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The water—gas shift reaction over an industrial ferrochrome catalyst (ICI 15-4) was studied by
transient experiments in a gradientless spinning basket reactor at 563-638 K and atmospheric
pressure. The responses of CO, CO,, and H, were measured after step changes at the reactor inlet.
The stationary kinetics were described with a first-order rate expression with respect to CO. The
rate constants were determined at four temperatures. The CO, responses followed approximately a
first-order behavior, whereas the dynamics of the H, liberation was always slower than the CO,
evolution. Hydrogen formation was retarded by H,O pretreatment of the catalyst. Two characteris-
tic values of the total oxygen transfer through the catalyst were determined from the CO, and H,
responses, corresponding to the catalyst pretreatments with the reactive gases (CO and H,0) and
with H,O. The transient responses were modeled with a reaction mechanism involving rapid water
adsorption and slow CO interconversion and H, desorption steps. The kinetic parameters of the
simplified dynamic model were determined by regression analysis. The shift reactor start-up and

shut-down could be predicted by the dynamic model developed.

INTRODUCTION

Chromia-promoted magnetite is fre-
quently used to catalyze the water—gas shift
reaction

CO + H,0=2C0O; + H, (§9)

in industrial processes (/). Several publica-
tions (2-9) concern the stationary kinetics
of the reaction. These kinds of investiga-
tions, in spite of their usefulness in reactor
analysis and design, cannot give very much
information about the elementary reaction
steps proceeding on the catalyst surface.
Insight into the reaction mechanism can be
obtained by isotopic exchange experiments
under equilibrium conditions or by tran-
sient experiments studying the reactor
start-up and shut-down after different cata-
lyst pretreatments.

Boreskov and co-workers (/0) studied re-
action (1) dynamically by measuring sepa-
rately the catalyst oxidation and reduction
rates. Oki and co-workers (77-13) used iso-
tope labcling to elucidate the reaction
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mechanism. Recently the dynamic studies
have been continued by Tinkle and Dume-
sic (/5) and by the present authors (16). We
reported (16) preliminary results from reac-
tor start-up studies after different catalyst
pretreatment procedures and Tinkle and
Dumesic (/5) published the results of iso-
topic exchange experiments and proposed a
model for the reaction mechanism. The key
point in the discussion concerning the reac-
tion mechanism is whether the reaction
proceeds through a regenerative (oxida-
tive—reductive) (5, 10, 15, 16) or an adsorp-
tive (11-13, 15-16) pathway. In the present
work the results of the transient experi-
ments are analyzed by systematic modeling
to obtain a discrimination between different
reaction mechanisms, to estimate rate pa-
rameters, and to obtain guidelines for pre-
diction of the dynamics of shift reactors.

EXPERIMENTAL

A commerical ferrochrome catalyst (ICI
15-4) was used in all the experiments. The
pellets were crushed and sieved to particles
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with diameters between 0.6 and 1.0 mm,
Reagent-grade gas containing 8.05% CO in
N; obtained from AGA Ab was used as re-
ceived. Distilled and ion-exchanged water
was fed to the reactor with an HPLC pump.

The reactor was a gradientless spinning
basket reactor from Autoclave Engineers
Inc. with an empty volume of 345 ml. The
mass of the fresh catalyst was 32.2 g. The
gases were fed through a preheater to the
reactor. A condenser working at 273 K was
placed at the reactor outlet for separation of
unreacted water. The outlet gas was ana-
lyzed with a gas chromatograph equipped
with a TC detector and a packed Chromo-
sorb 102 column. Nitrogen was used as car-
rier gas instead of He to obtain good sensi-
tivity for H,. CO, and H, were analyzed
chromatographically, whereas the CO con-
tent of the product gas was determined by
an IR analyzer. An automatic microcom-
puter-based data acquisition system was
developed for collection and processing the
large body of transient data. The experi-
mental equipment is described in detail in
our previous paper (16).

The kinetic experiments were performed
at four temperatures (563, 592, 624 and 638
K) in random order at atmospheric pres-
sure. The molar ratio between inlet H,O
and CO was varied approximately from 2 to
12. The reactor space time was typically
about 1.6 min. The transient experiment
was continued until the reactor steady state
was achieved with certainty (about 1 h) in
order to measure also the stationary reac-
tion rate. The transient experiment was
started either by switching the N, flow to a
CO/N,/H,0 flow or, after a water pretreat-
ment, by switching the N,/H,0O flow to a
CO/N,/H,0 flow. Typical transient experi-
ments are illustrated in Fig. 2.

