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The dynamics of adsorbed species on Rh/SiO; catalyst during
CO hydrogenation to form methane was studied using in situ
infrared (IR) spectroscopy combined with steady-state isotopic
transient and pulsing CO methods. In situ IR spectra and
transient responses reveal that gaseous CO rapidly exchanges
with adsorbed CO and hydrogenation of CH, intermediate is
the rate-determining step under steady-state conditions. Com-
partment modeling and site distribution analysis of the tran-
sient responses show that CH, is hydrogenated to CH, with a
bimodal distribution of the rate constant. When CO is pulsed
into H, flow, CO dissociation is the rate-determining step and
linear CO depletes faster than bridged CO. The rate-determin-
ing step for methanation is a delicate balance of intermediate
concentrations, surface intrinsic properties, and reaction condi-
tions. Mechanistic and kinetic studies of catalytic reactions
have to be performed under practical reactor conditions. e 1995
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INTRODUCTION

Dynamic (transient-response) methods have been
widely used in scientific research in order to gain an under-
standing of the dynamics of various processes. The dynamic
method involves a sudden change (stimulus) to an input
of a system and recording the output (response). This
method has been used in fields such as biology (1), physiol-
ogy (2), pharmacokinetics (3), and chemical kinetics (4).
The transient-response technique has also long been used
by chemical engineers for many decades (5-8). This tech-
nique has been used to study the flow characteristics and
dynamics of process equipment such as heat exchangers,
distillation columns, and chemical reactors. During the past
20 years, advances in analytical instrumentation have made
possible the use of transient techniques in the field of
catalysis. For the dynamic measurement of heterogeneous
catalytic reactions, the forcing function (stimulus or input
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function) is a change in the conditions of the reaction.
The response of the reaction products is monitored as a
function of time. The resulting response contains valuable
information on the kinetics and mechanism of the surface
reactions (9).

Many forcing functions may be applied to a reaction
system for the elucidation of the dynamics of elementary
reactions and the kinetics of overall reactions. A stimulus
to the input concentrations of the reactants is the most
common dynamic approach in heterogeneous catalysis.
The type of applied forcing function to the feed to the
reactor includes a step change (10), a pulse (11), a ramp
function (12), and an oscillating function (13). Four types of
input functions have been used to study CO hydrogenation
over various types of catalysts. These input functions in-
clude (i) a step change in the inlet CO concentration, (ii)
a pulse of CO into an inlet H, flow, (iii) a pulse of isotopic
3CO into the inlet CO flow, and (iv) a step change in the
inlet CO concentration replaced by isotopic *CO. In the
latter two cases, the overall flow of CO and '*CO is main-
tained at steady-state. Due to the complexity of the kinetics
and mechanism of CO hydrogenation, the information
gained from such experiments depends on the type of ex-
periment performed.

Methanation, the reaction of CO/H, to form methane,
on Group VIII metals is the subject of many investigations
(14-22). Despite the amount of literature, a controversy
exists concerning the mechanism centering on the rate-
determining step for the formation of methane on Group
VIII metal catalysts (23). Using pulse surface reaction rate
analysis and/or temperature-programmed reaction studies,
it has been concluded that CO dissociation is the rate-
determining step on supported Ni and Rh (11, 24-28). On
the other hand, by measuring the initial behavior of the
methanation reaction on Ni, Araki and Ponec (29) eluci-
dated that the hydrogenation of surface CH, intermediates
is the rate-determining step. This proposition was later
supported by transient and steady-state isotopic transient
experiments on supported Ni, Co, and Ru (30-34). An
Auger Electron Spectroscopy study of a Ni(100) surface
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revealed that the rate of CO dissociation and the rate of
CH, hydrogenation are comparable and that “‘neither of
these is rate-determining in the usual sense’ (35, 36). Ben-
nett and co-workers (37, 38) have also concluded from
transient studies that no clear rate-determining step exists
for the methanation reaction on supported Ni and Rh
catalysts. It is well known that different catalysts for the
same reaction may have different rate-determining steps
(16). Different conditions for mechanistic studies may lead
to different conclusions about the mechanism and which
elementary step is rate-determining for the methanation
reaction.

The objective of this paper is to investigate the kinetics
and mechanism of methanation on Rh/SiO, catalyst using
transient response techniques. A combined in situ Fourier
transform infrared spectroscopy (IR) and mass spectrome-
try (MS) reaction system was used in this study. The IR
was used to monitor the transient response of the adsorbed
species and the MS was used to monitor the response of
the gaseous products. Two transient techniques used in
this study include pulsing CO in a steady-state H,/He flow
and a switch between CO and '*CO during steady-state
CO hydrogenation on 3 wt% Rh/SiO; catalyst. Comparison
of information gained from these techniques reveals the
advantages and limitations of each for the mechanistic
study. The kinetics and mechanism of CO hydrogenation
on Rh/SiO, determined from these techniques will be com-
pared with the literature to explain consistencies and dis-
crepancies of the voluminous data on the methanation
reaction on Group VIII metals in general, and on Rh
in particular.

EXPERIMENTAL METHODS
Catalyst Preparation

A 3 wt% Rh/SiO, catalyst sample was prepared by incipi-
ent wetness. An aqueous solution of Rh(NO,);-2H,O
(Johnson-Matthey Chemicals) was impregnated into a
Si0; support (Strem Chemicals, No. 14-7420; SA, 350
m?/g). After impregnation, the sample was dried overnight
in air at 301 K and then reduced in flowing hydrogen at
673 K for 16 h. The final catalyst form was a fine black
powder. The hydrogen uptake of the catalyst was measured
at 303 K by the pulse adsorption method and was found
to be 14.0 wmol/g. This corresponds to a dispersion of
0.096 and a crystallite size of 96 A, assuming an adsorption
stoichiometry of H,,/Rh = 1 and a cubic shape of Rh
crystallites (39).

Experimental Reactor System

The transient IR system used in this study is similar to the
system reported in a previous study (40, 41). This system
consists of a gas supply section, a reactor section, and an

analysis section. The gas supply section contains the gases
CO, H,, He (Linde, Ultra High Purity Grade), and isotopic
BCO (MSD Isotopes, 98% '*C). The CO and H, were
further purified by passing them over a molecular sieve.
The He was passed over a molecular sieve and an oxygen
trap. The '*CO was not further purified. All gas flows were
controlled by Brooks mass flow controllers (Model S850E).
The gas flow section also contains two pulsing valves and
one switching valve. The first pulsing valve can pulse hydro-
gen or CO into the He stream. The second pulsing valve can
pulse the isotopic '*CO into the CO stream. The switching
valve performs the step change between CO and isotopic
BCO. The pulsing and switching valves are all zero dead
volume Valco valves.

The reactor section contains a high temperature and
pressure IR reactor cell consisting of four stainless steel
flanges and two CaF, step windows (42). The catalyst pow-
der was pressed into a disk and held between the two
windows. The step windows minimize the reactor volume
and reduce the optical path length for the gas phase in the
reactor. The IR cell can be operated at temperatures up
to 533 K and pressures up to 6.0 MPa. The reactor is heated
by a heating tape wrap and the temperature is controlled
by an Omega temperature controller (Model 2011k).

