, it is concluded from the above re-
sults that step 4 or 5 is rate-determining, where {a) denotes the adsorbed state and X(a)
is an intermediate ; with reference to the rate equation of the reverse reaction previously
observed, step 4 is inferred to be rate-determining. Other mechanisms are discussed, and

inferred to be less plausible than the above mechanism.

§1. Introduction

The investigations of isotopic exchanges accompanied by an overall
reaction and of their interrelation with the latter are utilized to clarify the
reaction mechanism. HORIUTI has introduced the concept of stoichiometric
numbers v,’s of elementary reactions" (termed steps in what follows) and

*) Research Institute for Catalysis, Hokkaido University, Sapporo 060, Japan.
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developed the method for determining the stoichiometric number v, of the
rate-determining step by observing a relevant isotopic exchange simultane-
ously with the overall reaction®*®. This method has been applied to various
heterogeneous. catalysis by many researchers®*.

The present author previously investigated the kinetics and mechanism
of water-gas shift reaction®®,

CO+H,0 =CO,+H, (1)

catalyzed by evaporated platinum films under the particular experimental
conditions where the reaction proceeds reversely by eliminating water vapor
produced from CQO, and H, Wlth cold traps (—78°C). The results are sum-
marized as follows. ‘

i) The rate equation observed is

—_— V= kp(P}Iz>0.5 (PC02>0'6 (PCO)—O.S , ( 2 )

where —V is the net rate of the reverse reaction of (1), 4, the rate con-
stant and P' ({=H,, CO, and CO) partial pressure of species i, over a range
of partial pressures of P¥":=6~100, P%:=6~100 and P%=1~20 mmHg,
at a reaction temperature of 410°C. The activation energy, E,=R7T?dIn
k,/dT was found to be 24.6+1.1 kcal/mole over a temperature range from
382 to 465°C. '

ii) The exchanges of ®C and ®O between CO and CO, were observed
simultaneously with the overall reaction at 410 and 450°C. The ratio
V./V_. of the unidirectional rate of transfer of carbon atoms from CO,
to CO to that from CO to CO, was not in accordance with the ratio
Vio/V_o of the unidirectional rate of transfer of oxygen atoms from CO,
to CO to the reverse one; V../V_. was calculated at around 10 but V,,/V_o
was 5~6 which was evaluated on the assumption that oxygen atoms are
transferred from CO to H,O exclusively through CO,. This difference
implies that part of oxygen atoms transferred from CO to H,0O does not
pass through CO,. .

iii) The exchange of deuterium between H, and H;O was observed
simultaneously with the overall reaction at 450°C. The ratio V., u/V_y of
the unidirectional rate of transfer of hydrogen atoms from H, to H,O to
the reverse one was found to be larger than 30. The H,-D, equilibration
observed simultaneously with the overall reaction occurred very rapidly
compared with the latter.

The following reaction scheme® was proposed on the basis of the

*}- The reaction scheme of réaction (1) similar to (3) was proposed to the cases catalyzed
by ZnO% and by iron oxide®.
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above results :

€O CO(a)] 3 4 coz(a>icoz
| X @] o)
ol (OH(a)f @) 6 |
VH(2) wovveeervmemmnnmninnnens I

where (a) denotes the adsorbed state and X(a) is an intermediate. Steps 1
and 5 were presupposed to be in partial equilibria as referred to the rate
equation (2) and step 6 is inferred to be also in partial equilibrium from
rapid H,-D, equilibration. Steps 3 and 4 were inferred to be apart from
in partial equilibria from the results described in ii) and step 2 also apart
from in partial equilibrium from slow exchange of deuterium as described
in iii).

In the above experiments, however, the mechanism of reaction (1) was
not sufficiently established since v, could not be determined and the transfer
of oxygen atoms among CO, CO, and H,O was not elucidated because of
constant elimination of water vapor with cold traps. The present investi-
gation was conducted by means of tracers of ®*C and *O under the condi-
tions where water vapor was circulated with CO, CO, and H, without its
elimination, with precautions taken against contamination of the catalyst by
grease and mercury vapor. The method for determining the stoichiometric
number v, of the rate-determining step is applied to the transfer of carbon
atoms between CO and CO, traced by *C and v, is determined to be unity.
The transfer of oxygen atoms among CO, CO, and H,O traced by O is
analyzed by the method extended to isotopic exchange among three species®.
Isotopic difference of rate is ignored throughout the present work.