RESULTS AND DISCUSSION

Physical investigations of the fresh and
the used catalysts, namely low-temperature
nitrogen adsorption and SEM studies,
showed that no sintering or other loss of
surface area occurred during the kinetic ex-
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TABLE 1
Catalyst (ICI 15-4) Properties and Reactor
Parameters
Catalyst density (p.) 398 gcm™3

Catalyst surface area (o) 108 m2 g~!

Catalyst monolayer capacity 0.82 cm® N, (1 atm, 273 K)
Catalyst mass in reactor 332g

Reactor volume 345 cm?

Reactor space time (1) 1.4-1.8 min

Void fraction (g) 0.98

periments. ESCA analysis verified the co-
existence of di- and trivalent iron on the
catalyst surface. The physically determined
catalyst properties are given in Table 1.

The stationary and step response experi-
ments are used for quantitative modeling of
the shift reaction. The material balance
around a gradientless spinning basket reac-
tor can be written as

dx/d® = —(x — xg)/e + Ar Q)
dc*/d® = Tr* (3)

where x and ¢+ denote the mole fractions of
the gas-phase components and the concen-
trations of adsorbed surface intermediates,
respectively. Other quantities are as de-
fined under Nomenclature. At steady state
the time derivatives in Egs. (2) and (3) dis-
appear. The stationary reaction rate can
thus be calculated from

r(x, k, K) = (x — xp)/(Ae), “4)

where k and K denote the rate and equilib-
rium constants of the elementary steps.

Stationary Kinetics

The steady-state reaction rate was ob-
served to be proportional to the carbon
monoxide concentration, whereas it was
practically independent of the water con-
centration. A suitable trial function for de-
scription of the steady-state behavior is
therefore the simple first-order rate law

rco = kcoxcoP(1 — B), )]

where P is the total pressure and B is a
factor to account for the effect of the re-
versible reaction; 8 = xco,xu,/(Kxcoxu,0).
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F1G. 1. The dependence of steady-state reaction rate
(r' = r/(1 — B), Eq. (5)) on the partial pressure of CO at
563 K (O, M), 592 K (A, A), 624 K (x, @), and 638 K
(O, @). Open symbols (O, A, *, O) denote water pre-
treatment.

The temperature dependence of the equilib-
rium constant (K) is given by Moe (4). The
test plots of the rate data obtained at four
temperatures are shown in Fig. 1. The va-
lidity of the rate expression (5) at the actual
concentration range is obvious. The pre-
treatment of the catalyst with water did not
affect the stationary reaction rate, as can be
seen from Fig. 1. The rate constants com-
puted from Eq. (5) with regression are
listed in Table 2.

There appears, however, to be a discrep-
ancy in attempting to fit the constants to the
Arrhenius law: the Arrhenius plot is bent
when approaching the highest temperatures
(624 and 638 K). Two principal explana-
tions are possible: either the constant kcq is
not a fundamental kinetic constant but a
lumped parameter or the reaction rate is in-
fluenced by diffusional resistances at the

TABLE 2

First-Order Rate Constants
according to Eq. (5)

T (K) 108 ko
(mol m~2 min~!' atm™!)
563 1.38
592 4.92
624 8.79
638 10.40
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higher temperatures. An estimation of the
activation energy from rate constants ob-
tained at 563 and 592 K gives E, = 122 kJ/
mol which is in accordance with the values
given by several previous authors (7, 9, 17—
20). On the other hand, much lower values
for the activation energy have been re-
ported (4, 21). Those results were, how-
ever, obtained from experiments performed
at temperatures up to 670 K. Our results
probably incorporate the contradictory ob-
servations of the previous investigators. In
order to give a further explanation of the
observed stationary kinetics it is necessary
to analyze the transient behavior of the sys-
tem.