The analysis section consists of a Fourier transform infra-
red spectrometer (FTIR), a mass spectrometer (MS),and a
gas chromatograph (GC). The infrared spectra of adsorbed
species were recorded by a Nicolet 5SSXC spectrometer
with a DTGS detector at a resolution of 4 cm™'. The tran-
sient responses of the gaseous products were analyzed by
a Balzers QMG112 MS controlled by a microcomputer
with a differentially pumped gas inlet system (Blazers GES
010). The inlet system allows a portion of the reactor efflu-
ent to be continuously sampled by a rotary vane pump
through a capillary tube to a medium vacuum of approxi-
mately 0.7 mbar. A valve to the MS vacuum chamber
(~5.0 X 10 ® mbar) has an aperture that allows ~2% of
the gas in the medium vacuum to enter the ionization
chamber of the mass spectrometer. The two-stage configu-
ration ensures that sampling is free from mass discrimina-
tion and has a fast response time. The capillary and vacuum
chambers are kept at 473 K to prevent condensation of
products. Steady-state product analysis is conducted on-
line by a HP-5890A GC with an FID detector. The GC
consists of a 1.8-m Poropak PS column in series with a 1.8-
m Poropak QS column.

Transient Studies

The Rh/SiO, powder (63 mg) was pressed into a self-
supporting disk and placed in the reactor. Prior to the
transient study, the catalyst was reduced in flowing hydro-
gen at 503 K for 2 h. The isotopic switches between CO
and isotopic *CO were all performed at 0.1 MPa. After
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FIG. 1. Arrhenius plot of methanation on 3 wt% Rh/SiO; at 0.1 MPa
and CO/H, = 1/1.

reduction at 503 K, the temperature was reduced to the
reaction temperature under H, flow. A CO, H,, and He
mixture was passed over the catalyst at the flowrates of
10, 10, and 20 cm?*/min, respectively. The CO contains
2.01% Ar for determining the effect of gas holdup in the
reactor and the gas transportation lines on the transient
response of gaseous products. The average residence time
of Ar determined from the transient response equals the
sum of the residence times of reactant flow in the transpor-
tation lines, the reactor, and the MS inlet system. After 1
h of reaction time, the concentration of gaseous products

was measured by gas chromatograph. and the reactant
composition was switched from CO/Ar/H./He (at a ratio
of 1/0.02/1/2) to '*CO/H./He (at a ratio of 1/1/2). Helium
is an inert gas in the reaction and was used to keep the
concentration of ionized species in the MS vacuum cham-
ber low for high sensitivity to reaction products. The CO
and *CO flowrates were kept the same to maintain the
steady state of the reaction. The m/e ratios followed by
the MS were 15 for CH,, 28 for CO. 29 for '“CO, and 40
for Ar. The /e ratios were carefully selected to prevent
interference from fragmentation of parent species.

Pulsing CO in H, flow was performed by pulsing 1 ¢m?
of CO into an inert He flow of 25 cm*/min and then mixed
downstream with H at a flow of 15 cm*/min. This approach
has been termed pulse surface reaction ratc analysis by
Mori et al. (11). The difference between Mori’s approach
and our method is that complete product analysis by MS
was performed in our study while Mori's analysis involves
monitoring only methane with a flame ionization detector.
Adsorbed species and gascous products were recorded by
FTIR and MS, respectively. Transient response of methane
was recorded at m/e of 15 in the MS to prevent interfer-
ence from the secondary water peak at m/e of 16. Carbon
dioxide and H,O responses were also recorded at m/e of
44 and 18, respectively.

RESULTS
Steady-State Experiments

The methanation reaction was studied at steady state
with CO/H, = 1/1 at 0.1 MPa and a temperature range of
453-573 K. The only hydrocarbon product observed was
methane at temperatures below 503 K. At temperatures
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Steady-state isotopic transient of methanation on 3 wt% Rh/SiO- at 453 K and 0.1 MPa.
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FIG. 3. Steady-state isotopic transient of methanation on 3 wt% Rh/SiO; at 503 K and 0.1 MPa.

above 503 K, trace amounts of ethylene and ethane were
also observed. The turnover frequency (TOF) is defined
as the number of moles of methane formed per minute per
mole of surface-exposed Rh metal. Figure 1 is an Arrhenius
plot of methanation from the steady-state experiments. A
fit of the Arrhenius equation gives an activation energy of
22.7 = 0.6 kcal/mol for methanation. This value agrees
well with previous literature results on supported Rh cata-
lysts (14, 43, 44).

Steady-State Isotopic Transient

The reactant feed was switched from CO/Ar/H,/He to
3CO/H,/He at three different temperatures, 453, 483, and
503 K. The IR recorded the vibrational spectra of the
transients of adsorbed intermediates while the MS re-
corded the transient responses of CO, *CO, Ar, CH,, and
3CH,. For comparison, transient responses to a switch
from CO to *CO were normalized using the equation

U W _C(n-¢C?
B -V

Fi(1) (1]

=y
where F;(t) is the fraction of the response of product i with
respect to the change in concentration at time = 0 and
time = oo, y;(r) is the MS signal for a specific m/e ratio
representing product i, and C,(¢) is the concentration of
product i.

The normalized Ar, '2CO, '*CO, and '*CH, responses
to the switch from CO to '*CO in the inlet flow are shown
in Figs. 2 and 3 at 453 and 503 K, respectively. The response
to a switch at 483 K was also recorded and reported (45).
The Ar response is very rapid as compared to the CH, at
both temperatures. The inset in each figure and the '*CH,
response in Fig. 3 are shown to illustrate the symmetry in

the response of the labeled and nonlabeled products. The
symmetry in CO and *CO as well as CH, and '*CH, re-
sponses indicate that CO was replaced by '*CO approxi-
mately at a one-to-one ratio during the switch from '2CO
to *CO. A symmetrical response indicates that the steady
state was not disturbed during the course of the transient
experiment. The CO response lags behind the Ar response
by a small amount. The delay in the CO response with
respect to Ar indicates adsorption and desorption of CO
on the surface of the catalyst. The '*CH, response was
slow compared to the '*CO response, indicating a large
average residence time for carbon-containing intermedi-
ates leading to the formation of methane. Comparison of
“CH, response at 453 and 503 K shows that the residence
time of intermediates (i.e., time constant) for the methane
response increased with an increase in temperature. Car-
bon dioxide was also produced during methanation at 483
and 503 K. The CO, response is significantly faster than
that of CH, and did not vary significantly with temperature.

