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Deuterium isotopic pulse tracing has been combined with in situ
infrared spectroscopy to study heterogeneous ethylene hydroformy-
lation and hydrogenation on a 4 wt% Mn–Rh/SiO2 catalyst at 513 K
and 0.1 MPa. Deuterium pulses into steady-state CO/H2/C2H4 flow
produced H2, HD, D2, C2H6−xDx, and C2H6−xDxCO transient re-
sponses. The reaction parameters, including intermediate surface
coverages and rate coefficients, were determined from the tran-
sient responses coupled with compartment models that describe
adsorbed intermediates in the pathway for incorporation of D2 into
propionaldehyde. This pathway is shown below:

The pathway involves (i) deuterium adsorption, (ii) partial deutera-
tion of adsorbed ethylene to form adsorbed ethyl, (iii) deuteration of
adsorbed ethyl to form ethane, (iv) CO insertion into adsorbed ethyl
to form adsorbed acyl, (v) deuteration of adsorbed acyl via metal-
chemisorbed deuterium to form propionaldehyde, and (vi) deu-
teration of adsorbed acyl via spillover deuterium to form propi-
onaldehyde. The steady-state rate of hydrogen desorption, which is
essential for determination of the reaction parameters, was esti-
mated by use of the HD transient response assuming that the rate
of HD production equals the rate of D2 production and equals the
rate of H2 production at the point where the surface coverages
of H and D are approximately equal. Evaluation of rate coeffi-
cients indicates that hydrogenation of adsorbed ethyl is intrinsically
faster than CO insertion into ethyl, leading to the high selectiv-
ity toward ethane over propionaldehyde as product. The propi-
onaldehyde compartment models were able to account for two
modes of acyl hydrogenation: (i) from ∗H on the metal surface and
(ii) from spillover ∗H, or Si–OH. Hydrogenation via metal-adsorbed
hydrogen is favored over hydrogenation via spillover hydrogen.
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uakron.edu. Fax: (330) 972-5856.

2 Present address: General Motors, Rochester, NY.

Comparison of the rate coefficients for CO insertion and acyl hy-
drogenation indicates that both steps are kinetically significant,
which is consistent with conclusions of previous studies that utilized
the Langmuir–Hinshelwood–Hougen–Watson and pseudo-steady-
state analysis approaches. c© 1999 Academic Press
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INTRODUCTION

The goal of catalysis research is to use mechanistic infor-
mation to guide the design and preparation of highly active
and selective catalysts (1). One method that has been devel-
oped to gain insight into the nature of reactions on catalyst
surfaces is in situ infrared (IR) spectroscopy coupled with
steady-state isotopic transient kinetic analysis (SSITKA)
(2). SSITKA involves the replacement of a reactant with
its isotopically labeled counterpart, typically in the form of
a step or pulse function. Producing an input function with
isotope-labeled reactant permits the monitoring of isotopic
transient responses while keeping the total concentration of
labeled plus nonlabeled reactants, adsorbates, and products
at steady-state conditions. The responses of the labeled re-
actants and products to the step or pulse input carry mecha-
nistic information about the steady-state reaction. Isotopic
transient techniques have been used in the past primarily to
study CO hydrogenation (3–11) to obtain intermediate sur-
face coverages and adsorbate activities for carbon-contain-
ing species such as carbides, ∗CHx, ∗CO, ∗C2O, ∗C2OH,
etc. (∗ denotes a chemisorbed species). The isotopic tracing
technique, along with other similar isotope exchange ex-
periments, has also been used to study ethylene hydrogena-
tion to determine rate parameters for the Horiuti–Polanyi
mechanism and the D2–C2H4 exchange reaction (12, 13).

This study utilizes SSITKA coupled with in situ IR for the
study of heterogeneous ethylene hydroformylation, which
is the reaction of syngas with ethylene to form propionalde-
hyde as the desired product and ethane as the byproduct.
Hydroformylation serves as a useful probe reaction for
examination of hydrogenation and CO insertion activity
0021-9517/99 $30.00
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of transition metal catalysts (14). Our previous studies
used 13CO to trace the CO pathway and obtain mecha-
nistic information, including elementary rate constants for
carbon-containing intermediates and determination of the
rate-limiting step on Rh/SiO2 and Mn–Rh/SiO2 catalysts
(15–18). Deuterium transient studies have been conducted
on Rh/SiO2 to characterize temperature effects on propi-
onaldehyde formation (19) and on Mn–Rh/SiO2 to charac-
terize (i) product readsorption effects, (ii) deuterium dis-
tribution in the products, and (iii) deuteration pathways to
explain the two-hump di-propionaldehyde responses (18,
20).

Previous deuterium transient studies do not explicitly ad-
dress steady-state hydrogen surface coverages under reac-
tion conditions and very few contain quantitative determi-
nation of hydrogen adsorption–desorption rates. Obtaining
these mechanistic parameters is not straightforward; it re-
quires proper assumptions and the use of an appropriate
model to fit the transient response data.

The objective of this study is to investigate the effect of re-
actant partial pressure on the mechanistic parameters, i.e.,
the rate of hydrogen adsorption–desorption, intermediate
surface coverages, residence times, and reactivities of hy-
drogen and hydrogen-containing intermediates during the
H2/CO/C2H4 reaction on a 4 wt% Mn–Rh/SiO2 catalyst.
The mechanistic parameters will be determined by the tran-
sient responses of H2, HD, D2, and deuterium-containing
products coupled with compartment models of hydro-
formylation.

EXPERIMENTAL

Catalyst Preparation and Characterization

A 4 wt% Mn–Rh/SiO2 (Mn : Rh= 0.1) catalyst was pre-
pared by a sequential incipient wetness method using an
aqueous solution of RhCl3 · 3H2O (Alfa Products) and an
aqueous solution of Mn(NO3)2 · 6H2O onto a large pore
SiO2 support (Strem Chemicals, surface area of 350 m2/g).
Upon completion of the impregnation sequence, the cata-
lyst powder was dried in air overnight at room temperature
and then was reduced in flowing H2 at 673 K for 16 h. Hy-
drogen uptake at room temperature was determined, via
the flow chemisorption method, to be 114 µmol/gcat, corre-
sponding to a Rh particle size of 1.6 nm assuming an ad-
sorption stoichiometry of Had : Rhsite= 1.

Reaction Studies

Specific details of the experimental apparatus and IR re-
actor cell used in this study have been reported elsewhere
(2), but will be briefly described here. Approximately 50 mg

of catalyst was used. One half of this total was pressed into a
thin, self-supporting disk and used in the IR reactor where
it was subject to the infrared beam. The remainder of the
, AND BRUNDAGE

catalyst was placed at the reactor outlet for the purpose
of increasing conversion. The IR cell acts as a differential
reactor (conversion never exceeds 5%) and provides the
initial rates for the forward reaction.