§ 2. Experimental

Materials: Platinum wire for preparing evaporated films was of 0.4 mm
diameter and of 99.9% purity. ¥“C-labelled CO and CO, (obtained from
Merck Sharp and Dohme Ltd., Canada) were of ca. 90 and 55 atomic
percent of “C, respectively. "“O-labelled CO and CO, (YEDA, Research
and Development Co., Israel) were of ca. 90 atomic percent of ®O. Pure
carbon dioxide (Takachiho Chemical Industrial Co., Japan) was purified by
repeated distillation #n wacuo. Pure carbon monoxide (ibid.) was purified
by passing through copper gauze heated at ca. 300°C and subsequently
through a trap cooled by liquid nitrogen. Hydrogen from cylinders was
purified by passing through a heated Pd-Ag thimble. Pure water was
prepared by careful distillation in air and then in wvacuo.
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Apparatus: Two kinds of glass reaction systems were used. Reaction
system A shown schematically in Fig. 1(a) consisted of a reaction vessel,
a circulation pump, a reservoir of water vapor and sampling vessels. The
reaction vessel was equipped with six constrictions and eight breakable
joints as shown in Fig. 1(a), for repeating the runs of the reaction without
exposing the catalyst to the air. Reaction system B was an improvement
upon A as shown in Fig. 1(b), breakable joints being replaced by metal
valves. The reaction systems were set in an air bath kept at ca. 80°C to
prevent the condensation of water vapor. The reaction vessel was of the
same type to that used previously>®. A reservoir of water vapor shown in
Fig. 1(c) was equipped with two breakable joints and a constriction, with
which the contents were sealed. A sampling vessel shown in Fig. 1(a)
consisted of two parts, a and b, of ca. 1.5 and 6 m{ capacity, respectively,
both of which was connected each other with a constriction.

Reaction system A was connected to a vacuum line and a vacuum

gas  evac gas
evac. : : ; vac.
S % Vi

\% PMRMSV

RV

T .o (b)
B B
s Efl‘)‘&a B
r > = S

Y .1 (R
I

= Nea=
(a) \k'JJ

(c)

Fig. 1. Apparatus. (a), Schematic drawing of reaction system . (b), Block
diagram of reaction system B. (c), A reservoir of water vaper. RV, Reac-
tion vessel: SV, Sampling vessels; P, Circulation pump; R, Reservoir of
water vapor; .S’s, Constrictions; B’s, Breakable joints; V’s, Metal valves.
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system for preparing and introducing a gas mixture via respective traps
cooled at —78°C for preventing the catalyst from contamination by grease
and mercury vapor. The vacuum line could be evacuated to 4 x 10" mmHg
as measured by ionization gauge. The vacuum system, being connected to
another vacuum line, consisted of a gas buret, a mercury manometer and
gas reservoirs. Reaction system B was also connected to the above vacuum
line and system wia a trap cooled at —78°C.

Procedure: Three evaporated platinum films were used as catalyst (termed
catalyst I, Il and III, respectively), and were prepared as described in a
previous work”. Experimental procedure using reaction system A is as
follows. After the catalyst was prepared, mixture of CO, CO, and H, was
introduced into the reaction system except the reaction vessel through
constriction S;, the amount and the composition of the mixture being pre-
viously measured. After S, was sealed, water vapor was mixed with the
above mentioned mixture by opening breakable joints B/’s and circulated
in the system keeping it off from the reaction vessel; water vapor was
preliminarily introduced into the reservoir through a constriction wia traps
containing Au foil for removing mercury vapor after its amount was
measured by a gas buret. Constrictions S, and S, were now sealed and
the reaction was initiated by opening breakable joints B,’s, followed by
circulating the mixture through the reaction vessel. Total pressure of the
mixture was about 60 mmHg. The reaction was followed by sampling of
the mixture by sealing off sampling vessels one after another at constrictions
S¢’s.  After all the sampling vessels were sealed off, constrictions S,’s were
sealed off and then the reaction system was reconstructed. The second
run was conducted on the same catalyst, which was treated by evacuation
at the reaction temperature, by the same procedure described above.