General Characteristics of Step
Responses

Three basic types of step response were
observed. The response types are shown in
Fig. 2, where the mole fraction x is plotted
against ®, the dimensionless time t/7. A
common feature in all responses is the
slower liberation of H, than that of the CO,
formation. If the catalyst was pretreated for

0.05
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F1G. 2. The principal types of transient experiment.
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a short time (15 min) with the reaction mix-
ture (CO, H,0, N,) (Fig. 2b) or for a longer
time (1-2 h) with water (Fig. 2¢) a mono-
tonically increasing response of CO, was
observed. If the experiment was started di-
rectly after a N, exposure a slight over-
shoot appeared in the CO, response (Fig.
2a). This type of response was not very
easy to reproduce; it was probably due to
the partial reduction of the catalyst during
the transient, i.e., the formation of CO,
from CO and lattice oxygen. The responses
in Figs. 2b and 2¢ have the same form; the
retardation of hydrogen evolution is, how-
ever, much more apparent after the water
exposure (Fig. 2¢). During the water pread-
sorption period small amounts of hydrogen
(xH,max = 0.003) were always liberated, as
can be seen in Fig. 2¢. The number of sur-
face sites covered by oxygen obviously in-
creased during the water pretreatment,
whereas the number of sites for water ad-
sorption and cleavage decreased. These ef-
fects caused the retardation of the hydro-
gen evolution when the shift reaction was
started. At the reactor shut-down the decay
of the CO, response was always faster than
the decay of the H, response.

Oxygen Transfer through the Catalyst

The difference between CO, and H, re-
sponses is used for estimation of the oxy-
gen transfer through the catalyst. This eval-
uation can be made without assuming any
particular reaction mechanism for the shift
process. The net rate of oxygen transfer is
equal to the difference of the formation
rates of H, and CO;:

Fco,- (6)

Equation (6) is inserted in the material bal-
ance (3) giving

dc*old® = 7(ru, — rco,) 7

which is integrated from ® = 0 to ® = «
(steady state) to obtain the total oxygen
change, Ac#*g. The rate difference ry, — rco,
can be computed from the material bal-
ances:

r¥g = ry, —
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FiG. 3. The total surface oxygen change (AQ) deter-
mined from experiments with (A) and without water
pretreatment (OJ).

rg, — rco, = (dtz/d(E‘) - dxCoz/d@)
+ (.X'H2 - XCOZ)/S)/A. (8)

The integral of Eq. (8) is represented by
. ru, = reoad®

N f: (xn, = Xco,)/(A8)d® (9)

because [7 dxy, — [§ dxco, = 0; x denotes
here the steady-state mole fractions of H,
and CO,, which were equal in every experi-
ment. The operative form for computation
of the oxygen change can thus be written as

—Ac*q = Pl(op(l — &)RT)
[ ceo = xu)a®. (10)

The numerical integration of the experi-
mental responses gave the results plotted in
Fig. 3. Two typical levels of Ac*g are ob-
served, approximately 3.7 x 10~7 and 0.98
x 1077 mol/m? corresponding to the experi-
ments with and without water preadsorp-
tion. These surface oxygen changes repre-
sent 3.3 and 0.88% of the monolayer
capacity determined by nitrogen adsorption
at 77 K. The surface oxygen change seems
to be independent of the concentrations of
CO and H;O at the actual experimental re-
gion. The oxygen change is also practically
independent of the temperature as can be
seen from Fig. 3.

Hydrogen was liberated during the water
preadsorption period, which implies an in-
crease in the oxygen content of the cata-



WATER-GAS SHIFT REACTION

lyst. If the hydrogen response during the
preadsorption is integrated (area A in Fig.
2¢) and this area is subtracted from the inte-
grated difference between the CO, and H,
responses (area B in Fig. 2¢) the result
should be the integrated difference between
CO, and H, obtained from the correspond-
ing experiment without water pretreatment
(area C in Fig. 2b). Calculations showed
that this hypothesis could be confirmed at
least qualitatively; difficulties arose in inte-
gration of the H, response during the pread-
sorption period since the detection limit of
H, was approached. The results indicate,
however, that the catalyst had approxi-
mately the same initial state before the ex-
periments, i.e., before starting the shift re-
action (Fig. 2b) or water adsorption (Fig.
2¢).