The reaction was carried out at 513 K and 0.1 MPa with
a total flow rate of 120 cm3/min. The reactant mixture con-
sisted of H2, CO, C2H4, and He. The H2 stream consisted
of 2 vol% Ar, which acted as an inert tracer to determine
the flow pattern in the reactor system without interacting
with the catalyst surface. The partial pressure of each reac-
tant was varied four times while the other reactants’ partial
pressures remained constant for a total of twelve runs. Par-
tial pressures were varied by altering the flow rate of each
respective reactant as well as that of He in order to keep
the total flow constant. Upon reaching steady-state flow at
the desired conditions, an HP-5980A gas chromatograph
(GC) equipped with a flame ionization detector (FID) and
Porapak PS/Porapak QS columns in series was used to de-
termine the steady-state concentrations of reactants and
products. A six-port valve was then used to pulse 10 cm3

of D2 into the H2 stream. After the pulse, IR spectra were
recorded by a Nicolet 5SXC spectrometer with a DTGS
detector (4 cm−1 resolution) in order to monitor transient
responses of adsorbates on the catalyst surface. The tran-
sient responses of the gaseous effluent were simultaneously
recorded by a Balzers QMG 112 mass spectrometer (MS)
interfaced to a computer that allows measurement of eight
m/e (i.e., amu) as a function of time. The m/e ratios mon-
itored were 2 (H2), 3 (HD), 4 (D2), 30 (d2-ethylene/d0-
ethane), 31 (d3-ethylene/d1-ethane), 32 (d4-ethylene/d2-
ethane), 33 (d3-ethane), 40 (Ar), 58 (d0-propionaldehyde),
59 (d1-propionaldehyde), 60 (d2-propionaldehyde), and 61
(d3-propionaldehyde). The di-prefix indicates the number
of deuterium atoms in the molecule. Each experiment was
performed twice at each condition to allow information to
be gathered about all 12 species.

RESULTS

Steady-State Reaction Measurements

Figure 1 shows the steady-state turnover frequency
(TOF) versus partial pressure for the major products:
ethane and propionaldehyde. TOF is defined as the rate
of product formation (mol/gcat/s) divided by the number of
surface Rh atoms per gram of catalyst measured by H2 pulse
chemisorption at room temperature. Only trace amounts of
other hydrocarbons were produced. A best-fit of the rate
versus partial pressure data yields the following empirical
power–law relationships:

TOFC2H6 = 6.20P1.20
H2

P−0.67
CO P0.83

C2H4
[1]
and

TOFC2H5CHO = 1.30P0.85
H2

P0.14
CO P0.84

C2H4
. [2]
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FIG. 1. TOF of ethane and propionaldehyde versus reactant partial
pressure.

The reaction order shows the extent of the dependence of
the product formation rate on the reactant partial pres-
sure (MPa). The ethane formation rate shows positive or-
der with respect to hydrogen and ethylene partial pressures
and negative order with respect to CO partial pressure. Pro-
pionaldehyde formation rate shows positive order with re-
spect to all reactants.

Comparison of ethane and propionaldehyde rates ver-
sus reactant partial pressure shows that the selectivity to-
ward propionaldehyde increases with increasing CO partial

pressure and decreases with increasing H2 partial pressure.
Increases in ethylene partial pressure had little impact on
product selectivity.
YSIS OF HYDROFORMYLATION 75

Transient Response to a D2 Pulse

Figure 2 shows the normalized reactant and product re-
sponses to a 10 cm3 D2 pulse into H2/CO/C2H4/He flow at
30/30/30/30 cm3/min. The responses were normalized using
the equation (21)

E(t) = I (t)∫∞
0 I (t) dt

, [3]

where I(t) is the MS intensity for a specific gaseous species.
I(t) can be related to concentration of the species via a
calibration factor. The normalization procedure described
by Eq. [3] converts all the MS responses such that the area
under each curve is one; this allows for fair comparison of
the lead–lag relationships.
FIG. 2. Normalized product responses to a 10 cm3 D2 pulse into H2 at
30 : 30 : 30 : 30 cm3/min H2/CO/C2H4/He.
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FIG. 3. In situ IR spectra during D2 pulse transient at 30 : 30 : 30 :
30 cm3/min H2/CO/C2H4/He.

Figure 3 shows the IR spectra collected during the tran-
sient. Si–OH is represented by the peak at 3744 cm−1 while
Si–OD is represented by the peak at 2755 cm−1. Deuterium
is nearly twice as heavy as hydrogen; as a result, Si–OD
stretches at a lower frequecy than Si–OH. The area under
each of these IR peaks, which corresponds to adsorbate
concentration, was calculated and plotted versus time as an
E(t) curve in Fig. 2 along with the other response curves. The
other prominent peaks from Fig. 3 are gas-phase CO, rep-
resented by the doublet at 2185 and 2115 cm−1, and linear
CO, represented by the peak at 2034 cm−1. The IR spectra
of these species were not affected by the D2 pulses, indi-
cating that the steady-state condition for adsorbed CO was
not disturbed by the pulse D2 transient.

One of the key features of Fig. 2a is the nearly symmet-
ric H2 and D2 transients. This demonstrates that the total
concentration of labeled plus nonlabeled isotope remains
nearly constant. Another important feature is the lag in the
H2 response with respect to Ar, indicating the occurrence
of reversible H2 adsorption on the catalyst surface.

Figure 2b shows the Si–OH, Si–OD, HD, and d4-
ethylene/d2-ethane transient responses. The delayed re-
sponses of Si–OH and Si–OD relative to those of H2 and D2

represent the time necessary for adsorbed H/D to migrate
from the metal surface to the support. Also, the slower re-
turn to the baseline of Si–OD relative to Si–OH suggests
the presence of an isotope effect on the surface. It should
be noted that the majority (∼98%) of Si–OD does not di-
rectly exchange with gaseous D2 (20). An H2/D2 step switch
experiment on SiO2 and Mn–Rh/SiO2 showed that the Si–
OD intensity on SiO2 is approximately 2% of that on Mn–
Rh/SiO2; the average residence time of Si–OD on SiO2 is

nearly ten times larger than that on Mn–Rh/SiO2 (20). The
formation of the two-hump HD response is due to the in-
crease and decrease of D2 and H2 concentrations during the
, AND BRUNDAGE

transient. The two local maxima, i.e., two peaks, exhibited
by the HD response correspond to the points where the sur-
face coverages of ∗H and ∗D are nearly equal. The typically
larger second hump is due to an isotope effect. A more de-
tailed account of the significance of the HD responses will
be discussed later. Due to the overlapping of all deuterated
ethane responses, only the d2-ethane response in shown in
Fig. 2b. The response of d2-ethane closely followed that of
D2. There is no measurable difference in residence times
between D2 and the di-ethane responses, indicating the ex-
istence of a very rapid H/D exchange with the adsorbed
ethyl within the intermediates pool. This is consistent with
previous studies on the same Mn–Rh/SiO2 catalyst (18, 20).