The experimental procedure using reaction system B was simplified as
follows. After the catalyst was prepared, a gas mixture of CO, CO, and
H, was introduced into the reaction system through metal valve V,, the
breakable joints of a reservoir of water vapor opened and then the mixture
was circulated.

Sampled gases in part & of sampling vessels were analyzed gas chro-
matographically using an active carbon column of 1 m length at 50°C, to
determine the ratio [CO}/[CO,] of mole fraction of CO to that of CO,.
Mole fractions, [CO], [CO,], [H,] and [H;O] were determined by this ratio
and their initial compositions. Isotopic distributions in CO and CO, were
determined mass spectrographically as follows. The sampled gas in part
a of a sampling vessel was introduced into mass spectrometer (Hitachi,
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Model RMU 6) through a trap cooled with liquid nitrogen ; the peaks, m/
e =28 to 31, were resistered at 70 V of the ionization voltage. Carbon
dioxide collected in the trap was then introduced into mass spectrometer
by raising the temperature of the trap at —78°C after evacuating the residual
gases in the trap; the peaks, m/e=44 to 49, were resistered.

§ 3. Experimental results

3.1 Transfer of carbon and oxygen atoms traced by means of labelled CO,

The transfer of carbon atoms between CO and CO,, and that of oxygen
atoms among CO, CO, and H,0O were observed during reaction (1) by
simultaneous use of ®C- and "O-labelled CO,, using reaction system A.
Fig. 2 shows the time courses of reaction (1), [CO] ws. time. Catalytic
activity of the film seems to slightly decayed by repeating the runs since
the time course of the third run conducted at 430°C over catalyst II was

0.30

0.28

0.26

0.24

[COl]

0.22

0.20

0.18 L 1 [ 1 1
0 20 40 60 80 100

time (hr)

Fig. 2. Time courses of reaction, CO+H,;0=CO3+H,, [CO} vws. time.
Over catalyst 1: @, the first run (415°C). Over catalyst II: O, the
first run (450°C); &, the second run (410°C); [], the third run {430°C).
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near that of the second run at 410°C rather than that of the first run at
450°C. The activation energy of reaction (1), R7?dln V/dT, where V is the
net rate of (1), appears to be smaller than 20 kcal/mole as evaluated from
the initial inclinations of the first and second runs.

Fig. 3 shows the atomic fractions Y¢o and Yo, of *C in CO and CO,
and those Zgo and Zgo, of *O in CO and CO,, respectively, as a function
of [COJ] on the run at 451°C over catalyst I and on the first run (450°C)
over catalyst 1I. All the data observed are summarized in Table 1. Y,
is slowly increased and the material balance of ®C holds within experi-
mental error (ca.+1%) throughout the whole course of the reaction. Z
decreases rapidly at initial stage of the reaction, whereas Z., does not
increase so fast as compared with the decrease of Z.o,. The atomic fraction
of ®*O in H,O (Z; ) calculated from the material balance of O are shown
by dashed line in Fig. 3. Its values are rapidly increased at the initial
stage along with the rapid decrease of Zy,,. However, this line exceeds

o
w

©
n

o
¥

Zco

Atomic fractions of '°C and '%0

Yeo

028 026 024 028 026 024 022 020
mole fraction of CO mole fraction of CO

(a) (b)

Fig. 3. Transfer of carbon and oxygen atoms observed by means of
13C- and 180-labelled CO;. (a), Atomic fractions of BC and 180 in
CO and CO; vs. mole fraction of CO at 451°C over catalyst I and
(b), those at 450°C over catalyst 11.
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Reaction Reaction

temperature time [CO] [CO,]

°C) (hr)
Over catalyst [

0 0.297 0.226

2.0 0.294 0.229

6.0 0.285 0.238

4511 12.0 0.276  0.247

20.0 0.261 0.262

29.0 0.250 0.273

41.0 0230 0.293

Over catalyst I

0 0.295 0.225
4.0 0.286 0.234
10.0 0.278 0.242
450+ 2 18.3 0.267 0.253
(first run) 26.0 0253 0.267
37.3 0.240 0.280
61.3 0.216 0.304
85.0 0198 0.322
0 0.299 0.225
6.0 0294 0.230
15.2 0.291  0.233

4101
) 26.7 0.287 0.237

(second run)

48.9 0.271 0.253
73.0 0.259 0.265
97.5 0.248 0.276
0 0.301 0.225
6.0 0.299 0.227
150 0.289 0.237