Reaction Mechanisms

The first-order steady-state kinetics, the
principally identical forms of step re-
sponses within the experimental domain,
and the independence of the total surface
oxygen transfer of the steady-state gas-
phase composition indicate that the same
reaction mechanism is valid in the investi-
gated range of temperatures and concentra-
tions. Two different pathways have been
proposed for the high-temperature water—
gas shift reaction: a regenerative (5, /0)
and an adsorptive (//-13) pathway. These
mechanisms are thoroughly discussed in
our previous publication (/6). Recently
Tinkle and Dumesic (/5) suggested a mech-
anism combining adsorptive and regenera-
tive reaction steps. The adsorptive mecha-
nism of Oki and co-workers (/1-13) was
criticized by us (16) because it would pre-
dict an increase in the hydrogen liberation
rate after water preadsorption, whereas we
observed a decrease in H, evolution rate
after water exposure. On the other hand,
OKi et al. suggested (/1-13) that hydrogen
desorption might be a slow reaction step
which is consistent also with our data. The
regenerative mechanism of Shchibrya and
co-workers (5)
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CO+ 0x2CO, + *

H20+*(—H2+O* (11)

would predict the retardation of the H, re-
sponse after a H,O exposure, because va-
cant sites (*) are oxidized by water. It has,
however, later been proved (22) that reac-
tive components (CO, CO,, H,0) adsorb on
the catalyst under the reaction conditions.
The independence of the reaction rate of
the water pressure also suggests a rapid ad-
sorption step for H,O, whereas the water
cleavage and hydrogen desorption steps are
rate determining in hydrogen evolution. We
therefore proposed (16) the following
mechanism for the shift process:

CO + 0%y 2 COy(*)3 D

COx(*); 2 COy + (), (1D
H,0 + (¥); 2 H,0(%), (1D
H,O(*); + (¥); + ()2 & 2H(*), + O(%),
(Iv)
2H(#) 2 Hy + 2(%); (V)
(12)

where (*); and (*), denote different sites for
CO and H,O adsorption. The adsorption
step (ITI) is assumed to be rapid, whereas
the other steps are slow, thereby control-
ling the formation of CO, and H;. The
mechanism suggested recently by Tinkle
and Dumesic (15) can be written as

CO + (%) 2 COy(*), ey
COx(*); 2 CO; + (), (1D
H,0 + (); 2 H,0(*), (111) (13)
H,O(*); + (), 2 2H(*), (Iv)
2H(*) 2 H; + 2(x)2 (V)

The water adsorption (III) and cleavage
(IV) steps were assumed to be fast. The
sites denoted by (*), contain a surface oxy-
gen. The stmilarities of mechanisms (12)
and (13) are obvious: both models predict
a reactive adsorption of CO and CO; with
an indistinguishable surface intermediate
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[CO;(*),], a fast adsorption of H,O, and a
slow associative desorption of hydrogen.
The difference between (12) and (13) ap-
pears only in the interconversion step of
water (step IV in Eqgs. (12) and (13)). Tinkle
and Dumesic (/5) give a reasonable expla-
nation for the chemical character of the
sites (*); and (), in (13): (*), represents a
metal oxide site with surface oxygen,
whereas (*); denotes the same site without
oxygen, and CO,(*), is a bidentate carbon-
ate. The essential feature in both mecha-
nisms (12) and (13) is the blocking of vacant
sites by adsorbed H,O and hydrogen. On
the other hand, the validity of the first-or-
der stationary reaction rate expression (5)
suggests that the conversion of CO is the
slowest reaction step and that the change of
the surface oxygen capacity during the re-
action is minor.

Modeling of CO; and H, Responses

Mechanisms (12) and (13) involving five
elementary steps contain too many parame-
ters to be determined simultaneously. We
shall therefore proceed toward the simplest
possible model for description of the ob-
served transient responses. Since the sum
of the CO and CO, responses behaved al-
most like an inert tracer during the tran-
sients, as shown in the previous paper (/6),
the adsorption of CO and CQ, is assumed to
be negligible compared to the adsorption of
water. It is further assumed that the surface
oxygen content is large compared to the
number of vacant sites and that the revers-
ible reaction is negligible [(1 — 8) in Eq. (5)
is close to 1]. The steps for CO, formation
are thus simplified to