Figure 2c contains the deuterated propionaldehyde tran-
sient responses. The deuterated propionaldehyde species
exhibit behavior consistent with previous studies (18, 20).
The d1- and d2-propionaldehyde species give a two-hump
response. Due to the smaller amount of d2-propional-
dehyde produced, the characteristics of the two-hump re-
sponse is vague. The d0- and d3-propionaldehyde species,
on the other hand, give a one-hump response. The d3-
propionaldehyde response, and especially those of higher
deuterated products (not shown), are noisy relative to their
less deuterated counterparts because smaller amounts of
higher deuterated products are produced. The decay por-
tion of the second-hump d1-propionaldehyde responses is
parallel to the decay of Si–OD as shown in Figs. 2b and 2c.
The differences in the characteristics of the responses sug-
gest that the formation of d1-, d2-, and d3-propionaldehyde
involves two different modes of deuteration which will be
further illustrated in Fig. 11.

Since reactant partial pressure has a strong influence on
product formation rate, it is reasonable to expect that it
will also affect the transient responses. The most apparent
changes occur with varying H2 partial pressure. Because
D2 is pulsed into H2, varying hydrogen partial pressures
through altering of hydrogen flow rates has a direct impact
on the H2 and D2 transient responses as shown in Fig. 4.
These reactant responses, in turn, have a direct impact on
the product responses as shown in Figs. 5 and 6, which depict
Si–OH/Si–OD and di-propionaldehyde transients, respec-
tively. The d2-propionaldehyde response is not included in
Fig. 6 for the sake of clarity in the figure and because it is not
used for modeling. At low hydrogen partial pressures, D2

was injected into a low H2 flow rate stream and, as a result,
the residence times of all species are large. At these low hy-
drogen partial pressures, the di-propionaldehyde responses
are noisy due to their low formation rates and spread of a
given amount of di-propionaldehyde in a long pulse period.
Similar parallel decay for d1-propionaldehyde and Si–OD
in Fig. 2 has also been observed for the reaction under var-

ious reactant partial pressures as shown in Figs. 5 and 6, in-
dicating that the decay portion of the d1-propionaldehyde
curve may result from the reaction with spillover deuterium
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FIG. 4. Normalized d2-ethane/d4-ethylene, H2, D2, HD, and Ar re-
sponses to a D2 pulse at hydrogen partial pressure of (a) 0.0083 MPa
(10 cm3/min), (b) 0.0167 MPa (20 cm3/min), and (c) 0.025 MPa (30 cm3/
min).

from Si–OD. One important feature from Figs. 6b, 6c, and
6d is the rapid decay exhibited by the d3-propionaldehyde
response. This characteristic decay coupled with the slow
decay of d1-propionaldehyde will allow deconvolution of
the two different modes of acyl deuteration.

The normalized responses, or E(t) curves, can be used to
calculate the average residence time, τ , of each species i
from

τi =
∫ ∞

0
t Ei (t) dt. [4]

τ i allows quantification of the lead–lag relationship and can
be used to determine the average residence times of in-

termediate species adsorbed on the catalyst surface. For
example, the E(t) curves for D2 from Fig. 4 are a result of
combined effects—transportation of D2 from the pulsing
SIS OF HYDROFORMYLATION 77

loop to the MS ionization chamber, adsorption and des-
orption of D2 on the catalyst surface, and its interaction
with the walls of the transport lines and/or reactor vessel.
As a result, τ ∗D, the average residence time of adsorbed
deuterium, must be determined from the equation

τ∗D = τD2 − τAr − τDt, [5]

where τD2 is the average residence time of the gaseous D2

FIG. 5. Normalized Ar, Si–OH, and Si–OD responses to a D2 pulse at

hydrogen partial pressure of (a) 0.0083 MPa (10 cm3/min), (b) 0.0167 MPa
(20 cm3/min), (c) 0.025 MPa (30 cm3/min), and (d) 0.0417 MPa (50 cm3/
min).
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FIG. 6. Normalized di-propionaldehyde responses to a D2 pulse at
hydrogen partial pressure of (a) 0.0083 MPa (10 cm3/min), (b) 0.0167 MPa
(20 cm3/min), (c) 0.025 MPa (30 cm3/min), and (d) 0.0417 MPa (50 cm3/
min).

response measured by MS, τAr is the average residence time
of gaseous argon, and τDt is the average residence time of
D2 interaction with the tubing/reactor walls. Since Ar is an
inert tracer and does not interact with the catalyst or the
tubing/reactor walls, its response describes exclusively the

flow pattern within the reactor system. Thus, τAr accounts
for the residence time of D2 in the gas phase, which trav-
els from the pulsing loop to the MS. In order to ascertain
, AND BRUNDAGE

the effects of the walls of the tubing and reactor system on
D2 without the catalyst present or, in other words, to quan-
tify the τDt term, a blank run was performed with SiO2 in
place of Mn–Rh/SiO2 in which D2 was stepped into H2 for
the H2/CO/C2H4/He reaction. Again, Ar was present in the
H2 stream and the volumetric flow rates of each reactant
were equal to 30 cm3/min. Interestingly, a visible difference
between D2 and Ar residence times was detected. Quanti-
tatively, this difference was

τDt = τD2 − τAr = 2.1 s. [6]

Physically, τDt signifies interaction between the D2 and the
walls of the reactor and tubing and must be accounted for in
all τ ∗D calculations. However, since blank runs are not avail-
able for hydrogen flow rates of 10, 20, and 50 cm3/min, this
correction factor will be adjusted for these runs accordingly
assuming an inverse proportional relationship between the
correction factor and flow rate.
τ ∗D as a function of reactant partial pressure was deter-

mined and plotted in Fig. 7. The average residence times of
other important species, Si–OD and di-propionaldehyde,
were also determined as a function of reactant partial pres-
sure and plotted in Figs. 8 and 9, respectively. The average
residence time of Si–OD, which reflects the time for con-
version of ∗D to Si–OD, was determined using a modified
version of Eq. [4],

τi =
∫ ∞

0
t Ei (t) dt − τAr, [7]

where i, in this case, is Si–OD. In order for a fair comparison,
τAr must be subtracted from the quantity

∫∞
0 t ESi-OD(t) dt

for the same reasons outlined above for Eq. [5]. τAr ac-
counts for the transportation lag due to gaseous species
since D2 travels with Ar in the same flow pattern to arrive
on the catalyst surface. The resultant residence time will be
FIG. 7. Average residence time of ∗D versus reactant partial pres-
sure. (When partial pressure of a reactant is varied, the remaining two
reactants stay constant at 0.025 MPa.)
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slightly underestimated in comparison to gas-phase prod-
ucts; in other words, Si–OD did not traverse the pipe from
the reactor to the MS as Ar was required to do. Because the
residence times are underestimated and are also relatively
large compared to τDt, it is not necessary to subtract the τDt

factor from Eq. [7]. The d0- and d1-propionaldehyde resi-
dence times are nearly equal and are also greater than both
d2- and d3-propionaldehyde residence times.