The IR spectra corresponding to the MS response to
the isotopic switch at 453 K are shown in Fig. 4. The IR
spectroscopy of the step switches at 483 and 503 K yield
similar results. Due to the use of step windows for minimiz-
ing the IR beam path through the gas phase of the reactor,
the gaseous CO band at 0.1 MPa is negligible. Linear CO
at 2041 cm™' and bridged CO at 1853 cm™! were observed
before the switch. No other spectral features were ob-
served. After the switch, linear and bridged CO bands
shifted to 1991 and 1813 cm™', respectively. A small dip
developed on the IR spectra after 0.72 min due to incom-
plete compensation of the background resulting from the
slight movement of the catalyst disk during the transient
experiment. Due to the overlapping of the peaks and inter-
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FIG. 4. Infrared spectra of steady-state isotopic transient on 3 wt%

Rh/SiO; at 453 K and 0.1 MPa.

actions between adsorbed CO and *CO during the switch,
it is difficult to deconvolute the individual peaks. It should
be noted that the signal-to-noise ratio is low due to the
coaddition of 5 IR scans to facilitate rapid scanning. In-
creasing the number of scans increases the signal-to-noise
ratio but averages the transient infared spectra and loses
transient information. Both linear and bridged CO ap-
peared to switch at rates faster than the time resolution
of our IR measurement. The switch from adsorbed CO
to adsorbed '*CO is complete in less than 0.72 min after
the switch, which is consistent with the gaseous '3CO re-
sponse measured by the MS at 453 K. This is direct evi-
dence that gaseous CO exchanges rapidly with the surface
adsorbed CO during CO hydrogenation. The adsorbed
CO exhibited the same rapid exchange behavior at 483
and 503 K. The rapid exchange between adsorbed CO and
gaseous CO has also been observed for linear CO adsorbed
on Ru/SiO; under reaction conditions of 0.1 MPa and
between 443 and 493 K (46).

Pulsing CO into a Steady-State H, Flow

Figure 5 shows the response of effluents to a pulse of 1
cm® CO into a flow of 15 em® H, and 15 cm® He at 503 K.
The gaseous CO response exhibited a sharp pulse with a
time duration of less then 0.4 min. The response of products
such as H,O and CO, slightly lagged behind that of CO
and showed a sharp peak, similar to that of CO. The CH,
response (shown as unconnected data points) showed an

initial sharp increase in the rate of formation followed by
a gradual decay. Figure 6 shows the IR spectra of adsorbed
CO during the CO pulse. The spectra between 0 and 2.61
min were taken with 5 coadded scans which give a low
signal-to noise ratio. As the rate of variation of IR spectra
was slow after 7.2 min, 32 scans were coadded to obtain
the IR spectra. A rapid adsorption of CO on the catalyst
as linear CO and bridged CO exhibiting the 2042 and 1836
cm™! bands, respectively, was observed during the pulsing
of CO into the H,/He stream. The intensity and wavenum-
bers of the linear and bridged CO bands decreased with
time. The amount of CO, formed during the pulse at 503
K was 0.016 umol and it was formed during the first minute
of the experiment. The same studies were also carried out
at 483 and 453 K. Kinetic data summarized in Table 2 will
be discussed later.

The decay in the intensity of the linear and bridged CO
during the CO pulse is plotted as a function of time in Fig.
7 (obtained from Fig. 6). The intensity is plotted as a
fraction of the maximum intensity during the CO pulse.
The linear CO intensity shows a distinct variation in slope
with time. All the adsorbed CO present after the gaseous
CO has been flushed from the reactor was converted to
CH,.
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The response of effluents to a CO pulse into a H; flow
at 453 and 483 K was recorded (45). The response of CH,
closely followed that of CO at these temperatures. The
amount of CO, formed at 483 and 453 K was 54 and 88%,
respectively, of the amount of CH, formed, indicating that
the amount of CO converted to CO, was substantial com-
pared to that converted to CH, and could not be neglected.

ANALYSIS OF TRANSIENT DATA

Compartment Modeling of the Methanation
Isotopic Transients

To analyze the transient response to the isotopic step
switch, a compartment model based on the mechanism
of methanation was derived. Compartment modeling has
been used to describe the kinetics and transient behavior
of heterogeneous catalysis as well as many other scientific
investigations involving kinetic processes (17, 47).

The model representing the pathway of carbon from CO
to form CH, is shown schematically in Fig. 8a. Each box
represents a specific species in the reaction mechanism and
v; is the reaction rate (TOF) for the elementary step i.
According to the observations in the MS and correspond-
ing IR spectra, gaseous CO is reversibly adsorbed on the
surface of the catalyst. The adsorbed carbon monoxide,
*CO, undergoes either desorption or dissociation and par-
tial hydrogenation to a surface CH, species. Because linear
and bridged CO exchange rapidly with gaseous CO under

steady-state conditions, only one *CQO compartment is con-
sidered.

The methane response from dissociatively bonded *CO
can be treated separately from the CO, response produced
from reaction of associatively bonded *CO with *O during
the steady-state transient experiment (48). Figure 5 shows
that both CO, and H,O exhibit rapid sharp responses,
which do not permit elucidation of the role of water—gas
shift reaction in methanation. Oxygen tracing studies on
Ni catalyst has shown that CO, is produced by the direct
reaction of CO with adsorbed oxygen (31). Since the mech-
anism of CO, formation remains unclear, CO, formation
is not included in the model. Further study on oxygen
tracing is required to reveal the mechanism of CO, forma-
tion on Rh catalyst.

Two CH, species with distinct turnover frequencies (or
reactivities) are depicted in the model. The presence of
two distinct CH, intermediates has been reported in the
literature from isotopic transient and/or TPR experiments
from supported Ni, Ru, and Rh catalysts (19, 37, 49, 50).
The intermediates are labeled C*H, for the more reactive
and CPH, for the less reactive intermediate. Both CH,
intermediates are then hydrogenated to form gaseous
methane. It should be noted that the transient data ob-
tained could not fit into the model with one CH, pathway.
Soong er al. (19) obtained similar results for supported Ni
and suggested that the data can be modeled by parallel
pathways.

The model equations are derived from a molar balance
of *C tracer leading to "CH, in each compartment. It
must be assumed that all species in each compartment
react homogeneously with the same reactivity and that
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FIG. 7. Decay of linear and bridged CO normalized intensity with

time to a pulse of CO in a steady-state H, flow at 503 K and 0.1 MPa.
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(a) Schematic representation of compartment model for isotopic transient during methanation on Rh/SiOs. (b) Schematic representation

of compartment model for a pulse of CO into H: to form methane on Rh/SiO;.

the species in each compartment reacts independent of
the others. By defining the variable F,(r) in Eq. [1] as the
fraction of the final response, the following mole balances
for the tracer species in each compartment can be derived:

dfco _ Qi('?() Fo+ vow Fo
dr VC( O " VC(*() "o
V. w o
- Feo — Feo [2]
VCeo VCeo
dF*(‘o Vi v
T = Feo — Feeo
d[ 9*(‘() 0*(‘()
Dy Vzﬁ
- ——F.co Foco (3]
0.0 Bico
dF*('"” v v
x 2a 3
——=——F.co — 7 Fcpy (4]
dt -y, Oucon,
dF.csyy y
L Y Fecor — Vg Foguyy [5]
(1’ 0*( “Il\ 0*('1‘[,\
dFen, o Vi
= - F*("'” + - F*(-Ki”
dt VC('H VC(‘HJ
S
3
VCen, " (6]

In these equations, V is the gas-phase volume of the reac-
tor, 6; is the moles of intermediate i per mole of surface-
exposed Rh metal, Q, is the molar flow rate of the gascous
products i, and o is the number of surface-exposed Rh
atoms present in the reactor. The set of differential equa-
tions [2]-[6] and the initial conditions of F; = O atr =0
for all compartments contain all the information to de-
scribe the transient response of the isotopic tracer for any
input function as long as the steady state is not disturbed.