CO + Ox — CO, + * (14)
The reaction rate of CO, is
rco, = —rco = kxcoPc*o, (15)

where kc*g is approximated by k;, a first-
order rate constant. After (15) is inserted in
the material balances of CO and CO, the
simple models (16) and (17) for CO and CO,
responses are obtained:
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Xco = X()Tl(l - exp(—@)/frl)/s (16)
xco, = Xo(1 — exp(—0/e)
- (1 — exp(—O/m))e), (A7)

where x; is the inlet mole fraction of CO
and 7, is a time constant defined as 1/7, = 1/
e + Ak;. It should be pointed out that Eq.
(17) cannot be valid at the highest tempera-
ture (638 K) because of the increased influ-
ence of the reverse reaction steps on the
rate. Model (17) is fitted to the responses
obtained at 563, 592, and 642 K. An exam-
ple of the data fit is given in Fig. 4 where
two pairs of CO, responses with different
pretreatments are shown. The numerical
values of the rate constants k; were ob-
tained by estimation of 7, in Eq. (17) using
25 successive data points from the transient
responses. The values of the constants are
listed in Table 3. The constants estimated
from separate experiments with different
CO and H,0 partial pressures agree well
with the first-order rate constants deter-
mined from stationary kinetics (Table 2).
According to the assumed mechanism
(14) the constants estimated from experi-
ments with water pretreatment should have
slightly higher values than the constants ob-
tained from the corresponding experiments
without water exposure, because the num-
ber of oxygen-containing sites, O, is in-

0.02

o] 5 10 15 20

25 8

Fi1G. 4. Experimental and estimated (Eq. (17)) step
responses of CO, at 592 K, experiments 7, 8, 11, and
12 (Table 3). Open symbols denote water pretreatment
before reactor start-up. ® is the dimensionless time
parameter, t/7.
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TABLE 3

Rate Constants &, for CO, Formation Determined
from Transient Data

Exp. T  xuo0lxcoo Water pre- 108 &,

No. (K) treatment® (mol m~?
min~' atm™")

1 563 11.9 - 1.77

2 563 11.9 + 1.21

3 563 7.9 - 1.28

4 563 4.5 — 1.29

S 563 1.9 - 1.45

6 563 2.0 + 1.19

7 592 11.9 - 3.79

8 592 11.9 + 4.81

9 592 7.9 + 3.81

10 592 4.5 + 3.73

I 592 1.9 - 3.79

12 592 1.9 + 4.26

¢ +, pretreated; —, not pretreated.

creased during water treatment. The CO,
responses, however, are quite rapid, and
the differences between the responses are
too small to be systematically observable in
the constants given in Table 3. In most
cases the initial rate of CO, formation was
in fact slightly greater in experiments with
water preadsorption. The good overall fit of
the first-order rate law for CO, evolution
suggests that the change of surface oxygen
is small during the transient period;i.e., the
number of oxygen containing sites (O%) is
large compared to the number of vacant
sites (*).

For water cleavage and hydrogen desorp-
tion processes three rival mechanisms are
considered. The simplest one consists of

only one reaction step:
H,O0 + *—> H, + Ox (18)

If water is assumed to adsorb on the cata-
lyst, but the hydrogen adsorption is negligi-
ble, the conversion occurs in two steps:

H,0 + * 2 H,0x (fast) (D
H,O0x — H, + O+ (slow) (II) (19)

This form of H,O interconversion mecha-
nism was used by Tinkle and Dumesic (15)
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for derivation of a steady-state rate equa-
tion.

If also H; 1s adsorbed on the surface a
three-step mechanism can be written as

HzO + x 2 Hzo* (fast) (I)
H,O0* + O « 20H* (fast) (I)
20H* — H, + 20+ (slow) (III)
(20

Each of Eqgs. (18), (19), and (20) can be
combined with Eq. (14) to give a complete
mechanism for the shift reaction. The effect
of the reversible reaction is neglected in the
slow steps, since the model will be applied
only to the data obtained at the lowest tem-
peratures.

Mechanism (18) gives the rate of hydro-
gen evolution,

ra, = kaxu,oPL(1 — 6o), (21

where 1 — 05 = 6, gives the fraction of
oxygen free surface sites and L is the sur-
face sorption capacity (in mol/m?).