4302
. 26.0 0.281 0.245

(third run)

39.0 0.275 0.251
63.4 0.260 0.266

89.5 0.242 0.284

[Hel

0.220
0.223
0.232
0.241
0.256
0.267
0.287

0.226
0.235
0.243
0.254
0.268
0.281
0.305
0.323

0.224
0.229
0.232
0.236
0.252
0.264
0.275

0.230
0.232
0.242
0.250
0.256
0.271
0.289

[H0O]

0.257
0.254
0.245
0.236
0.221
0.210
0.190

0.254
0.245
0.237
0.226
0.212
0.199
0.175
0.157

0.252
0.247
0.244
0.240
0.224
0.212
0.201

0.244
0.242
0.232
0.224
0.218
0.203
0.185

Yco

0.0113
0.0125
0.013,
0.015¢
0.018
0.0234

0.029;

0.011;
0.0124
0.014¢
0.017¢
0.0204
0.026,
0.038,
0.0499

0.011;
0.0115
0.0123
0.0135
0.015¢
0.018;
0.022,

0.0115
0.011,
0.0125
0.013,
0.013;
0.017,
0.0209

TaBLE 1. Observed data by means of labelled CO,

Yeo,

0.348
0.335
0.325
0.312
0.295
0.277
0.258

0.347
0.331
0.315
0.297
0.283
0.265
0.238
0.224

0.349
0.339
0.334
0.319
0.302
0.286
0.267

0.348
0.342
0.335
0.325
0.313
0.294
0.277

Zco

0.002;
0.0053
0.0184
0.027;
0.0663
0.0857

0.1005

0.002¢
0.017;5
0.047;
0.0744
0.099¢
0.107
0.1174
0.1174

0.002,
0.004;
0.0153
0.0333
0.064;
0.0885
0.103;

0.0024
0.0045
0.0163
0.034,
0.051g
0.083;
0.101,

Zy o expected from the simple exchange of O, which suggests
atoms are transferred to some species other than CO, CO, and

Zco,
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TaBLE 2. Redistribution of BC and **O in CO, during the
reaction, CO+H,0=CO,+1,, over catalyst Il

Reaction Reaction Mole fraction of

time Yco, Zco,

temperature (hr) CO, BCO, COBO BCOBO CBO, BCBO,
0 0.322 0.336 0.025 0.008 0306 0.003 0.347 0.326

(0297 0.158 0278 0.152 0.069 0.037)
4.0 0.409 0.245 0220 0.079 0.040 0.007 0331 0.196

(0.431 0214 0.210 0.105 0.026 0.013)

450°C

10.0 0.473 0.221 0.193 0086 0020 0.008 0315 0.168

(0474 0218 0192 0.088 0.019 0.009)
18.3 0.509 0.215 0.179 0076 0.016 0.006 0.297 0.149

(0.509 0215 0178 0.075 0.016 0.007)
0 0.322 0338 0.021 0.007 0.308 0.004 0.349 0.326

(0.296 0.159 0286 0.153 0.069 0.037)
6.0 0353 0290 0195 0046 0.113 0.003 0.339 0.237

(0.385 0.197 0.239 0.123 0.037 0.019)
410°C 152 0402 0.244 0.222 0.083 0.042 0.007 0334 0.202

(0.424 0213 0.215 0.108 0.027 0.014)
26.7 0.462 0.223 0.197 0.087 0.022 0009 0319 0.173

(0.466 0.218 0.195 0.091 0.020 0.010)
48.9 0.501 0.217 0.181 0.078 0.016 0.007 0.302 0.153

(0501 0.217 0.181 0.078 0.016 0.007)

Values in parentheses are those in equilibrium at the observed values of Yeo,
and Zco,.

may be reasonable to consider that O atoms are transferred to residual
water adsorbed on glass and OH group or oxygen atoms on glass. More-
over, it was observed that in the absence of the catalyst Z.,, decreases
rapidly but Zco, Yeo and Y¢o, are not changed and Z;, goes up to over
Zoo, similarly to the case in the presence of the catalyst.

The redistribution of *C and ®O in CO, observed simultaneously with
the transfers of “C and ®O is shown in Table 2, which shows that the
equilibrium distributions were attained in course of the observation; this
redistribution was also observed even in the absence of the catalyst.