There are nine unknown quantities in the set of differen-
tial equations, the TOF for each step and the surface cover-
age of each surface intermediate. The number of unknowns
can be reduced when the following equations are consid-
ered under steady-state:

Qe
Vo, — V1 = w [7]
Vg = P [8]
Poy = Vag [9]
o,
Via + l’}/j = []()]

Equations [7]-[10] decrease the number of unknowns in
the transient equations to five. The parameters were deter-
mined to be identifiable using the transfer function ap-
proach (17, 45). The parameter estimation routine in the
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TABLE 1

Parameters Calculated from Steady-State Isotopic Transient Experiments

CO, Parameters”
CH,
Temperature TOF&H4 TeCO mol Vi Vag Yoy
(K) (min") (min) <—1;1—(i) (min') Beco (min~!) Becon, (min ') O-cn
453 0.0007 0.090 0.99 8.176 0.73 0.0007 0.039 _— —
483 0.0037 0.093 0.98 7.879 0.74 0.0035 0.038 0.0002 0.027
503 0.0103 0.091 047 8.253 0.77 0.0092 0.031 0.0011 0.061

2 Measured from steady-state rate data.
b Calculated from data fit of methanation model.

TUTSIM dynamic simulation package (51) was used to
solve for the unknown parameters, i.e., kinetic parameters,
in Egs. [2]-[6] for the responses in Figs. 2 and 3.

The parameters calculated from the data fit of the model
for 453, 483, and 503 K and 0.1 MPa are listed in Table 1
and the solid lines in Figs. 2 and 3 are the results of the
model equations. It should be noted that ».,, v_;, and
#.co are the parameters describing those CO involved in
methanation. It should also be noted that »,, equals 13, and
vy equals 1s5. The rates of adsorption (».,) and desorption
(r_1) of CO on the surface are significantly greater than
1, and »,, at all three temperatures, suggesting that ad-
sorption and desorption of CO may approach equilibrium
as compared to the rest of the elementary steps in the
catalytic sequence. The high rate of adsorption and desorp-
tion of CO can also be inferred from the rapid exchange
between gaseous CO and adsorbed (linear and bridge)
CO. Because the rate of adsorption (».,) and desorption
(v_,) of CO remains 4 orders of magnitude greater than
the net rate of CO, and CH, formation as well as 1,,
hg, V3., and v, either inclusion or exclusion of the CO,
formation steps into the present model will not have a
significant effect on the rate of elementary steps in the
model. Comparison of the rates of the hydrogenation of
the CH, intermediates, »,, and v,4, shows that most of the
methane formed during steady-state conditions come from
the C*H, intermediate pool. The percentage of product
methane that passes through the C*H, intermediate pool
decreases from 100% at 453 K to 90% at 503 K.

For comparison, the surface coverages of the intermedi-
ates calculated from the model are plotted in Fig. 9. Ad-
sorbed CO is the most abundant surface species during
steady-state CO hydrogenation. This result is consistent
with literature results on supported Rh catalysts and other
Group VIII metals as determined by transient and isotopic
transient methods (21, 28, 37, 52). At 453 K, the surface
coverage of the less reactive intermediate, C*H,, was found
to be negligible. As temperature is increased, the cover-
age of CPH, intermediate increases while the number of

C*H, intermediate slightly decreases. Temperature-pro-
grammed reaction of Rh/AL,O; revealed one type of CH,
intermediate that hydrogenates readily between 180 and
240°C and another CH, intermediate that hydrogenates
above 350°C (10). The intermediate that hydrogenates at
higher temperatures is considered to be less reactive, and
the amount increases with increasing reaction temperature.
It is difficult to relate the C*H, and C#H, observed in this
study to the two intermediates in the study of Efstathiou
and Bennett (10, 37) because different conditions were
used. Anincrease in the total coverage of CH, intermediate
with an increase in temperature has been reported for
Raney Ni and Ni/SiO; using isotopic transient experiments
(18). It has been suggested that CH, coverage is limited
by the number of active sites, provided that each CH,
adsorbs on an active site (18). Increasing temperature in-
creases the number of CH, intermediates, suggesting an
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FIG. 9. Surface coverages of intermediates during methanation on
3 wt%/S10, at (0.1 MPa calculated from steady-state isotopic transient re-
sults.
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FIG.10. Arrhenius plot of the rate constants for the elementary steps
in CO hydrogenation calculated from steady-state isotopic transient data.

increase in the number of active sites. The number of active
sites for adsorbed CH, is an order of magnitude less than
the sites for CO and H; pulse chemisorption under an inert
flow at 303 K.

Assuming the rate of hydrogenation of the CH, is first
order with respect to the coverage of CH, intermediates,
rate constants for the hydrogenation step can be calculated
from the equation

(11]

vy, = k; B,

where i = a or 8. The calculated rate constants are plotted
in Arrhenius form in Fig. 10. The dependence of the ele-
mentary rate constants on temperature obeys the Arrhen-
ius law in the temperature range of the present study with
the activation energies calculated to be 254 = 2.4, 241,
and 26.9 + 2.0 kcal/mol for the hydrogenation of C*H,,
hydrogenation of C*H,, and CO dissociation through the
o pathway, respectively. The activation energy for the hy-
drogenation of C*H, was estimated from two points for a
rough comparison with the others. The activation energy
for CO dissociation is 25% larger than that reported for
Rh/SiO, determined by pulse surface reaction rate analysis
(27). The activation energies of the hydrogenation of C*H,
and C*H, are similar while the reactivity of C*H, is an
order of magnitude less. This suggests that C*H, is less
accessible to adsorbed hydrogen to react toward methane.
Theoretical activation energies for the hydrogenation of
carbidic and partially hydrogenated surface carbon have
been calculated by the bond-order-conservation Morse po-

tential (BOC-MP) approach for single-crystal Cu, Pt, Ni,
and Fe/W surfaces (53). Theoretical activation energies
for this reaction on rhodium surfaces have not been re-
ported. The theoretically derived activation energies from
BOC-MP for the hydrogenation of carbidic carbon are
larger than the experimental values measured in the pres-
ent study on Rh by factors ranging from 1.2 for Cu to 1.8
for Fe/W.

Equation [11] assumes that the surface coverage of disso-
ciated hydrogen, *H, is incorporated within the rate con-
stant, that is k; = k/ 6.y, and the dependence of 6., on
temperature is not significant. It is generally accepted that
the adsorption of H, competes poorly with the adsorption
of CO and the surface coverage of *H is at least an order
of magnitude less than that of *CO (29, 38).