Participation of Si–OD in d1-Propionaldehyde Formation

The role of Si–OD in product formation may be unrav-
eled by comparing the Si–OD response with those of deuter-
ated ethane and propionaldehyde in Figs. 2 and 4–6. The Si–
OD response lagged behind those of deuterated ethane and
d3-propionaldehyde, indicating that the formation of these
deuterated products did not involve Si–OD. The source of
deuterium for the formation of these products appears to
be adsorbed deuterium on the Rh surface. In contrast, the
decay of the Si–OD curve closely followed that of the d1-
propionaldehye curve, suggesting participation of Si–OD
in d1-propionaldehyde formation.

To verify the above suggestion, we have first exposed
the catalyst to D2 at 298 K and then isolated deuterium
on SiO2 (i.e., Si–OD) by reacting away the metal-adsorbed
deuterium with ethylene. Figure 10b shows that exposure of
the catalyst to D2 produced Si–OD. Subsequent exposure
of the catalyst to ethylene produced deuterated ethane with
little variation in the Si–OD intensity, indicating that Si–OD
is not accessible to adsorbed ethylene on the Rh surface
for deuteration (i.e., hydrogenation). The Si–OD intensity,
plotted versus time in Fig. 10a, began decreasing upon the
addition of the CO/H2/C2H4 reactant mixture entering the
reactor. Interestingly, the d1-propionaldehyde profile fol-
lowed closely that of Si–OD. The only deuterated product
observed is d1-propionaldehyde, confirming the postulated
role of Si–OD in d1-propionaldehyde formation.
FIG. 8. Average residence time of Si–OD versus reactant partial pres-
sure.
YSIS OF HYDROFORMYLATION 79

FIG. 9. Average residence time of (a) d0-propionaldehyde, (b) d1-
propionaldehyde, (c) d2-propionaldehyde, and (d) d3-propionaldehyde
versus reactant partial pressure.

DISCUSSION

Model Development

The transient responses of the reaction system carry
mechanistic information. To elucidate the mechanistic pa-

rameters from transient responses, compartment models
which describe the reaction must be generated. These com-
partment models are, in turn, derived from a proposed
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FIG. 10. Incorporation of Si–OD in d1-propionaldehyde formation at
513 K: (a) product and Si–OD profiles and (b) transient Si–OD infrared
spectra.

reaction mechanism. The proposed pathway for ethane and
propionaldehyde formation utilized in this study and the
resultant compartment models are shown in Fig. 11. Cor-
responding variables are defined in Table 1. Responses
of deuterium-containing products to the D2 pulse allows
tracing of the deuterium/hydrogen pathway in the de-
picted reaction pathway. Hydrogen first undergoes re-
versible adsorption. Subsequently, adsorbed hydrogen may
(i) spillover to the SiO2 surface to form Si–OH, (ii) hy-
drogenate adsorbed ethylene to form an adsorbed ethyl
species, (iii) hydrogenate adsorbed ethyl to produce ethane,
or (iv) hydrogenate adsorbed acyl to form propionalde-
hyde. In addition, Si–OH serves as a hydrogen source for
hydrogenation of adsorbed acyl. The inability of Si–OH
to hydrogenate ethylene and lack of HD formation upon
exposure of Si–OD to CO/H2/C2H4 in Figs. 10a and 10b sug-
gest the dominant reaction pathway for Si–OD is deutera-

tion (i.e., hydrogenation) of adsorbed acyl species. It should
also be noted that adsorbed ethylene, ethyl, and acyl can
undergo rapid exchange with adsorbed hydrogen on the
, AND BRUNDAGE

metal surface (12, 13, 20, 22, 23). In other words, hydro-
gen atoms on these species are able to exchange with
metal chemisorbed hydrogen atoms. The selectivity toward
ethane or propionaldehyde depends on the reactivity of
adsorbed ethyl species toward hydrogenation or CO inser-
tion. Participation of adsorbed ethyl in both hydrogena-
tion and CO insertion is supported by the similarity in
reaction order with respect to C2H4 for ethane and propi-
onaldehyde formation. A number of previous studies have
supported the validity of this overall mechanistic scheme
(17–20).

There are many possible models on which to base ki-
netic analyses; these models are discussed in detail in pre-
vious work (24). The models depicted in Fig. 11 are derived
from the hydrogen pathway. It is assumed that all species in
each pool, i.e., compartment, react homogeneously with the
same reactivity and that the species in each pool reacts in-
dependent of the others. Model 1 describes the pathway for
conversion of H2/D2 to C2HxD6−x via (i) the pool of ∗H/∗D
and (ii) the pool of adsorbed ethyl, ∗C2HxD5−x. Model 2

TABLE 1

Variable Definitions and Units for Fig. 11 and Table 2

υ+1 Rate of hydrogen adsorption (s−1)
υ−1 Rate of hydrogen desorption (s−1)
θ ∗eth Ethane pool intermediate surface coverage
keth Rate coefficient for hydrogenation of ethane pool

intermediates (s−1)
τ eth Ethane pool residence time (s)
θ ∗H Model 2/Model 3, pool 1 intermediate surface

coverage, or hydrogen surface coverage.
θ ∗acyl 1 Model 2, pool 2 intermediate surface coverage
kH Rate coefficient for CO insertion into Model 2/

Model 3, pool 1 intermediates (s−1)
kacyl 1 Rate coefficient for hydrogenation of Model 2,

pool 2 intermediates (s−1)
kacyl 1 Elementary rate constant for hydrogenation

of adsorbed acyl via metal-chemisorbed
hydrogen (s−1)

τH Model 2/Model 3, pool 1 residence time (s−1);
τH= τ ∗D= τD2

τ acyl 1 Model 2, pool 2 residence time (s−1)
θ ∗acyl 2 Model 3, pool 2 intermediate surface coverage
kacyl 2 Rate coefficient for hydrogenation of Model 3,

pool 2 intermediates (s−1)
kacyl 2 Elementary rate constant for hydrogenation of

adsorbed acyl via spillover hydrogen (s−1)
τ acyl 2 Model 3, pool 2 residence time (s−1)
θSi-OH Coverage of spillover hydrogen
TOFethane Rate of ethane production (s−1)
TOF∗C2HxD5−xCO Rate of production of adsorbed acyl: Model 2/