In the following chapter, the transfer of carbon atoms between CO
and CO,, and the transfer of oxygen atoms from CO to CO, and H,O and
its reverse one are discussed on the basis of the theory of the stoichiometric
number determination of the rate-determining step; the transfer of oxygen
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atoms from CO, to the others, the transfer from I,O to the others and
the redistribution of ®C and O in CO, are not here referred to since the
occurrence of the transfer of oxygen atoms between CO, and H,O and of
the redistribution goes on in the absence of the catalyst.

3.2 Transfer of carbon and oxygen atoms traced by means of labelled CO

The transfer of carbon and oxygen atoms were observed by simulta-
neous use of "CO and C®O during reaction (1) over catalyst III, using
reaction system B. The atomic fractions, Yo, Yco, Zco and Zgo, are
shown as a function of [CO] in Fig. 4 and their numerical values are
summarized in Table 3. Z.o is rapidly decreased as compared with Yo
whereas Zy, is not increased so fast, which indicates that O atoms are

o o
W H
T ]

Atomic fractions of '3C and '80
o
N

o

Zco,

0.22 020 018 0Ol 014 0.2
mole fraction of CO

Fig. 4. Transfer of carbon and oxygen atoms observed by means of
1BCO and CBBO at 410°C over catalyst III, atomic fractions of 13C
and B0 in CO and CO; vs. mole fraction of CO.
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TABLE 3. Observed data by means of labelled CO at
410°C over catalyst 1L

ferein M (CO1 [COJ (M) O] Yeo Yoo, Zeo  Zeo,
r
0 0235 0218 0227 0320 0476 0011 0475 0.002
21 0229 0224 0233 0314 0473 0020 0.439 0.010
20.0 0197 0256 0.265 0282 0463 0096 0.240 0.068
43.1 0159 0.294 0303 0244 0449 0139 0138 0.090
67.0 0133 0320 0329 0218 0428 0.170 0106  0.092

109.0 0110 0.343 0352 0195 0387 0204 0.093 0.089

TaBLE 4. Redistribution of *C and *O in CO during the reaction,
CO+H,;0=CO0;-+H,, at 410°C over catalyst III

Reaction time Mole fraction of

13 18 13C18 Yoo Zeo
() €O PCOgROEeBO
0 0.057 0.468 0.467 0.008 0.476 0.475
0.275 0.250 0.249 0.226)
11 0.116 0.435 0.411 0.037 0.473 0.448
(0.201 0.261 0.236 0.212)
21 0.142 0.419 0.384 0.055 0.473 0.439
(0.296 0.265 0.231 0.208)
20.0 0.408 0.352 0.129 0.111 0.463 0.240

(0.408 0.352 0.129 0.111)

Values in parentheses are those in equilibrium at the observed values of Yco
and Zco.

transferred mainly from CO to H,O. Zy, calculated from the material
balance of O is increased beyond Zg, similarly to Z.,, as described in the
preceding section. The redistribution of ®C and ®O in CO is shown in
Table 4, which shows that the equilibrium distributions were attained at
early stage of the observation.

§4. Discussion

4.1 Application of the theory of the stoichiometric number determination
of the rate-determining step

We now discuss the unidirectional rates of transfer of carbon atoms
between CO and CO,, and those of oxygen atoms among CO, CO, and
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H.O on the basis of the theory of the stoichiometric number of the rate-
determining step. It is assumed that transfer of both atoms occurs by the
following scheme, which consists of not all but a part of the constituent
steps of reaction (1):

I
1I — X, — CO,, )
Hzo '\_—AXd !

where X, X, and X, are intermediates adsorbed on the catalyst which
comprise carbon and/or oxygen atoms. Molecules and intermediates not
comprising carbon nor oxygen atoms are not expressed. Oxygen atoms
are assumed to be transferred from CO to X, from H,0O to X; or from
X, to CO, by respective consecutive steps (termed path I, II or III, respec-
tively). Intermediate X, is assumed to react with X; through step & to
result in intermediate X,. Carbon atoms are assumed to be transferred
exclusively through path 1, step 4 and path III

Transfer of carbon atoms between CO and CO,

Let us denote the forward and backward unidirectional rates of transfer
of carbon atoms traced by ®*C by V,. and V_, respectively, the unique
rate-determining step being step & or one of the steps of path 1 or III.
We have then®,