The isotopic transient experiments presented here do
not provide information about the surface coverage of *H;
however, information on the surface coverage of *H can
be gained by a site balance of *CO and *CH,. The inte-
grated IR absorption coefficients, which relate the area
under the IR band to the surface concentration of the
adsorbed species, for linear and bridged CO were esti-
mated in a previous study for the same catalyst (40, 41).
Using the ratio of the linear CO to bridged CO absorption
coefficients, the total surface coverage of adsorbed CO
from Table 1, and the integrated areas under the linear
and bridged CO IR bands, the surface coverage of each
adsorbed CO can be estimated. At 503 K and 0.1 MPa the
surface coverage of linear CO was found to be 0.38 while
the surface coverage of bridged CO was found to be 0.39.
By taking into consideration that bridged adsorbed CO
takes two surface Rh sites, the total fraction of surface Rh
sites taken by adsorbed CO is estimated at 1.16, which is
greater than full coverage. Accounting for CH, on the
surface, the total fraction of surface Rh atoms taken up
by carbon-containing intermediates is 1.25. It must be
noted that the IR absorption coefficients used for this esti-
mation contain ~20% error, which accounts for a value
greater than unity. In addition. the number of exposed
surface Rh atoms was measured by H, chemisorption at
303 K. The modification of surface structure by the reaction
may contribute to uncertainty in the estimation of surface
coverage. A value slightly above unity for the coverage of
carbon-containing species confirms that the surface cover-
age of *H is small compared to that of carbon-containing
intermediates and the adsorption of H, competes poorly
with the adsorption of CO under CO hydrogenation condi-
tions.

Surface Site Distribution Analysis

Compartment model analysis of the methanation results
presented previously assumed that methane is formed
along two parallel pathways, each reacting with a single
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FIG. 11. Surface site distribution of methanation on 3 wt% Rh/SiO,
at 503 K and 0.1 MPa calculated from steady-state isotopic transient data.

rate. The compartment model lumps the heterogeneity
of the surface into two specific types of active sites for
hydrogenation, C*H, and C?H . It is reasonable to suggest
that the nonuniform structure and composition of a sup-
ported metal catalyst may result in a continuous distribu-
tion of the rate constant. The distribution of rate coeffi-
cients for reactivities of the surface sites on a supported
metal catalyst determines the overall activity of the metal.

Two methods have been proposed to obtain the spec-
trum of reactivities on a heterogeneous surface, both utiliz-
ing isotopic transient results (49, 54). The methods pre-
sented in the literature require no a priori knowledge of
the distribution, as did the compartment model analysis,
and yield discrete points along the distribution found by
least-squares minimization. The disadvantage of using
these approaches is that they can only be applied to a
reaction that has a single rate-determining step. Intermedi-
ate pools in series with ambiguous or more than one rate-
determining step are not accounted for. The method of de
Pontes et al. (49) is applied to the results of this study.
They have shown that the decay of the response can be
described by

r¥) = ﬁ a, exp(—k,t), [12]
n=1

where

T

05 k7 f(kn). [13]

a, =

max

The parameter wq,, is found from the noise level of the
experimental data, 67 is the surface coverage of intermedi-
ates, and f(k) is a distribution of rate constants. The deriva-
tion of Eq. [12] requires that the values of &, be spaced
logarithmically between k, and k. The parameters a,, are
fit to the data by least-squares approximation and the func-
tion f(k) is calculated from the results.

Equations [12] and [13] were applied to the data in Fig.
3 to obtain the distribution of activity for methanation on
Rh/SiO,. The noise level of the data for the isotopic
switches at 453 and 483 K was too high for consistent
results. The rate constant distribution is shown in Fig. 11.
The figure exhibits two distinct distributions, one with a
mean value of 0.024 min~! and another broad distribution
with a mean value of .234 min ™", This analysis confirms the
idea that the transient data at 503 K cannot be explained
by one single rate constant and verifies that two different
forms of carbon with different reactivities are present on
the Rh/SiO, surface for the methanation reaction.

Modeling of Methanation Response to Pulsing CO into
HZ Flow

Figure 8b shows the compartment model for the meth-
ane response to a CO pulse into H,/He. The rate of disap-
pearance of adsorbed CO during a pulse of CO into H; is
assumed to be first order with respect to the amounts of
linear and bridged CO, respectively. Lack of information
and the inability to measure the rate of possible exchange
between linear CO and bridge CO under reaction condi-
tions preclude inclusion of the exchange step CO, = CO,,
into the model. Although the exchange between linear and
bridged CO during methanation remains to be investi-
gated, it has been found that the exchange between ad-
sorbed CO does not occur during ethylene hydroformyla-
tion on the same catalyst at 301 K (42). Equations
are obtained for the rate of disappearance of adsorbed
CO,

WNeo, _ —k;Ne [14]
dt 1N Co,

eo, _ —kyN [15]
dt s¥CO,

where N; denotes the moles of intermediate i. The rate
constants of disappearance of linear and bridged CO were
calculated by fitting the decay in the IR intensities shown
in Fig. 7 to exponential equations, assuming the intensity
is proportional to surface coverage. It must be noted, how-
ever, that the absorption coefficient is proportional to the
second derivative of the dipole moment with respect to
distance and may vary with surface coverage due to interac-
tions with other adsorbates (46).
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TABLE 2

Rate Parameters for Methanation during 1 cm? CO Pulse in H,

P} ..(:..Q'. €O,

k; (min~') CO, CH,

Temperature —_— ky K Hl‘a mol mol
() o ke / (min' ) (min'1) (umo) () (22)

453 2.03 0.03 0.37 0.02 — 0.12 2.54 0.8%

483 6.63 0.09 0.32 0.05 — 0.40 2.10 0.54

503 3.12 0.09 0.27 0.07 0.42 1.78 2.05 0.009

The decay of the linear CO intensity shows a distinct
change in slope at about 1.1 min as shown in Fig. 7, sug-
gesting that linear CO exhibits two different reactivities.
Therefore, the intensity of the linear CO band as a function
of time is fitted to an exponential equation of the form

I=fexp(—knt) + (1 = f) exp(—knt), [16]
where [/ is the fraction of maximum intensity, £, and kp
are rate constants for consumption of linear CO with two
different reactivities, and f is the weight fraction of linear
CO that is consumed with a rate constant k; . The intensity
of the bridged CO band as a function of time is fitted to
an exponential equation of the form

1= {exp(~ky1)), [17)
where [ is the fraction of maximum intensity and k; is the
rate constant for consumption of bridged CO. The solid
lines in Fig. 7 are least-square fits of the data to Eq. [16]
and {17] at 503 K. The rate constants for the disappearance
of the linear and bridged CO at 463-503 K are summarized
in Table 2. The high value of k;; compared to that of k;
in Table 2 may be due to (i) the high rate of disappearance
of the linear CO resulting from desorption and conversion
to CH, or (ii) the variation of the absorption coefficients
with the coverage of adsorbed CO. The latter case is not
considered in the analysis. Figure 5 shows gaseous CO is
present in the reactor for less then 0.35 min after the pulse.
After 0.35 min, the CO concentration returns to the base
line, indicating the absence of CO desorption.