Mechanism (19) gives a rate expression
with a weaker dependence on water pres-
sure than mechanism (18), because water is
assumed to be strongly adsorbed on the sur-
face. The fraction of water on the surface is
calculated from the fast step (I) in (19). The
fraction of vacant sites can be expressed
with the fraction of oxygen sites using the
site balance:

6V = (1 - 00)/(1 + KHZOPXHZO). (22)

The hydrogen formation rate is determined
by step (II) in Eq. (19):

ra, = ko LOu,o = ko LKp,0Pxy,o(1
— 00)/(1 + Ky,oPxuo). (23)

If the partial pressure of water is high, Eq.
(23) can be approximated by

rH2 = kzL(l - 90) (24)

which implies that the reaction rate is inde-
pendent of the H,O partial pressure.
Mechanism (20) gives a more compli-
cated rate equation due to the nonlinear de-
sorption step (III) involved. After applying
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the quasiequilibrium approximation to the
adsorption (I) and decomposition (II) steps
the fractions of surface water and hydrogen
are obtained: 9}120 = KHZOPXHZOOV and 0%)}1
= KouKu,0Pxu,0000. The use of the site
balance (8o + 6, + ou + 0,0 = 1) gives the
quadratic equation

Kou Ku,0Pxu,00v600

=[1 = 6o — (1 + KnoPxu,0)0,F*. (25)

If the number of vacant surface sites (*) is
small compared to the oxygen-containing
sites (O*, OH#*, and H,0%), the second-or-
der term (1 + Kp,0Px1,0)%62 becomes negli-
gible in (25) and the fraction of vacant sites
can be calculated from

_ (1 — 8p)?
Y Ku,0KouPxu,080
+ 2(1 — o)1 + KH;OPXHZO)

The H, formation rate is thus given by

ru, = kyL?0%y
kL’ Kou Ku,oPxu,000(1 — 60)
~ KouKn,oPxu,0b0
+ 2(1 = 60)(1 + Kn,oPxn,0)
(27)

If water pressure is high and the original
fraction of Ox* is much higher than the origi-
nal fraction of vacant sites, (x), the most
radical simplification of (27) is justified:

ra, = ko L*(1 — 60)%. (28)

The rival rate equations (21), (24), and (28)
are tested by fitting the H, responses from
experiments with water preadsorption.
Since the inlet gas was always H,-free the
material balance for H, can be written as

dxy,/d® = —xy,/e + Arg, (29)
The balance for oxygen-containing sites is
d6o/d® - L = 7(rg, — rco,)- (30)

The rate of CO, formation is given by Eq.
(15) where c*g = Lfg. Rate equation (15)
was approximated by rco, = k1 Pxcg. This
simplification with the analytical solution,
Eq. (17), is used also in computing the sur-
face oxygen content from Eq. (30).

0

(26)
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Since the surface sorption capacity (L) is
unknown, the variable y = L(1 — 6g) is in-
troduced. The surface balance (30) is con-
verted to

dyld® = 1(rco, — ry). 31)

The coupled differential equations (29) and
(31) must in the general case be solved nu-
merically during the parameter estimation.
Rate equation (24) is, however, an excep-
tion. Inserting Eq. (24) in Eq. (3) gives a
linear differential equation with respect to y
(ra, = k2y). Equation (31) is solved first and
the function y = f(¢) is then inserted in the
balance of H,, Eq. (29). An analytical solu-
tion for H, can thus be obtained, corre-
sponding to the rate expression (24). With
the initial condition y(0) = 0 the solution for
Xy, becomes

xg, = xo(1 — 7/e)(1 — exp(—0/e))
XoT2 ( 3 ﬂ) (exp(—O/e) — exp(—O/1,))
€ € (role — DA — 71/1)
xq7 (exp(—0@/e) — exp(—0O/1)))
+ —
€ (ry/fi — 1) ’

(32)

where x, is the inlet mole fraction of CO
and 7; and 7, denote time constants defined
as 1/7y = 1/e + Ak, and 1/7, = k7.