V—H‘/V-c = 'U+7./'v_,. > ( 6 )

where v., and v_, are the forward and backward unidirectional rates of
the rate-determining step. The net rate V of reaction (1) and rate of de-
crease or increase of C atoms in CO, or CO are expressed, respectively, as

V=V, —V_,=—dNy/d¢ (7)
and
”"d(NCO Yco)/dt = 7COV+(~_‘ Ycon—e = d(Ncozyco)/dt s ( 8 )

where N;(i=CO or CO,) is the number of molecules 7 in the system. We
have from Eqgs. (7) and (8)

Vil Vee =14+ (Yeo— YCO) din Neo/d Yo
=1+(Yco— Yo, dIn [COJ/d Yo 9. 1)
or

Vo/Vie=1 +(Yr02— "co) din [CO,]/d YCO2 . C 9.2

The stoichiometric number v, of the rate-determining step is determined by®
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v,=—AG/RTIn (V../]V_.), - (10)
where —4G is Gibbs free energy decrease of reaction (1), which is ap-
proximated by ‘

—4G = RTn {K[CO] [H,0]/[CO,) [HZ]} , (11)

*)

where K is equilibrium constant of reaction (1)
In Fig. 5(a), —4G/2.3RT is plotted against log (V,./V_.), both of which

L.2F 2 - 2
o A O e
1o} ® 5t zg'f'
o) _
— = > !
x osl slope=1.4 i o
) ®
o o slope=1.0 o
N
Cg 0.6 -
| slope=1.2 ®
0.4+ -
(a) (b)
0.2F k
0.2 04 06 08 1.0 0 0.2

log Vac/ Vo¢ log Ri3

Fig. 5. Determination of the stoichiometric number of the rate-
determining step. (a), —4G/2.3 RT vs. log Vie/V-c traced by
1BC: (b), —4G/2.3 RT wvs. log Ry traced by 120.

Over catalyst I: @, the first run (451°C).

Over catalyst II: ©, the first run (450°C); 4, the second run
(410°C); [[1, the third run (430°C).

Over catalyst 1Il: &), the first run (410°C).

%) . Equilibrium constant K was calculated from the data by KANEKO and OKI¥ as
log K =0.93 at 450 and 451°C, 1.02 at 430°C and 1.11 at 410°C.
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are evaluated from the data shown in Tables 1 and 3, by Egs. (9.1) and
(11). According to Eq. (10) we see from the figure that v, observed is close
to unity (but scattered between 1.1~1.3).

Transfer of oxygen atoms among CO, CO, and H,O

The present author® has previously discussed isotopic exchange among
three species on the basis of a scheme similar to (5). This method is now
applied to the transfer of oxygen atoms. The net rate V of reaction (1)
and rates of decrease or increase of ®*O atoms in CO, H,O and CO, are
expressed as

V= (Vi Vi) = (Vi + Vi)
= (V21 + st) - (Vlz + Vsz)

(12.1)
(
={(Via+ V)= (Var+ Vi) /2 (12. 3)
(
(
(

12.2)

13.1)
13.2)
13.3)

—d(NcoZoo)/dt = (Vi + Vis) Zeo— V21ZH20_ VSIZ()Oz
—d(NHZO ZHEO)/dt =(Vu+ Vza) ZH,O —Vilco—Vy Zco2
2d(Neo,Zco )/dt = VisZoo+ Vs Zyo— (Vi + Vi) Zoo,

where V;; (4,7=1,2 and 3) is the unidirectional rate of transfer of oxygen
atoms from M, to M, (where M,, M, and M; are CO, H,O and CO,, respec-
tively), which is specified by the rate of increase of O atoms in M, under
the conditions that the atomic fraction of ®O in M, is unity and those of
the other two are zero.