The mole balance for carbon in the *C — *CH, compart-
ment leads to

7 = fknNco, + (1 = f)knNco,
+ kyNco, = knNew, [18]
dNCH4
Oy, = T kyNcu, [19]

where N denotes the moles of respective species in the
compartment. Qi can be obtained by solving the simulta-
neous differential equations with the initial conditions of
Ncu, = Ney, = 0 atr = 0. The rate of methane formation
can be expressed as

ki k
&, = {:I_ik_h“N‘%o,{GXP(—knt) — exp(—kut)}
1 — f)knk,
+ L Dkeky - . 2 N o fexp(—kpt) — exp(—ky)
h 2
kyk,
% = ’kh Neo,fexp(=kut) = exp(—ky0)}.  [20]

where N¢o, and N¢o, denote the total number of moles
of linear and bridge CO when the intensity of linear
and bridged CO was maximum, which is at (.12 min.
The time 0.12 min is considered a dead time for the
methane response and Eq. (20) is used to fit the data
taken after 0.12 min. Since the amount of CQ, formed
is less than 1% of CH, formed and all the CO, is formed
within the initial 0.12 min at 503 K, it is assumed that
all the adsorbed CO after 0.12 min leads to methane
formation. Therefore,

j().]?_ }V(‘H4 dt: :.IZN(‘H" d[: N[()‘()I + N(()‘()h. [21]

The model equations [18]-[21] can not accurately describe
the dynamic behavior of the adsorbed CO and the methane
formation during the presence of gaseous CO between 0
and 0.35 min. Close examination of the infrared spectra
of linear and bridged CO in Fig. 6 reveals that the intensi-
ties of both species remained the same for 0.12 to 0.18 min
when methane was formed, as shown in Fig. 5. During
this period, the methane formed may be a result of the
hydrogenation of surface carbon; in addition, the methane
produced also cannot be correlated to the change in the
intensity of the linear CO. The presence of gaseous CO
may promote the rapid desorption and enhance the forma-
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tion of methane. The amount of methane produced be-
tween 0.12 and 0.35 min is about 0.6% of the methane
calculated from Eq. [21].

The ratio of the initial amounts of linear to bridged CO
on the catalyst surface was calculated from the ratio of the
integrated absorbances of the linear CO and bridged CO
bands in Fig. 6 and the integrated absorbance coefficients
for linear and bridged CO (41),

0
No,

= 2.05.
N(()‘(),,

[22]

Using Egs. [21] and [22], the maximum amounts of linear
and bridged CO were determined to be 1.2 and (.58 umol,
respectively. The experimental data for methane formation
at 503 K was fit numerically to the expression of the rate
of formation of methane to obtain the value for k; listed
in Table 2. A perfect fit of the data to Eq. [20] was not
obtained at 503 K since the methanation model proposed
consisted of only one CH, compartment. Increasing the
number of compartments in the model would lead to an
indistinguishable and unidentifiable model and the param-
eters would have little physical significance. Due to the
large ratio of CO, to CH, formation, modeling the CH,
response would lead to a significant error and the values
of k;, at 483 and 453 K are therefore not available in Table 2.

The Equations [16] and [17] for the model presented in
Fig. 8b, which considered parallel reaction of linear and
bridged CO for the formation of methane, consist of three
parameters. The regression of the infrared intensity data
for linear and bridged CO produced an R? of 0.99. R* is
determined b}’ R2 = E (,Vprcdictcd - yavcra\g‘:)z/2 (,Vaclual -
Yaverage)”» Which indicates the goodness of the fit. The closer
the value of R? to 1, the better the fit. An R? value of 0.97
was found for fitting the infrared intensity data to the
CO, - CO, — *C - *CH, — CH, model. Considering
the CO, = CO,, will introduce additional parameters which
should result in a better fitting. Due to lack of data for
CO,; = COy,, further data fitting is not likely to increase
our understanding of the reaction.

DISCUSSION

The methanation model in Fig. 8 used to calculate the
kinetic parameters is based on the mechanism of methana-
tion on Rh-based catalysts. Two parallel] CH, pathways
must be used in the model to account for the tailing of the
response and to fit the data correctly. It may be argued
that different reactivities of linear CO and bridged CO
give rise to two different pathways leading to CH, during
steady-state CO hydrogenation. Since linear and bridged
CO exchange with gas-phase CO at rates faster than the
response time of the experiments, the steady-state isotopic

step transient study is not able to distinguish the reactivity
of linear and bridged CO under steady state. A rapid ex-
change between linear and bridged CO is possible. As a
result, the assumption that linear and bridged CO react as
one intermediate in the model is reasonable. Pulsing CO
into H, flow is an excellent compliment to steady-state
isotopic transient study. The pulsing results listed in Table
2 demonstrate that linear CO depletes faster than bridged
CO. The major mechanistic information provided from
steady-state isotopic step study is the reactivity of C*H,
and C#H, as well as the rate-determining step.

One of the major concerns in the methanation reaction
on Rh/SiO; is identifying the rate-determining step. The
proposed mechanism for CO hydrogenation suggests that
hydrocarbon and oxygenate products share a common CH,
intermediate and, in fact, complete for these intermediates
(16, 55, 56). Unfortunately, the difference in activation
energies for CO dissociation and hydrogenation, shown in
Fig. 10, is not significant enough to determine the rate-
determining step. If CO dissociation is the rate-determin-
ing step (RDS) in the methanation reaction, then control
of the ratio of oxygenates to hydrocarbons may not be
realized. However, if the hydrogenation of CH, is the RDS,
then the CH, intermediate may stay on the surface long
enough to allow CO insertion to occur.

By combining the response of adsorbed species mea-
sured by IR spectroscopy and the gas-phase response mea-
sured by mass spectroscopy, the rate-determining step dur-
ing steady-state methanation can be inferred. In Figs. 2 and
4, it was observed that adsorbed CO and '*CO exchanged
rapidly on the surface of the catalyst. From the IR results,
the exchange between adsorbed '>CO and *CO was com-
plete in 0.69-0.80 min, which corresponds to the response
of *CO in the gas phase. Assuming the IR measured the
vibrational frequencies of all adsorbed CO on the surface,
the sites for adsorbed carbon monoxide were covered with
only labeled *CO 0.80 min after the step switch. The gas-
phase response exhibited a '>*CH, transient that took ap-
proximately 4—10 min to complete at 453-503 K, far behind
the *CO/CO exchange on the surface. In the absence of
adsorbed ?CO, the '2CH, produced after 0.80 min must
come from slow hydrogenation of '*CH, intermediate.
These observations indicate that the hydrogenation of the
CH, intermediate is the rate-determining step.

A major limitation of the infrared spectroscopic tech-
nique is that only the vibration of dipole moments normal
to the surface is infrared active. A surface species such as

C—oO
/NN

proposed as a precursor for CO dissociation (57), may
not be detectable by the infrared spectroscopic technique.
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Although the slow *CH, response may be attributed to
the slow dissociation of an adsorbed CO parallel to the
surface, no spectroscopic technique has ever been able to
detect such a postulated species.