The program package Reproche (23, 24)
was used in most estimations. The optimi-
zation problem was solved by a Marquardt
algorithm and the numerical solution of the
differential equations arising from the use
of rate models (21) and (28) was performed
with a semi-implicit Runge—Kutta method
(24). Simulations of the step responses with
the estimated rate constants were per-
formed with a catalytic reactor simulation
package developed at our laboratory (25).

The H, responses obtained at 563 and 592
K were used in parameter estimation.
Model (21) gave a reasonable fit to H; re-
sponses; the inflection point, however, was
predicted to occur earlier than observed
experimentally. The major deficiency of
model (21) appeared in consideration of the
estimated rate constants: the numerical
value of &k, was dependent on the water par-
tial pressure, the product k,xy,0 being ap-
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TABLE 4

Rate Constants k, for H, Formation Determined
from Transient Data

Exp. T water pre- k; 1075 &,
No. (K) treatment (min~") (m? mol~!
(Eq. (24)) min~")
(Eq. (28))
1 563 - 0.118 5.16
2 563 + 0.079 2.18
3 563 - 0.101 3.16
4 563 - 0.118 3.93
5 563 - 0.131 3.88
6 563 + 0.128 3.58
7 592 - 0.083 1.54
8 592 + 0.107 2.59
9 592 + 0.132 3.56
10 592 + 0.194 6.08
11 592 - 0.137 2.96
12 592 + 0.164 3.87

proximately constant. This result is consis-
tent with the steady-state rate data: the
influence of water concentration on the Ki-
netics was minor (Fig. 1).

The parameter estimation procedure was
repeated using model (24). The rate con-
stants determined from separate experi-
ments are given in Table 4. The numerical
values were obtained from the approximate
solution, Eq. (32), taking 30 successive ob-
servations at the reactor start-up. The val-
ues of &, are essentially concentration inde-
pendent, as can be seen from Table 4.
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Examples of the data fitting are given in
Figs. 5a and 5b, which correspond to the
limiting inlet ratios of CO and H,O at 563
K, 1:2 and 1: 12, respectively. The contin-
uous H; responses in Fig. 5 simulated with
the estimated parameters k; and &, have a
systematic deviation from the data: the in-
flection point of the H, transient was pre-
dicted erroneously, in the same way as us-
ing model (21). A typical value for the
residual sum of squares was 0.2 x 1073,
This residual is mainly caused by the inabil-
ity of model (24) to fit the data, not by ex-
perimental scattering as can be seen from
Fig. 5. Only two examples were shown
here; the same phenomenon was observ-
able in data fitting to all experiments, even
if it was best visible at the lowest tempera-
ture, 563 K, with the slowest transients.
Two different explanations can, in princi-
ple, be given: either the assumption of the
rapidity of the water adsorption step is er-
roneous or the conversion of water is a con-
secutive process including adsorbed hydro-
gen on the catalyst surface.

The third model tested, Eq. (28), is in fact
based on the assumption of slow hydrogen
desorption. The model was fitted to the
same data as the previous models. The esti-
mated constants are listed in Table 4. A
characteristic value for the residual sum of
squares was 0.15 x 1073, i.e., a slightly
lower value than for model (24). For the
sake of comparison, the fits to the same
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F16. 5. Experimental and estimated step responses of H; (O) (Eq. (32)), CO, ({J), and CO at 563 K at
the lowest (a) and highest (b) H,O : CO inlet ratios (experiments 6 and 2, Table 4); water pretreatment.
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F1G. 6. Experimental and estimated step responses of H; (O) (Eq. (28)), CO, ((), and CO at 563 K at
the lowest (a) and highest (b) H,O : CO inlet ratios (experiments 6 and 2, Table 4); water pretreatment.

transient runs as those in Fig. 5 are shown
in Fig. 6. It is quite evident that model (28)
can better describe the overall behavior.
The form of the H, response is predicted
correctly (Fig. 6) and the residual sum of
squares is caused merely by experimental
scattering.

The results support the assumption that
the water interconversion proceeds through
fast adsorption and dissociation steps fol-
lowed by a slow hydrogen desorption step.
We cannot, however, exclude the possibil-
ity of the existence of more than one slow
reaction step in the H,O decomposition
process. This kind of hypothesis, however,
would increase the number of parameters in
the model. Rate equation (28) is the sim-
plest way to describe the hydrogen tran-
sients and it is preferable to the rival model
(24) throughout the experimental domain.