As oxygen atoms were transferred between CO, and H,O also in the
absence of the catalyst, both the rate of increase (or decrease) of ®*O atoms
in CO, and that in H,O are undetermined but that in CO gives information
upon the unidirectional rates of the constituent steps as follows. We have
from Egs. (12.1) and (13.1)

Ry = (Vi + Vi) (Vau+ Vi)
== 1 +(ZCO—ZCO) (ch()/dt)/{Nco dZCO/dt+(ZCOZ_ZIIZO> V21} ’

(14)
where R, is the ratio of the total forward rate of oxygen atoms transferred
from M, (viz.,, CO) to the other two to its reverse total rate. Under the
experimental conditions shown in Table 1 or Table 3, i.e. dNy/d£<O,

dZCo/dt>0 and ZCO<ZCO >ZH K or dNCO/dt<O dZCo/dt<0 and ZCO>ZH 0>
Zco, Eq. (14) assumes the form,
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+(Zeo—Zco,) AInNeo/dZeo = 14+ (Zeo—Zeo,) din [COY/dZeo -
(15)

The second member R;; of the above relation gives the upper limit of R,
which can be evaluated from the last member of (15) with the experimental
data shown in Tables 1 and 3, its values being plotted against —4G/2.3RT
in Fig. 5(b). We see from the figure that R;; is close to unity. According
to the previous discussion® R, gives wv,,/v_, of the rate-determining step
in case where one of the steps of path I or step & is rate-determining or
is close to unity in the other cases™. It is clear from Fig. 5(b) that R,
does not give v, [v_,, so that R, is concluded to be close to unity.

The rate-determining step

It was concluded from the observation of the transfer of carbon atoms
traced by “C that v, was close to unity. This indicates that the rate-
determining step consists in step & or one of the steps of path I or III
and its stoichiometric number is unity. The transfer of oxygen atoms as
traced by O, i.e. Rx1, on the other hand, shows that the rate-determining
step consists in neither step & nor the steps of path I, but leads to the
conclusion that the rate-determining step consists in one of the steps of
path III with its stoichiometric number unity.

4.2 Discussion of scheme (3)

We now discuss reaction scheme (3) on the basis of the present results
incorporated with the previous ones®®. The present results shown in the
preceding section lead to the conclusion that step 4 or 5 of scheme (3) is
rate-determining. We now infer which of step 4 or 5 is rate-determining
from the rate equatlon {2).

*) The rate ratio R1 ( (Vlz—i- Vi) Var+ Va1)) was expressed in terms of the forward and

‘ backward unidirectional rates of the atoms (i.e. oxygen atoms in the present discus-
sion) transferred by step b, path I, II and III, which were denoted by V4; and V_;
(=5, 1, 2 and 3, respectively). It was shown that R; is reduced to simple forms, 7.e.
rate ratios, as shown below in the presence of the rate-determining step.

one of the steps of
rate-determing step - step b
path I path II path III

Ry ViV 1 1 Vio/Vos

This table shows that R; equals v4,/v—, in case where step & or one of the steps of
path I is rate-determining or is close to unity in the other cases.
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Suppose that step 5 is rate-determining and under the previous experi-
mental conditions (where partial pressure of water vapor was ca. 6x 107
mmHg) the net rate —V is approximated by v_; of the backward unidirec-
tional rate of step 5 expressed, according to the absolute rate theory de-
veloped by HoriuTi®, as®

—_ V pu— (kT/h) N#(5)04—~(5)(O) q$(5) CCOZ/QCO2 , (16)

where £7T/h is of usual meaning, N*® the number of the site ¢*® for the
critical system =(5) of step 5, #*®(0) the probability that the site ¢*® is
unoccupied, ¢*® the Boltzmann factor of the reversible work required to
bring a critical system =+(5) from its standard state onto a definite ¢*®,
preliminarily evacuated, to form a critical system =(5) there, Q¢: the
partition function of a single CO, in unit volume and C°: its concentration.
Let us consider whether the rate equation (2) can be reproduced from Eq.
(16) or not. The amount of CO,(a) does not presumably vary along with
varying C: because of the rate-determining step of step 5, so that §*®{0)
and ¢*® may not vary along with varying C°: so much as the reaction
order with respect to CO, is reduced to the observed value 0.6. The reac-
tion order with respect to H, found to be 0.5 cannot be drawn from Eq.
(16) unless the attractive interaction of the critical system ==(5) with adsorbed
hydrogen atoms is assumed.