The site distribution analysis also supports the notion
that hydrogenation of CH, is the rate-determining step.
From Fig. 11, the distribution of rate constants reflects that
of the rate-determining step since no assumptions on the
mechanism is specified in the analysis. The mean values
of the two distinct distributions are 0.024 min"' and 0.234
min" . These values are close to 0.018 and 0.30 min ™' calcu-
lated for the hydrogenation of C*H, and C?H, from the
compartment model, suggesting that the actual rate of
methanation is determined by the rate of the hydrogena-
tion of CH, on Rh/SiO, catalysts.

The data in Table 1 distinguish only the differences in
reactivity and coverage between the C°H, and C*H,. The
structure and type of active site that gives rise to these
intermediates on Rh/SiO, cannot be deduced from the
present study; however, results from the literature on other
Group VIII metal catalysts can be used to elucidate the
structural differences of the two CH, species. Using Auger
electron spectroscopy of a Ni(100) surface, Goodman et
al. (35, 36) characterized the most reactive CH, species,
CeH,, as a ‘“‘carbidic” carbon, and a less reactive species,
CEH,, as a “‘graphitic” carbon. The latter species formed
above 700 K. Two separate CH, species have also been
characterized by nuclear magnetic resonance spectroscopy
on Ru catalysts {(58). The observed C°H, was deduced to
be distributed on a variety of sites on or below the metal
surface with x = 0. CBH, was found to be partially hydroge-
nated (x = 1-3) and is made up of two separate phases
with different surface mobilities. It is interesting to note
that C*H, is distributed on a variety of sites on Ru catalyst
and C*H, on Rh catalyst in this study exhibit a broad
spectrum of activity.

From Fig. 10, the rate constant for CO dissociation
is smaller than that for the hydrogenation of C*H, and
comparable to that for the hydrogenation of C*H,. In
classical kinetics, the surface coverage of an intermediate
depends on site blocking by intermediates with slower
reactivities. The rate of an elementary step is the product
of the rate constant and the surface coverage of the
intermediate involved in the reaction. A smaller rate
constant means lower reactivity and possibly the rate-
determining step in classical kinetics; however, for CO
hydrogenation on Rh/SiO-, this is not the case. During
steady state, the rate of reaction for C*H, and CPH,
can be expressed as the sum of

(23]

Via = K3aOcon, = V2o = Kzebeco

and

Vg = k3BOC6HX = Vg = kz,gax(jo. [24]
The surface coverage of *CO, 6.co, includes a significant
fraction of reversibly adsorbed CO that adsorbed and de-
sorbs with a residence time of 0.09 min. This large fraction
of reversibly adsorbed CO did not enter the CO dissocia-
tion pathway. In contrast, 6cey_and Bc#y_include all the
CHy that is converted to CH,. As a result, &k, and &y
obtained from 2y, = kz,0«co and 1o = ke, Tespectively,
are not true rate constants for those adsorbed CO that are
involved in methanation. The rate-determining step for
methanation cannot be concluded from the relative values
of ko, kog and ks, kag.

In contrast to adsorbed CO in a steady-state step tran-
sient study, most of the adsorbed CO observed in the
pulsing study after gaseous CO and CO, have left the
reactor was involved in methanation. The reactivity of lin-
ear CO and bridged CO can be compared by the decay of
their respective intensities with time. Modeling results at
503 K in Table 2 revealed that the rate constant for CO
dissociation, kj,, is smaller than that for hydrogenation,
suggesting that CO dissociation is a rate-determining step
under pulse conditions. It should be noted that the high
value of k1, resulting from both CO desorption and disso-
ciation in the presence of gaseous CO and possible varia-
tion of absorption coefficient, during the first minute after
the pulse, does not reflect a high dissociation activity of
linear CO.

A change in surface concentrations of adsorbed species
appears to lead to a different elementary step being the
rate-determining step. Under conditions of a pulsing study
or temperature-programmed reaction conditions (24-26),
the surface may contain a high concentration of *H, which
in turn increases the rate of hydrogenation so that CO
dissociation is the rate-determining step. The use of ex-
tinction coefficients and integrated absorbances of IR
spectra show that maximum CO coverage during pulsing
is 0.93. The rest of the sites are covered by *H. During
steady-state conditions, the surface coverage of *H is much
lower, possibly not affecting the rate of hydrogenation to
a great extent. It is evident from this study that the rate-
determining step is a delicate balance of intermediate con-
centrations, surface intrinsic properties, and reaction con-
ditions.

At lower temperatures, the concentration of the more
active site for CH, hydrogenation is higher than that of
the less active site. This fact could have implications for
the design of a catalyst for higher oxygenate synthesis.
Some promoters have been determined to block or elec-
tronically affect active sites on Group VIII metals (22). It
may be possible to block or alter the more active methana-
tion site to suppress methanation and increase the proba-
bility for CO insertion to occur and result in better selectiv-
ity for higher oxygenates.
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CONCLUSIONS

The reactivity and the dynamics of adsorbed CO and
CHy on the Rh surface strongly depend on temperature
and the partial pressure of the reactants. Steady-state tran-
sient kinetic analysis reveals the reactivity of CHy on the
surface while the pulsing CO in H, study reveals the reac-
tivity of linear and bridged CO for methanation. By com-
parison of the IR spectra and the gas-phase response of a
CO/"*CO switch, it was found that gaseous CO exchanges
rapidly with surface adsorbed CQO, both linear and bridged,
and that the hydrogenation of CH, is the rate-determining
step during steady-state CO hydrogenation. Both compart-
ment modeling and surface site distribution analysis sup-
port this conclusion. These two different methods of analy-
sis also show that CH, intermediate hydrogenates to CH,
with two distinct rate constants. Pulsing CO in H, flow
shows that the linear CO depletes faster than bridged CO
and CQO dissociation is the rate-determining step for metha-
nation due to the high coverage of adsorbed hydrogen.
Combined in situ infrared study with steady-state isotopic
transient analysis and pulsing CO into H, flow allow us to
draw a definite conclusion that different operating condi-
tions lead to a different rate-determining step. Mechanistic
and kinetic studies of catalytic reactions have to be per-
formed under practical reactor conditions.

ACKNOWLEDGMENT

The authors gratefully acknowledge the support of this research by
the U.S. Department of Energy under Grant DG-FG-87PC79923.

REFERENCES

1. Bache, R. A., Gray, W. M., and Smith, D. J., IEEE Proc. 128(Part
D), 56 (1981).

2. Berck, P. D, Bloomer, J. R., Howe, R. B., and Berlin, N. 1., Am. J.
Med. 49, 296 (1970).

3. Boxenbaum, H. G., and Riegelman, S.,J. Pharmacokinet. Biopharm.
4, 287 (1976).

4. Steinfeld, J. L., Fransisco, J. S., and Hase, W. L. “Chemical Kinetics
and Dynamics.” Prentice-Hall, Englewood Cliffs, NJ, 1989.