Model 3, pool 2 (s−1)
TOFM-D

propionaldehyde Rate of propionaldehyde production via Model 2
pathway with adsorbed deuterium on

−1
metal (s )
TOFSi-OD

propionaldehyde Rate of propionaldehyde production via Model 3
pathway with Si–OD (s−1)
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FIG. 11. Ethylene hydroformylation reaction pathway and resultant e
species.)

describes the conversion of H2/D2 to C2HxD6−xCO via three
intermediate pools, ∗D/∗H, ∗C2HxD5−x, and ∗C2HxD5−xCO.
Model 3 is identical to Model 2 except for the acyl hy-
drogenation pathway. Model 2 suggests hydrogenation of
acyl by hydrogen chemisorbed on the metal and Model 3
by Si–OH, spillover hydrogen. These two models indicate
that acyl is hydrogenated in parallel pathways with H–M
and Si–OH. Both the ∗D/∗H and ∗C2H5D5−x pools may be
lumped into a single intermediates pool for all the models
because of (i) the rapid reversible reaction between ∗D/∗H
and ∗C2HxD5−x and (ii) the low values of ethyl surface cov-
erage as determined in previous studies (θ < 0.03) (18, 25).

These single pools are designated by a dashed line. Cover-
ages of these pools are denoted by θ ∗eth in Model 1 and θ ∗H
in Models 2 and 3.
thane and propionaldehyde compartment models. (∗ denotes an adsorbed

Determination of Model Parameters

The equations in Table 2 used to determine the values of
the reaction parameters for the models depicted in Fig. 11
were previously derived by mole balances of the pools-in-
series model and the assumption that the rate of transfer
for the deuterium-containing species from one pool to the
subsequent pool is proportional to the coverage of interme-
diates (24). As a result, this rate of transfer, or TOFi, can
be described as follows:

TOFi = kjθ∗j, [8]
where i is the species being produced, kj is the rate coef-
ficient, or proportionality constant, of the product precur-
sor from pool j, and θ ∗j is the coverage of precursors, i.e.,
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TABLE 2

Equations which Describe the Compartment Models Depicted in Fig. 11

Model Model equations Elementary rate equations

1 TOFethane = kethθ∗eth [9]

TOFethane = θ∗eth

τeth

(
1+ υ−1

TOFethane

) [10]

2 θ∗H = τHυ+1 [11]

TOF∗C2HxD5−xCO = kHθ∗H [12]

TOF∗C2HxD5−xCO = θ∗H

τH

(
1+ υ−1

TOFethane

) [13]

TOFM-D
propionaldehyde = kacyl 1θ∗acyl 1 [14] TOFM-D

propionaldehyde = kacyl 1θ∗acyl 1θ∗H [15]

TOFM-D
propionaldehyde =

θ∗acyl 1
τacyl 1

= θ∗acyl 1
τd3-propionaldehyde − τD2

[17] kacyl 1 = kacyl 1θ∗H [16]
3 TOFSi-OD
propionaldehyde = kacyl 2θ∗acyl 2 [18] TOFSi-OD

propionaldehyde = kacyl 2θ∗acyl 2θSi-OH [19]
θ∗acyl 2 θ∗acyl 2

p

TOFSi-OD

propionaldehyde = τacyl 2
=

τd1-propionaldehyde − τd3-pro

intermediates, from pool j. The rate coefficient kj reflects the
activity of pool j intermediates. For instance, under steady-
state reaction conditions, the rate of propionaldehyde for-
mation in Model 2 can be described by

TOFM-D
propionaldehyde = kacyl 1θ∗acyl 1. [14]

The rate of propionaldehyde formation, which involves the
reaction of adsorbed acyl with metal-chemisorbed hydro-
gen, can also be expressed by the elementary rate law

TOFM-D
propionaldehyde = kacyl 1θ∗acyl lθ∗H, [15]

where kacyl 1 is an elementary rate constant. Equating
Eqs. [14] and [15] yields

kacyl 1 = kacyl 1θ∗H, [16]

revealing that kacyl 1 is indeed a pseudo-first-order rate con-
stant. Similar relationships for the rate parameters and the
elementary rate constants were obtained for Model 3 in
Table 2. However, analogous derivations cannot be done
for the first pools of each of the models because the ∗D/∗H
and ∗C2HxD5−x pools cannot be decoupled. Thus, elemen-
tary rate constants for ethyl hydrogenation and CO inser-
tion cannot be determined. Also, the coverage of Si–OH is
unavailable for finding kacyl 2 in Eq. [19]; only kacyl 1 can be
solved.

Accurate interpretation of the physical significance of the
di-propionaldehyde responses is important for understand-
ing how the models in Fig. 11 and equations in Table 2 were
developed. The two-hump d1- and d2-propionaldehyde re-
sponses in Figs. 2 and 6 consist of three portions: the first
hump, the second hump, and the decay portion of the
nd hump. These are the result of differing reaction
ways. For instance, the first hump of the d1- and d2-
ionaldehyde species was due to rapid H/D exchange,
ionaldehyde
[21] [20]

possibly through keto-enol tautomerism, followed by hy-
drogenation/deuteration of adsorbed acyl with adsorbed
deuterium/hydrogen (20, 26). The rapid rise of the initial
humps also supports this suggestion. The second hump is
the result of deuterium which has traveled through the en-
tire mechanistic path shown in Fig. 11:

H2/D2 (g)↔ ∗H/∗D
∗C2H4←→ ∗C2HxD5−x

∗CO←→ ∗C2HxD5−xCO
∗H/∗D←→ ∗C2HxD6−xCO (g).

This is supported by a previous study that utilized 13CO
tracer; the C2H5

13CHO response peak corresponds closely
with the second hump of the di-propionaldehyde response
(18). Finally, the slow decay of the second hump is parallel
with the Si–OD response due to deuteration of adsorbed
C2H5CO by spillover deuterium. The absence of a second
hump for d3-propionaldehyde could be due to a low rate
of formation of the deuterated propionaldehyde isomers
resulting from hydrogen/deuterium traveling through the
entire reaction pathway.