Supposing that step 4 is rate-determining alternatively, the net rate
—V is approximated by v_, of the backward unidirectional rate of step 4
and expressed, taking into account the partial equilibria of steps 5 and 6, as™

_— V o (kT/h) N*(‘l)a#“)(o) q4=(4) CCOZ(CHZ)I/Z/QCOZ(QHZ)L’Z , (17)

where superscript =(4) signifies the critical system of step (4. The amount
of CO,(a) may be increased along with increasing C°®: through step 5 in

*)} According to the absolute rate theory developed by HORIUTI®, the forward and back-
ward unidirectional rates of step s, v4+s and v_s, are expressed as

Vis = (kT/h)P¢(3)/PI(-!) and v-s = (kT/h)P=F(8)/PF(~3) s (1), (i1)

respectively, where p? is the Boltzmann factor of the chemical potential p?, superscripts
=+(s), I(s) and F(s) signifying the critical system, the initial and final systems of step
s, respectively. p+(® is expressed in case of a heterogeneous elementary reaction as
PO =N+® g+ (0) g+ and p’ of a dilute gas ¢ as p?=Q¥/C?, i.e. pF®) =pC0,=CO,/
CCO; in the above discussion, hence we have Eq. (16).

#*) Eq. (17) is derived from the equations shown in the above footnote: pF“ in Eq. (ii)
is expressed, taking into account the partial equilibria of steps 5 and 6, as

P = pCOL(R) pH(a) = pCO,(pHL)I/2 = ((JCO,/(CO,) (QH./(CH,)1/2
and p+¥®) = N*=L g+ (0)g+W), hence we have Eq. (17). (Cf. Ref. 3)
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partial equilibrium. Taking into account the repulsive interaction of the
critical system =+(4) with CO,(a), ¢** may be decreased along with increas-
ing C°: to reduce the reaction order with respect to CO, from the first
order to 0.6 in accordance with the observation. It is hence plausible that
step 4 is rate-determining than step 5 is.

4.3 Reaction schemes other than (3)

We first discuss a simple reaction scheme, i.e.

—CO; (18.a)

on the basis of the results shown in section 4.1. The result of the transfer
of carbon atoms traced by “C shows that step 1 or 5a is rate-determining.
According to the previous discussion®, the rate ratio R, gives v, /v_, in
the case where step 1 or 5a is rate-determining or is close to unity in the
other cases®. The result of the transfer of oxygen atoms traced by 0, i.e.

R,=1, is not compatible with the former result, so that scheme (18.a) is

ruled out.
We next discuss the following two reaction schemes, i.e.

1
CO = CO(a)] 3b 5
%b (O(a) (7 CO:a)—C0; (18. b)

H,0—
: |2H(a) «<———~H,

and

1 5
CO — CO(a)] 3¢ [CO,(a) ~— CO,

Ho 2. 0HG! T G | 5
[H (@) eeeremmreesne |

The results shown in section 4.1 leads to the conclusion that step 5 is
rate-determining in the cases of both schemes. Assuming that step 5 of
scheme (18.b) or (18.¢) is rate-determining, the rate equation (2) may not
be drawn from the backward unidirectional rate of step 5, as discussed in
the preceding section. Therefore, it is inferred that schemes (18.b) and
(18.c) are less plausible than scheme (3).

(18. ¢)
H,

*) The table shown in footnote on p. 97 holds in the case of scheme (18.a) except for

the column of path 1II.
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§ 5. Conclution

The theory of the stoichiometric number determination of the rate-
determining step gives the criteria to determine whether any reaction
scheme is reliable or not and which step of an adopted reaction scheme
is rate-determining. So far we discussed, on the basis of the theory, the
transfer of carbon atoms between CO and CO,, and that of oxygen atoms
among CO, H,0O and CO, which are accompanied by reaction (1), The
former leads to the conclusion that the rate-determining step consists in
any constituent step of the transfer of carbon atoms and its stoichiometric
number is unity. From the latter we see that the ratio, R,=(V,+ V)
(Var+ Vy), of the total forward rate of transfer of oxygen atoms from CO
to CO, and H,O to its reverse total rate is close to unity, which implies
that the rate-determining step is neither step & nor any steps of path I
in scheme (5). It follows that one of the steps of path III in scheme (5)
is rate-determining, and in consequence step 4 or 5 in scheme (3) is rate-
determining. It is plausible that step 4 is rate-determining as referred to
the rate equation (2) observed under the conditions where reaction (1) pro-
ceeds reversely. Other schemes, e.g. schemes (18), are less plausible than
scheme (3). It is hence plausibly concluded that reaction (1) consists of
the sequence of steps of scheme (3) with rate controlled by step (4)
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