5. Levenspiel, O., and Bischoff, K. B., in “Advances in Chemical Engi-
neering.” (T. B. Drew, J. W. Hoopes Jr., and T. Vermeuien, Eds.),
Vol. 4, p. 95. Academic Press, New York, 1963.

6. Aris, R., “Elementary Chemical Reactor Analysis.”” Prentice Hall,
Englewood Cliffs, NJ, 1963.

7. Wen, C. Y., and Fan, L. T., “Models for Flow Systems and Chemical
Reactors.” Dekker, New York, 1975.

8. Luyben, W. L., “Process Modeling, Simulation, and Control for
Chemical Engineers,” 2nd ed. McGraw-Hill, New York, 1990.

9. Tamaru, K., in ““Catalysis: Science and Technology,” (J. R. Anderson
and M. Boudart, Eds.), Vol. 9, p. 87, Springer Verlag, Berlin/
Heidelberg/New York, 1991.

10. Efstathiou, A. M., and Bennett, C. O., J. Catal. 120, 118 (1989).

11. Mori, Y., Mori, T., Takahashi, N., Hattori, T., and Murakami, Y.,
J. Phys. Chem. 94, 4575 (1990).

12. Kaul, D. J., and Wolf, E. E., J. Catal. 89, 348 (1984).

13. Li, Y. E., Willcox, D., and Gonzalez, R. D., AIChE J. 35, 423 (1989).

14,
15.
16.
17.
18.
19.
20.
21
22.
23.
24.
25.
26.
27.
28,
29.
30.
31

32.
33.

34.
35.
36.
37.
38.
39.
40.
41.

42.
43.

46.
47.

48.

49.

50.

S1.

52.

53.

BALAKOS ET AL.

Vannice, M. A., Catal. Rev. Sci. Eng. 14(2), 153 (1976).

Ponec, V., Catal. Rev. Sci. Eng. 18(1), 151 (1978).

Bell, A. T., Catal. Rev. Sci. Eng. 23(1&2), 203 (1981).

Happel, J., “Isotopic Assessment of Heterogeneous Catalysis.”” Aca-
demic Press, New York/London, 1986.

Yang, C. H,, Soong, Y., and Biloen, P., in “‘Proceedings, 8th Interna-
tional Congress on Catalysis, Berlin, 1984, Vol. 2, p. 3. Dechema,
Frankfurt-am-Main, 1984.

Soong, Y., Krishna, K., and Biloen, P., J. Catal. 97, 330 (1986).
Stockwell, D. M., Chung, J. S., and Bennett, C. O., J. Caral. 112,
135 (1988).

Siddall. J. H., Miller, M. L., and Delgass, W. N., Chem. Eng. Comm.
83, 261 (1989).

Hindermann, J. P., Hutchings, G. J., and Kiennemann, A., Catal. Rev.
Sci. Eng. 53(1). 1 (1993).

Stuchly, V., and Klusacek, K., J. Catal. 139, 62 (1993).

McCarty, J. G., and Wise, H., J. Caral. 57, 406 (1979).

Ho, S. V., and Harriott, P., /. Catal. 64, 272 (1980).

Ozdogan, 8. Z., Gochis, P. D., and Falconer, J. L., J. Catal. 83,
257 (1983).

Koerts, T., Welters, J. J., and van Santen, R. A.. J. Catal 134, 1
(1992).

Koerts, T., and van Santen, R. A, J. Catal. 134, 13 (1992).

Araki, M., and Ponec, V., J. Catal. 44, 439 (1976).

Biloen, P, Helle,J. N., and Sachtler, W. M. H.,J. Catal. 58,257 (1979).
Happel, J., Suzuki, I., Kokayeff, P., and Fthenakis, V., J. Catal. 65,
59 (1980).

Cant, N. W, and Bell, A. T., J. Catal. 73, 257 (1982).

Happel, J., Cheh, H. Y., Otarod, M., Ozawa, S., Severdia, A. J.,
Yoshida, T., and Fthenakis, V., J. Catal. 75, 314 (1982).

Biloen, P., Helle, J. N, van den Berg, A., and Sachtler, W. M. H.,
J. Catal. 81, 450 (1983).

Goodman, D. W., Kelley, R. D., Madey, T. E., and Yates, J. T., Jr.,
J. Catal. 63, 226 (1980).

Goodman, D. W., Kelley, R. D., Madey, T. E., and White, J. M., J.
Catal. 64, 479 (1980).

Efstathiou, A. M., and Bennett, C. O., /. Catal. 120, 137 (1989).
Underwood, R. P., and Bennett, C. O., J. Catal. 86, 245 (1984).
Anderson, J. R., and Pratt, K. C., “Introduction to Characterization
and Testing of Catalysts.” Academic Press, New York/London, 1985.
Srinivas, G., Chuang, S. S. C., and Balakos, M. W., AIChE J. 39,
530 (1993).

Srinivas, G., and Chuang, S. S. C., J. Catal. 144. 131 (1993).
Chuang, S. S. C., and Pien, S. 1., J. Catal. 135, 618 (1992).

Ellgen, P. C., Bartley, W. J., Bhasin, M. M., and Wilson, T. P., Adv.
Chem. Ser. 178, 147 (1979).

. Underwood, R. P., and Bell, A. T., J. Catal. 111, 325 (1988).
45,

Balakos, M. W., Ph.D. dissertation, The University of Akron,
Ohio, 1994.

Winslow, P., and Bell, A. T., J. Catal. 86, 158 (1984).

Godfrey, K., **Compartment Models and Their Applications.” Aca-
demic Press, New York/London, 1983.

Otarard, M., Ozawa, S., Yin, F., Chew, M., Chen, H., and Happel,
J., J. Cartal. 84, 156 (1983).

de Pontes, M., Yokomizo, G. H., and Bell, A. T., J. Catal. 104,
147 (1987).

Glugla, P. G., Bailey, K. M., and Falconer, J. L., J. Phys. Chem. 92,
4474 (1988).

Reynolds, W. E., and Wolf, J., “TUTSIM Block Diagram Simulation
Language,” TUTSIM Products, Palo Alto, CA, 1991.

Jackson, S. D., Brandreth, B. J., and Winstanley, D., J. Catal. 106,
646 (1987).

Shustorovich, E., and Bell, A. T., Surf. Sci. 248, 359 (1991).



ADSORBED SPECIES DURING CO HYDROGENATION 65

54. Hoost, T. E.. and Goodwin, J. G., Jr., J. Catal. 134, 678 (1992). 57. Hindermann, J. P., Kiennemann, A., Cakor-Alami, A., and Kieffer,
55. Chuang, S. C.. Tian, Y. H.. Goodwin, J. G., Jr., and Wender, 1., R..in "Proceedings, 8th International Congress on Catalysis, Berlin.
J. Catal. 96, 449 (1985). 1984, Vol. 2, p. 163. Dechema, Frankfurt-am-Main, 1984,

56. Sachtier, W. M. H.. and Ichikawa, M., J. Phys. Chem. 90,4752 (1986).  58. Duncan. T. M., Winslow, P., and Bell, A. T.. J. Caral. 93, 1 (1985).