As previously discussed, the d3-propionaldehyde re-
sponse does not exhibit the slow decay response as do the
other propionaldehyde products. Therefore, it is assumed
that this particular response represents exclusively hy-
drogenation/deuteration of the adsorbed acyl species with
metal chemisorbed hydrogen/deuterium. Thus, the resi-
dence time of this species is the most logical choice for in-
clusion in Eq. [17], which is used to characterize the second
pool of Model 2, acyl hydrogenated by metal-chemisorbed
hydrogen. The decay portion of the d1-propionaldehyde
species is assumed to best represent deuteration via

spillover deuterium (Si–OD). Thus, the d1-propional-
dehyde response is the result of two modes of deuteration:
metal chemisorbed deuterium and spillover deuterium.
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The difference between the d1-propionaldehyde and
d3-propionaldehyde average residence times,
τd1-propionaldehyde− τd3-propionaldehyde in Eq. [21], represents
the residence time of product resulting primarily from
spillover hydrogen. This quantity is τ acyl 2.

It is important to note that TOFM-D
propionaldehyde and

TOFSi-OD
propionaldehyde in Models 2 and 3 used for the calcula-

tion of θ ∗acyl 1 and θ ∗acyl 2 (Eqs. [14] and [18], respectively)
is not the total rate of propionaldehyde formation, but
is the fraction of the total attributable to each mode of
acyl hydrogenation. In order to estimate this fraction, the
area under the decay portion of the d1-propionaldehyde
response, which represents acyl hydrogenated via spillover
hydrogen, was ratioed to the area under the entire curve,
which represents both modes of acyl hydrogenation. This
ratio was found to be approximately 0.5 for all runs. Thus,
TOFpropionaldehyde in Eqs. [14] and [18] is assumed to be one
half the steady-state values reported in Fig. 1.

The equations from Table 2 provide the relationship be-
tween the rate of hydrogen adsorption–desorption, average
residence times and coverages of adsorbed intermediates
in the compartment model pools, and rate of product for-
mation. The rates of product formation, i.e., TOFethane and
TOFpropionaldehyde, were determined by GC and MS anal-
ysis of the reactor effluent. The average residence times,
τ eth, τH, τ acyl 1, and τ acyl 2, were determined by the transient
responses of reactants and products. Table 3a lists all the ex-
perimentally determined quantities. No reliable approach,
however, has been developed for the measurement of the
rate of hydrogen adsorption, υ+1, and desorption, υ−1, un-
der reaction conditions. Often, an assumption is made that
all the entering tracer, in this case D2, adsorbs on the catalyst
surface because of the difficulty in obtaining actual values
for these rates (24). Subsequent to adsorption, the tracer

TABLE 3a

Experimentally Determined Quantities

Parameter Method

υ−1 Transient HD response; υ−1= 3rHD

[24]

τ eth, τD2, τH, τ d1-propionaldehyde, Transient response of species i;
τ d3-propionaldehyde τi =

∫ ∞
0

t Ei(t) dt− τAr [7]

TOFM-D
propionaldehyde Transient d1-propionaldehyde res-

ponse; area fraction under curve
corresponding to deuteration
via metal-chemisorbed D.

TOFSi-OD
propionaldehyde Transient d1-propionaldehyde

response; area fraction under
curve corresponding to
deuteration via spillover D.
TOFethane, TOFpropionaldehyde, Rate determination by GC
TOFproducts analysis and flow rate.
=TOFeathane+TOFpropionaldehyde
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either desorbs or reacts to form products:

υ+1 = υ−1 + TOFproducts. [22]

However, in many cases, the assumption that 100%, i.e.,
all, of the hydrogen entering the reactor adsorbs on the
catalyst surface is invalid, especially when the experiment
is performed with a differential reactor, as is the case in
this study. There is often a substantial amount of bypass
involved, which would lead to inaccurate values for these
rates and hence inaccurate values for the model pool pa-
rameters.

Determination of Rate of Hydrogen Desorption

To accurately estimate values for the steady-state rates
of hydrogen adsorption and desorption, a new method has
been developed. The key to this new method lies in the abil-
ity to evaluate the HD pulse response. The HD transient
response is a result of the reaction of adsorbed hydrogen
and deuterium. The rate of HD formation, rHD, depends on
θ ∗H and θ ∗D, which should be proportional to the H2 and D2

transient. Figure 12a provides the hypothetical variation of
θ ∗H and θ ∗D during a D2 into H2 pulse to illustrate the phys-
ical significance of the two-hump HD response. Assuming
the rate of HD formation follows elementary reaction ki-
netics where

rHD = kθ∗Hθ∗D [23]

and the surface reaction is rate limiting, variation of rHD

with changing θ ∗H and θ ∗D can be obtained and is shown
in Fig. 12b. The symmetrical increase and decrease of θ ∗H
and θ ∗D gives a two-hump response, each hump of equal
size. The peaks of these humps, i.e., local maxima, occur at
θ ∗H= θ ∗D= 1

2θ∗H|SS, where θ∗H|SS is the steady-state hydro-
gen surface coverage. However, if θ ∗D lags the θ ∗H response
as shown in Fig. 12c, the resultant rHD profile would con-
sist of a small hump followed by a large hump. These two
unequal-sized peaks were indeed observed in all of our D2

pulse studies, three of which are shown in Fig. 4.
The area ratio of the two unequal rHD humps, which re-

sults from θ ∗D lagging θ ∗H, signifies the H/D isotope ef-
fect. Neglecting this effect and assuming equal probability
of forming H2, D2, and HD by associative desorption at
θ ∗H= θ ∗D lead to the conclusion that rHD= rH2 = rD2 at the
maxima, i.e., peaks. Therefore, the total rate of H2/D2/HD
desorption, i.e., υ−1, the steady-state rate of hydrogen des-
orption, is equal to 3rHD:

υ−1 = 3rHD. [24]

rHD can be estimated from the HD response with use of a
calibration factor which converts the HD MS response to

an HD rate curve. A detailed mathematical description for
this procedure is shown elsewhere (27). To obtain a reason-
able estimate of rHD from two unequal hump responses, the
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(b) the resultant rHD(t) transient two-hump response used forυ−1 estimation.
FIG. 12. (a) Illustration of the theoretical θ ∗H (t) and θ ∗D (t) profiles and
(c) and (d) are the result of θ ∗H leading θ ∗D.

average value,

r̄HD = rHD|local max 1 + rHD|local max 2

2
, [25]

is used in Eq. [24]. Once this value is obtained, the steady-
state rate of hydrogen adsorption, υ+1, can be obtained
from Eq. [22]. The steady-state rates of hydrogen adsorp-
tion and desorption as a function of reactant partial pres-
sure are shown in Fig. 13.