At the following stage the modeling of H,
responses was continued with experiments
performed without H,O pretreatment (re-
sponses of type b in Fig. 2) using the best
model, Eq. (28). Here a new parameter ap-
pears: the initial concentration of vacant
sites, which in this case cannot be approxi-
mated to be equal to zero, must be esti-
mated in some way. Two comparative
methods were used: the initial concentra-
tion was computed from the differences
Ac+g (Fig. 3) between the identical experi-
ments with and without water pretreat-
ment, and, alternatively, the initial concen-

tration was estimated simultaneously with
k, by regression analysis. The former
method gave constants which are in accor-
dance with those determined from experi-
ments with preadsorption, as can be seen
from Table 4. The fit to the H, transient,
however, was not very good, even though it
was qualitatively correct: usually a slightly
too rapid H, response is predicted. An ex-
ample is given in Fig. 7. From the point of
validity of mechanism (20) this defect
should not be taken very seriously, since
model equation (28) is an ultimate simplifi-
cation, which is assumed to be valid after
saturating the catalyst surface by water and
its conversion products.
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FiG. 7. Experiment 11 (Table 4) and simulated step
responses (Eq. (28)) of CO, (®) and H, (@) using the
rate constant &, in Table 4 (—) and using the rate con-
stant determined by simultaneous estimation of k, and
y(©0) (Eq. 31)) (~--).
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If the initial concentration of vacant sites
and rate parameter k, were determined si-
multaneously a very good fit to the H, re-
sponses was achieved, the sum of residual
squares being typically about 0.2 x 1073,
An example is given in Fig. 7. The conflict,
however, appears in constant k,: values of
k> an order of magnitude higher than those
from experiments with water pretreatment
were obtained (Table 4). The contradiction
is, of course, due to the invalidity of the
simplified model, Eq. (28), to describe the
starting situation with a fresh catalyst. It
should be noted, however, that model (28)
can be used for prediction of H, transients
also in this case for reactor engineering pur-
poses.

CONCLUSIONS

The kinetic experiments performed at
563-665 K indicate that the rate of the wa-
ter—gas shift reaction over a chromium-pro-
moted magnetite catalyst is controlled by
the interconversion rate of CO and desorp-
tion rate of hydrogen, whereas the adsorp-
tion of H,O is rapid. A mechanism based on
suggestions given in the recent literature
(15, 16) was used for derivation of a simpli-
fied model for CO, and H, transients. The
model predicts approximately first- and
zero-order stationary kinetics with respect
to CO and H,0, respectively. The tran-
sients of CO; being almost independent of
the catalyst pretreatment (Fig. 4) could be
described by first-order kinetics (Eq. (17)).
The transients of H, were retarded by water
preadsorption (Figs. 2b and 2¢) indicating
the formation of stable adsorption species
different from hydrogen. The H, responses
were best modeled by an approximately
second-order rate equation (Eq. (28)) with
respect to vacant surface sites. The rival
model, Eq. (32), based on the linear rate
equation (24) was also able to predict the
main characteristics of the H, responses.
The number of oxygen-containing surface
sites is large compared to vacant sites dur-
ing the reaction; this is probably the reason
for the almost first-order behavior of the
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CO, transients. The validity of the sug-
gested simplified dynamic model is re-
stricted to conditions where diffusional re-
sistance is absent and the reversible shift
process is negligible; an extension of the
model would require separate adsorption
measurements.

NOMENCLATURE
A parameter, A = op. (1 — &)rRT/(cP)
c* concentration vector, surface spe-

cies

rate constant, rate constant vector

equilibrium constant, equilibrium
constant vector

L surface sorption capacity

P total pressure (in atm)

reaction rate

reaction rate vectors for gas phase
compounds and surface species,
respectively

gas constant

time

temperature

mole fraction, mole fraction vector

variable, defined in Eq. (31)

parameter, defined in Eq. (5)

void fraction

fractional coverage of surface spe-
cies

dimensionless time, ® = /7

skeletal density of the catalyst

specific surface area of the catalyst

reactor space time, T = reactor vol-
ume/volumetric flow rate

time constants, defined in Egs. (16),
(17), and (32)
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