In order to check the validity of the calculated rate of
desorption, a theoretical rate of desorption was estimated
by transition-state theory (TST). This method necessitates
knowledge of the partition functions of adsorbates and acti-
vated complexes as well as the activation energy of the ele-
mentary steps. These quantities are difficult to calculate, but
there are some very useful guidelines in the literature that
will be applied here (28). The elementary rate constant for
associative hydrogen desorption, kH2 , can be calculated as

kH2 =
kbT

h
× Q‡H2

(Q∗H)2
× exp

−Ea

RT
× sites

area
, [26]

where kb is Bolzmann’s constant, h is Plank’s constant, T is
temperature in K, Q‡H2

is the molecular partition function
of the activated complex per unit area, Q∗H is the molecular
partition function of adsorbed hydrogen per unit area, Ea

is the activation energy, and R is the gas constant. The
factor sites/area is a factor that arises from the conversion
of an expression using rate and surface concentration to an
expression that uses TOF and surface coverage. The value

of this quantity is 3.92E13 cm−2 based on a support area
of 350 m2/g and H2 chemisorption of 114 µmol/g for Mn–
Rh/SiO2. Q‡H2

is assumed to be a mobile species with no

FIG. 13. (a) Rate of hydrogen adsorption and (b) hydrogen desorp-

tion versus reactant partial pressure.
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rotational freedom and Q∗H a mobile species with
one degree of rotational freedom, yielding values of
2.5E17 and 2.5E18 cm−2, respectively. Assuming a Rh–H
bond energy, ERh-H, of approximately 256 kJ/mol (29) and
a H–H bond energy, EH-H, of 431.4 kJ/mol, the activation
energy, Ea, for associative H2 desorption is 80.6 kJ/mol by

Ea = 2ERh-H − EH-H. [27]

This procedure for calculating the activation energy is de-
scribed fully by Bell and co-workers (30). Plugging these
values into Eq. [26] yields kH2 = 0.10 s−1.

The experimental rate constant of hydrogen desorption,
kH2,exp, must be determined from the actual rate of hydro-
gen desorption, υ−1:

kH2,exp = υ−1

θ2
∗H

[28]

Thus, values of θ ∗H must be known in order to determine
the rate constant. The value for θ ∗H can be estimated by
Eq. 11 in Table 2. An average value of 0.35 will be assigned
to θ ∗H and an average value of 0.02 s−1 to υ−1 will be used
for comparison purposes. This yields kH2,exp= 0.16 s−1. This
is in remarkable agreement with the theoretical kH2 value
of 0.10 s−1, lending strong support to the validity of the
assumptions. Thus, it is reasonable to use υ−1 for the cal-
culation of model parameters as discussed in detail in a
subsequent section.

Dependence of Model Parameters on Reactant
Partial Pressure

Figure 13 shows that the rate of hydrogen adsorption de-
creases slightly with increasing PCO, confirming that (a) H2

and CO adsorb on the same sites and that (b) CO adsorbs
more favorably than H2 in a competitive environment, a
phenomena reported in the literature (31, 32). As expected,
the rate of hydrogen adsorption increases as H2 partial pres-
sure increases, which, of course, is consistent with the fact
that the rate of dissociative adsorption is proportional to
the product of the H2 partial pressure and the number of
vacant sites, θ ∗, squared: υ+1= kPH2θ

2
∗ . The rate is still in-

creasing even at a H2 partial pressure of 0.0417 MPa, which
suggests that the pressure term is still dominating the θ2

∗
term, which should be decreasing with increasing H2 par-
tial pressure. Interestingly, the rate of hydrogen adsorption
also increases in a similar fashion with increasing ethylene
partial pressure. This indicates a favorable interaction be-
tween adsorbed hydrogen and adsorbed ethylene. This pro-
motion effect is significant enough to dominate the effect
of decreasing vacant sites.
Examining now the steady-state rates of hydrogen des-
orption versus partial pressure, these rates do not change
appreciably with changing reactant partial pressure, with
SIS OF HYDROFORMYLATION 85

exception to an initial jump in rate as PH2 changes from
0.0083 to 0.0167 MPa. Thus, increasing rates of hydrogen
adsorption are reflected in product TOF rather than in-
creases in desorption. (See Eq. [22].)

These rates, υ−1, and the other experimentally measur-
able quantities, can now be used to solve for θ ∗eth, keth, θ ∗H,
kH, θ ∗acyl 1, kacyl 1, θ ∗acyl 2, and kacyl 2 following the model equa-
tions listed in Table 3b. The values are shown in Figs. 14–17
as a function of reactant partial pressure. Also, using the
values of θ ∗H from Fig. 15b, values of the elementary rate
constant for acyl hydrogenation by metal chemisorbed hy-
drogen, kacyl 1, were estimated by

kacyl 1 = kacyl 1/θ∗H [29]

and are shown in Fig. 16c.
keth, shown in Fig. 14a, reflects the activity of the ethane

intermediates and ranges in value from just under 2 s−1 to
just over 13 s−1, averaging about 8 s−1. Comparing these
values with those of kH in Fig. 15a, which reflect CO inser-
tion activity, quantitatively demonstrates that the keth val-
ues are more than two orders of magnitude higher than the
kH values throughout the entire range of reactant partial
pressures.
FIG. 14. (a) keth and (b) θ ∗eth versus reactant partial pressure.
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TABLE 3b

Parameters Determined by Model Equations
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FIG. 15. (a) kH and (b) θ ∗H versus reactant partial pressure.

Propionaldehyde formation, as shown in Fig. 11, involves
(i) kH, the rate coefficient for conversion of pool 1 interme-
diates corresponding to the CO insertion step, (ii) kacyl 1, the
rate coefficient for conversion of adsorbed acyl intermedi-
ate corresponding to hydrogenation via metal-chemisorbed
hydrogen, and (iii) kacyl 2, the rate coefficient for conversion
of adsorbed acyl intermediate corresponding to hydrogena-
tion via spillover hydrogen. Comparing kH in Fig. 15a with
kacyl 1 in Fig. 16a yields information about the rate limit-
ing step for propionaldehyde formation. kacyl 1 is, on av-
erage, about an order of magnitude higher than kH, sug-
gesting that CO insertion is the slow step. kH remains
the slow step through the entire range of reactant partial
pressures. However, kacyl 1 is also an order of magnitude
higher than kacyl 2 (shown in Fig. 17a), the rate coefficient
for acyl hydrogenated via spillover hydrogen, indicating
hydrogenation via metal-chemisorbed hydrogen is the fa-
vored path. Lack of a significant difference (i.e., more than
three orders of magnitude) between kH and kacyl 1/kacyl 2

suggests the absence of a clear rate-limiting step; acyl hy-
drogenation and CO insertion are both kinetically signifi-
cant, which is consistent with a previous study that utilized

the Langmuir–Hinshelwood–Hougen–Watson (LHHW)
and pseudo-steady-state analysis (PSSA) approaches
(17).
YSIS OF HYDROFORMYLATION 87

Our previous kinetic and 13CO pulse transient studies
have shown that the role of Mn is to shift the rate-limiting
step from hydrogenation of acyl species and to blur the
rate-limiting step in propionaldehyde formation (17, 18).
Shifting of the rate-limiting step from hydrogenation by
Mn species can be attributed to its promotion of CO inser-
tion. MnO has been postulated to be an oxophilic promoter
which interacts with the oxygen end of adsorbed CO on Rh
giving a tilted CO, thus promoting its CO insertion (33).
However, our transient IR studies show that tilted CO is a
spectator (34). Due to lack of knowledge of the chemical
state of Mn and its distribution on the catalyst surface, how
FIG. 16. (a) kacyl 1, (b) θ ∗acyl 1, and (c) kacyl 1 versus reactant partial
pressure.
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FIG. 17. (a) kacyl 2 and (b) θ ∗acyl 2 versus reactant partial pressure.

the Mn species interacts with the reaction intermediates
and shifts the rate-limiting step remains in a speculation
stage.

From reaction kinetics, the elementary rate constant has
been shown only to be a function of temperature and in-
dependent of reactant partial pressure. However, Fig. 16c
shows that the true rate constant kacyl 1 varies with reactant
partial pressure at constant temperature. This variation sug-
gests (i) changes in the intrinsic activity and the rate-limiting
step due to changes in adsorbate coverages and/or (ii) the
θ ∗H term in Eq. [16] is not first order. Current data are not
available to distinguish the exact cause of variation.

The coverage of intermediates leading to ethane forma-
tion, θ ∗eth, shown in Fig. 14b, is very small, with all values
below 0.01 except two. These values lie within the same or-
der of magnitude as θ ∗acyl 1 shown in Fig. 16b, an order of
magnitude below θ ∗acyl 2 shown in Fig. 17b, and two orders
of magnitude below θ ∗H shown in Fig. 15b.

The reproducibility of the results shown in Figs. 13–17 is
reflected by the runs where all reactant partial pressures are
equal at 0.025 MPa. Three identical runs were performed

at these conditions, so they act as a gauge for estimating
the degree of experimental error and reproducibility of the
data. Figures 13a, 14, and 15 exhibit very little difference in
, AND BRUNDAGE

the values for the three 0.025 MPa runs, indicating excellent
precision. However, the remaining figures do show a degree
of spread for these particular runs. Figure 13b, which shows
the hydrogen desorption rates, varies from 0.02 to 0.027.
Figures 16a–16c, which show the rate parameters for the
second pool of Model 2, show variation from 0.1 to 0.5,
0.0016 to 0.0064, and 0.2 to 1.3, respectively. Figures 17a
and 17b, which show the model parameters for the second
pool of Model 3, show variation from 0.012 to 0.026 and
0.035 to 0.065, respectively.

D2 versus 13CO Pulse Tracing

Pulse injection of deuterium allowed tracing of the deu-
terium pathway in ethane and propionaldehyde formation
while the 13CO pulse follows the 13C pathway in propi-
onadehyde formation. Figure 18 summarizes the key fea-
tures of isotopic responses. As pointed out in the model
development, elucidation of the mechanism requires the
use of compartment modeling with proper postulations.
One unique feature of the pulse transient technique is to
determine the coverage of adsorbed intermediates which
can be used for analysis of adsorbed intermediate isotherm
equations in LHHW and PSSA kinetics. However, due to
the inability to separate θ ∗H and θ ∗eth as well as complica-
tion from the θ ∗acyl 1 and θ ∗acyl 2, we are not able to employ
LHHW and PSSA approaches for analysis of our D2 tracing
results.

CONCLUSIONS

SSITKA coupled with in situ IR allows determination
of rate coefficients, elementary rate constants, surface
coverages, and residence times of surface intermediates.
Compartment models for ethane and propionaldehyde
formation were developed and their corresponding rate
parameters were calculated versus reactant partial pres-
sure from the reactant and product transient responses.
Accurate determination of these parameters requires rea-
sonable estimates for the steady-state rates of desorption
and adsorption of hydrogen. A novel method utilizing the
uniqueness of the HD transient from the D2 pulse input was
developed to estimate these rates. The rate estimates for
hydrogen desorption were compared with those calculated
from transition state theory and showed remarkable agree-
ment.

Evaluation of rate coefficients indicates that hydrogena-
tion of adsorbed ethyl is intrinsically faster than CO in-
sertion into ethyl, leading to the high selectivity toward
ethane over propionaldehyde as product. The propionalde-
hyde compartment models were able to account for two

modes of acyl hydrogenation: (i) from ∗H on the metal
surface and (ii) from spillover ∗H, or Si–OH. Hydro-
genation via metal-adsorbed hydrogen is favored over
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FIG. 18. D2 versus

hydrogenation via spillover hydrogen. Comparison of the
rate coefficients for CO insertion and acyl hydrogena-
tion indicate that both steps are kinetically signficant,
which is consistent with previous studies that utilized
the Langmuir–Hinshelwood–Hougen–Watson and pseudo-
steady-state analysis approaches.

Kinetic studies of reactions on catalyst surfaces may be di-
vided into three levels: (i) determination of the macroscopic
rate law from steady-state data, (ii) LWWH and PSSA ki-
netics, and (iii) determination of the elementary rate law.
Accurate evaluation of kinetic parameters for each level
is increasingly more difficult and fundamental. This study
has provided reasonable estimates for intermediate sur-
face coverages, rate coefficients, and elementary rate con-
stants. Variation of the elementary rate constant kacyl 1 was
observed with changing reactant partial pressure, suggest-
ing (i) changes in intrinsic activity occur due to changes
in adsorbate coverages or (ii) θ ∗H in Eq. [16] is not actu-
ally first order. Accurate determination of elementary rate

parameters requires further improvement in time resolu-
tion of SSITKA as well as refinement of the model for the
reaction.
3CO pulse transients.
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32. Olivé, G. H., and Olivé, S., “The Chemistry of the Catalyzed Hydro-

genation of Carbon Monoxide.” Springer-Verlag, New York, 1984.

33. Sachtler, W. M. H., in “Proceedings, 8th International Congress on

Catalysis, Berlin, 1984.” Dechema, Frankfurt-am-Main, 1984.
34. Chuang, S. S. C., Brundage, M. A., and Balakos, M. W., Appl. Catal.

A: General 151, 333 (1997).


	INTRODUCTION
	EXPERIMENTAL
	RESULTS
	FIG. 1.
	FIG. 2.
	FIG. 3.
	FIG. 4.
	FIG. 5.
	FIG. 6.
	FIG. 7.
	FIG. 8.
	FIG. 9.
	FIG. 10.

	DISCUSSION
	TABLE 1
	FIG. 11.
	TABLE 2
	TABLE 3a
	FIG. 12.
	FIG. 13.
	FIG. 14.
	TABLE 3b
	FIG. 15.
	FIG. 16.
	FIG. 17.
	FIG. 18.

	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES

