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The transient response of propionaldehyde formation during
ethylene hydroformylation over Rh/SiO, has been studied by tran-
sient isotopic methods combined with in situ infrared spectroscopy
at 0.1-0.5 MPa and 503 K. The transient methods used in this
study involved pulsing "*CO into the CO feed flow and switching
from CO to *CO flow. The C,H;'>CHO response to the '*CO
step input was found to be equivalent to the integration of the
C,H;*CHO response to the pulse input with respect to time. The
pulse method allows the economical use of costly isotope to obtain
the transient information that is commonly acquired from the
step method. Analysis of the transient response reveals that the
propionaldehyde may be formed via (i) the insertion of CO into
adsorbed ethyl species to form the acyl intermediate, (ii) hydroge-
nation of the acyl intermediate to produce adsorbed propionalde-
hyde, and (iii) desorption of adsorbed propionaldehyde. Increasing
the total reaction pressure (i.e., increasing all partial pressures in
the same ratios) increases the rate constant for hydrogenation
of the acyl intermediate which has been identified as the rate-
determining step for propionaldehyde formation at 0.1 MPa. In-
creasing the pressure also increases the coverage, but decreases
the residence time of intermediates leading to propionaldehyde.
Steady-state rate mesurements show that increasing reaction pres-
sure decreased the overall activation energy and increased both
rate and selectivity for propionaldehyde. The increase in the rate
constant for hydrogenation of acyl intermediate can be related to
the decrease in the overall activation energy for propionaldehyde
formation. Rate constant analysis of the propionaldehyde response
shows that the rate constant for propionaldehyde formation exhib-
its a sharp single distribution. < 1995 Academic Press, Inc.

INTRODUCTION

The reaction of ethylene with syngas (CO/H,) has been
used as a probe reaction to study the activity of transition
metal catalysts for C,, oxygenate formation during the
Fischer-Tropsch (F-T) synthesis (1-6). Catalysts that
exhibit good C,, oxygenate activity in the F-T synthesis
also demonstrate high activity for the formation of propi-
onaldehyde (C; oxygenate) in the CO/H,/C,H, reaction,

! To whom correspondence should be addressed.

also known as ethylene hydroformylation (7-10). The
common activities for C, and C, oxygenate formation stem
from CO insertion into an alkyl-metal bond of a surface
intermediate being a common Key step in both reactions
(1-4). In the F-T reaction, C, oxygenates result from CO
insertion into adsorbed CH, intermediates that are formed
from the dissociation of CO and subsequent hydrogena-
tion (4, 11-15). C, oxygenates result from CO insertion
into adsorbed C,H, intermediates produced from ad-
sorbed ethylene in the heterogeneous hydroformylation
reaction (1-5, 14). The parallel reaction step, i.e., the CO
insertion step, between the two allows ethylene hydrofor-
mylation to be used as a probe to study CO insertion in
the F-T synthesis without the complexities of the CO
dissociation step.

The activity and the selectivity of a catalyst for CO
insertion are a complex function of reaction conditions
and catalyst composition. Increasing temperature results
in low selectivity for oxygenate formation and high selec-
tivity for hydrocarbon formation during the F-T and CO/
H,/C,H, reactions (5, 16, 7). Increasing the total pressure
(i.e., increasing all partial pressures in the same ratios)
increases the rate and selectivity for CO insertion and
enhances C,, oxygenate synthesis in the F-T reaction
(13). Similarly, increasing the pressure improves the activ-
ity and selectivity for propionaldehyde formation in the
CO/H,/C,H, reaction over Rh, Ni, and Ru catalysts (14,
16, 17). In situ infrared spectroscopy studies reveal that
the concentration of adsorbed CO does not change sig-
nificantly with an increase in total pressure on Rh/SiO,
catalyst (14, 16). No clear relation between the concentra-
tion of adsorbed CO and CO insertion activity has been
observed.

The objective of this study is to investigate the effect
of total pressure on the average residence time of interme-
diates leading to the formation of propionaldehyde during
the CO/H,/C,H, reaction on Rh/SiO,. An isotopic pulse
method combined with in situ infrared spectroscopy has
been developed to obtain the average residence times
and transient responses of isotopically labeled *CO and
[*Clpropionaldehyde (C,H'"*CHO) while not disturbing
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the steady state of the reaction. The intrinsic rate constant
and the surface coverage of intermediates can be deter-
mined from the transient response with appropriate mech-
anistic models (18-24). This pulse method will be shown
to be equivalent to the isotopic step method commonly
used. The results of this study will be used to elucidate the
role of total reaction pressure in the CO insertion reaction.

EXPERIMENTAL

Catalyst Preparation and Characterization

A 4 wt% Rh/SiO, catalyst was prepared by the incipient
wetness impregnation method. An aqueous solution of
RhCl, - 3H,0 (Alfa Products) was impregnated into a large
pore SiO, support (Strem Chemicals, surface area of 350
m?*/g). The ratio of the volume of solution to the weight
of silica support used in the impregnation step was 1 cm?
to | g. After impregnation, the sample powder was dried
in air at 298 K overnight and then reduced under flowing
hydrogen at 673 K for 16 h. The H, uptake of the catalyst
was measured at 303 K by the pulse adsorption method
and was found to be 122 umol/g. This corresponds to a
dispersion of 0.62 and a crystallite size of 15 A, assuming
an adsorption stoichiometry of H,;/Rh = | and a cubic
shape of Rh crystallites.

Experimental Apparatus and Procedure

The apparatus used in this study is similar to that pre-
viously reported (23) and will be briefly discussed here.
Steady-state flows of CO, *CO, H,, and C,H, were con-
trolled by mass flow controllers to an infrared (IR) reactor
cell. The CO contains 2 vol% Ar for determining the effect
of gas-phase holdup in the reactor and the gas transporta-
tion lines on the transient response of gaseous products.
The CO line upstream from the reactor contains a Valco
6-port pulsing valve and a Valco 4-port switching valve
for pulsing an amount of *CO into the CO flow and totally
replacing the CO flow with *CO flow, respectively. All
reactant gases are combined at a mixing point before the
IR reactor cell.

The in situ infrared spectra were recorded by a Nicolet
SSXC spectrometer with a DTGS detector at a resolution
of 4 cm™!. The IR reactor cell, which acts as a differential
reactor and has a void volume of 0.64 cm?, has been
described previously (14). The use of a total flow rate of
60 cm?/min results in a residence time of 0.63 s for the
reactant mixture in the IR reactor cell at 0.1 MPa. Thirty-
two scans were coadded when recording spectra under
steady-state conditions, while only three scans were co-
added under transient conditions to facilitate rapid
scanning.

The transient responses of the gaseous products from
the IR cell were recorded by a Balzers QMGI112 mass
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spectrometer (MS) interfaced to a microcomputer. The
MS is equipped with a differentially pumped inlet system
located directly downstream of a pressure regulator for
fast response time. The m/e ratios followed by the MS
were 28 for CO, 29 for *CO, 40 for Ar, and 59 for
C,H"3CHO. The m/e ratios were carefully selected to
prevent interference from the fragmentation of parent spe-
cies. The concentrations of gaseous products were also
analyzed by an HP-5890A gas chromatograph with an
FID detector.

Approximately 60 mg of catalyst powder was pressed
into a self-supporting disc and placed into the IR reactor
cell. The catalyst was further reduced under H, flow at
503 K and 0.1 MPa for 2 h prior to the experiments.
The reactant gases of CO/H,/C,H, were passed over the
catalyst at a 1/1/1 ratio and a total flow rate of 60 cm?/
min. The reaction was allowed to settle to steady state
for 20 min before each transient experiment. A pulse of
volume 10 cm? of CO was made into the CO stream,
and the pulse transient response of adsorbed CO was
recorded by the IR spectrometer and the gaseous products
by the MS. It was attempted to keep the pressure within
the sampling loop of the 6-port pulsing valve and that of
the reactor exactly the same so as to maintain the steady
state of the reaction during the pulse injection of *CO.
The pressure was then increased to the next condition
and the experiment repeated at the same reactant ratio.
The pressure conditions used in this study were 0.1, 0.3,
0.4, and 0.5 MPa. After all experimental runs, the experi-
ment was repeated at 0.1 MPa to determine the reproduc-
ibility. Standard deviation for the v determined from re-
peated runs is 0.05. A step from CO flow to *CO flow
was also performed at 0.1 MPa to produce a step transient
response for comparison with the pulse response under
the same conditions.

RESULTS

Steady-State Reaction Measurements

Steady-state reaction rates were measured for hydro-
carbon and oxygenated products from the CO/H,/C,H,
reaction over 4 wt% Rh/SiO, at 503 K and 0.1-0.5 MPa.
Table | reports the turnover frequencies (TOF) for prod-
uct formation. The turnover frequency is defined as the
rate of product formation (wmol/g-min) divided by the
number of surface Rh atoms per gram of catalyst mea-
sured by H, pulse chemisorption at 303 K. The hydrocar-
bons in the product consisted of ethane, the product of the
hydrogenation of ethylene, and trace amounts of methane,
propane, and n-butane. The only oxygenated product was
propionaldehyde, the product of ethylene hydrofor-
mylation.

Increasing the total pressure, while keeping the ratio
of the reactants constant, increased the TOF for ethylene
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FIG. 1. In situ infrared spectra of ethylene hydroformylation over

4 wt% Rh/Si0O, at 0.1, 0.3, 0.4, and 0.5 MPa.

hydrogenation from 0.1 to 0.3 MPa. Further increasing
pressure from 0.3 to 0.4 MPa slightly decreased the TOF
for ethylene hydrogenation and caused little change from
0.4 to 0.5 MPa. The TOF for propionaldehyde formation
increased with an increase in pressure, as did the selectiv-
ity for propionaldehyde formation to that of ethane forma-
tion. The selectivity (TOFc,y cno/TOFc ) is defined as
the ratio of the rate of CO insertion into the surface C,H,
species to the rate of hydrogenation of the C,H, species.
The rates of these two surface reactions do not exhibit
the same total pressure dependence.

Figure 1 depicts the in situ IR spectra recorded during
the steady-state experiments, the rates of which are re-
ported in Table 1. At 0.1 MPa, the IR spectra feature a
linear CO band at 2038 cm ™/, a bridged CO band at 1903
cm™!, gaseous ethylene bands at 1446 and 3139 cm™!, a
gaseous ethane band at 2969 cm ™! (25), and bands at 2947
and 2893 cm™! that may be assigned to the asymmetric
and symmetric stretching frequencies of a CH, group of
surface hydrocarbons, respectively, perhaps ethylidyne,
(26, 27). Due to extensive band overlap in the 2800-3100
cm™! region, the relative intensities of the bands at 2947
and 2893 could not be discerned. The intensity of the
2947, 2893, 1446, 3139, and 2969 cm™' bands increased
linearly with an increase in pressure from 0.1 to 0.5 MPa
and exhibited no change in position. Increasing the pres-
sure from 0.1 to 0.5 MPa increased the intensity of linear
CO, excluding the contribution from gaseous CO, by 10%
and caused a slight downward shift of linear CO to 2033
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TABLE 1

The Rate and Selectivity for Product Formation during
CO/H,/C,H, Reaction at 503 K CO/H,/C,H, = 1/1/1 on Rh/SiO,
at 503 K

Pressure (MPa)

0.1 0.3 0.4 0.5

Turnover frequency (x10%) (min~1)?

Product:
CH, 0.03 0.03 0.02 0.03
C,H, 136.2 192.2 181.9 183.0
C,H;CHO 20.4 478 55.2 60.0
CH, 0.03 0.04 0.04 -
CH, 0.04 0.03 — 0.01
n-CHyo 0.09 0.02 — 0.03

Selectivity

TOFc .0 0.15 0.25 0.30 0.33

TOFc 5,

4 H, uptake at 298 K = 122 umol/g.

and bridged CO to 1881 cm™!. The decrease in the wave-
number of adsorbed CO may be due to a decrease in
dipole~dipole interaction resulting from a dilution effect
of the increasing surface hydrocarbon concentration (28).
The appearance of a shoulder at 1734 cm™! at pressures
greater than 0.1 MPa is attributed to propionaldehyde.
In separate experiments, the steady-state reaction rate
was measured as a function of temperature in the same
IR cell at 0.1 and 0.4 MPa pressure. The results are plotted
in Arrhenius form in Fig. 2. The activation energy for
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FIG. 2. The effect of temperature on the CO/H,/C,H, reaction at

0.1 and 0.4 MPa (CO/H,/C,H, =

1/1/1).
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ethylene hydrogenation remained relatively constant at
approximately 19 kcal/mol from 0.1 to 0.4 MPa. The mea-
sured activation energy for ethylene hydrogenation is
higher than that previously reported for Ni film and sup-
ported Pt (29, 30) at a lower temperature range; however,
the activation energy agrees well with the results for olefin
hydrogenation in propylene hydroformylation on Rh/SiO,
and zeolite-supported Rh (31, 32). The high activation
energy for olefin hydrogenation in the presence of CO may
be due to the inhibition of hydrogen and olefin adsorption
brought about by adsorbed CO.

The activation energy for propionaldehyde formation
decreased from 13.1 to 8.4 kcal/mol with an increase in
pressure from 0.1 to 0.4 MPa. The rate of propionaldehyde
formation was measured at lower temperatures to test the
linearity of the Arrhenius curve at low temperatures. The
linearity of the propionaldehyde formation rate over a
wide range of temperatures suggests that the low activa-
tion energy for propionaldehyde formation is not a result
of mass transfer limitations on the reaction rate.

To further confirm the absence of mass transfer limita-
tions, the Weisz—Prater criterion (33, 34) was applied to
the results at 503 K and 0.4 MPa. Specifically, the criterion
used is

2
B (r C2H5CHO)obspsL

< 1. (1]
DeCCO

In this equation, p, is the bulk density of the catalyst; L
is the thickness of the disk; D, is the effective diffusivity
of CO; and C is the concentration of CO at the surface
of the pellet. Equation [1] assumes first-order kinetics in
CO concentration and is used as an approximation. To
obtain the effective diffusivity, the method of Fuller et
al. (see Ref. 35) was used to estimate the binary diffusi-
vities of CO in C,H,CHO, H,, and C,H, at 0.4 MPa. The
smallest value of the binary diffusivity was that of the
CO-C,H,CHO system at 0.043 cm?/s. This value was
used with tortuosity and porosity of the pellet in the calcu-
lation of the Weisz—Prater criterion to obtain an upper
limit of & = 0.0093. The small value of ® at 0.4 MPa and
the linearity of the Arrhenius curve over a wide range of
temperatures suggest that mass transfer is not limiting
the rate of propionaldehyde formation and affecting the
activation energy. The decrease in the overall activation
energy is due to a decrease in the activation energy of
the surface reaction steps.

Transient Measurements

To investigate the effect of the total pressure on the
intrinsic kinetics and surface coverages of intermediates,
isotopic pulse experiments were performed with in situ
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FIG. 3. The transient response of Ar, ’CO, and C,H;*CHO to a

pulse of BCO in the 2CO feed during ethylene hydroformylation on
4 wt% Rh/SiO, at 503 K and 0.1 MPa. The thick solid line for the
propionaldehyde response is the one-intermediate pool model response
and the dashed line is the two-intermediate pool model response.

IR spectroscopy. Figure 3 shows the results of a 10 cm’®
pulse of BPCO into the CO/Ar inlet flow at 0.1 MPa and
503 K. Shown in the figure is the transient response of
Ar, 2CO, CO, and C,H;3CHO. E(¢) is the normalized
pulse response which is determined from

C()

EQ)=—7—7"—,
« J, €W dt

(2]

where C(7) is the concentration of the tracer species mea-
sured by MS. The response is plotted with E(z) - (P/0.1
MPa) vs ¢ in Figs. 5-7 for visual comparison of the tran-
sient responses at various total pressures. The abscissa,
¢, is a time scale normalized to 0.1 MPa due to the differ-
ence in the gas-phase holdup in the reactor at different
total pressures and is determined by

b=t (0.1112/[Pa>, 3]

where ¢ is the time elapsed during the experiment and P
is the total pressure. Equations [2] and [3] permit direct
comparisons of the transient tracer data at various total
pressures.

The symmetrical nature of the 2CO and *CO responses
in Fig. 3 indicates that the species displaced each other
and the total concentration of isotopic and nonisotopic
CO remained the same during the pulse. The steady state
of the surface-catalyzed reaction was maintained during
the isotopic pulse transient study. The lag time between
the Ar response and the *CO response is due to interac-
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FIG. 4. The transient response of the infrared spectra to a pulse of *CO in the '*CO feed during ethylene hydroformylation on 4 wt%
Rh/Si0, at 503 K and 0.1 MPa: (a) the recorded spectra and (b) the difference spectra between the first and each subsequent spectra.

tion of the gas-phase CO with adsorbed CO, i.e., adsorp-
tion and desorption. The time delay in the *C propionalde-
hyde response as compared to Ar is equivalent to the
residence time of C surface intermediates leading to
propionaldehyde formation. These surface intermediates
are derived from *CO.

Figure 4 shows the IR spectra during the isotopic pulse
experiment at 0.1 MPa and 503 K. Figure 4a is the actual
spectra recorded and shows that gaseous *CO is replaced
by *CO in the reactor for approximately 0.75 min, and
then returns to the original '2CO flow. The linear and
bridged "*CO at 2038 and 1899 cm™', respectively, also
exchange with linear and bridged “CO at 1988 and 1854
cm™!, respectively, at a very rapid rate. Figure 4b is the
spectra recorded at time ¢ and subtracted from that at
¢t = 0. This figure shows that the gas phase CO and ad-
sorbed CO exchange with their isotopic counterparts at
a rapid rate. Figure 4b also shows that the exchange is
complete at t = 1.27 min, which is in agreement with the
gas-phase *CO response in Fig. 3. The rates of exchange
of linear and bridged CO with either the gas phase or with
each other is significantly larger than the scanning rate of
our FTIR (0.25 scans/s). The rapid exchange between
gaseous and adsorbed CO has also been observed for
heterogeneous hydroformylation and CO hydrogenation
on Rh/SiO, prepared by impregnation with Rh nitrate (23,
36) and Ru/SiO, (37). No other feature in the IR spectra
changed during the course of the experiment, including
those attributed to hydrocarbon surface species and gas-
eous products.

The results of pulse experiments at 503 K and 0.3, 0.4,
and 0.5 MPa are shown in Figs. 5, 6, and 7, respectively.
Comparison of isotopic pulse responses in these figures
shows that increasing total pressure from 0.1 to 0.4 MPa
decreases the residence time for propionaldehyde forma-
tion. It is important to note that the Ar response in the
pulse experiments at 0.4 MPa and, to a larger extent, at
0.5 MPa exhibit a small hump preceding the actual pulse
due to a pressure imbalance between the sample loop
containing the isotope tracer and the reactant feed. The
regulator on the isotope lecture bottle used in the experi-
ments supplied a maximum downstream pressure of 0.40
MPa. When the pulse was made, the flow of CO to the
reactor stopped momentarily until the pressures equili-
brated. The Ar response initially decreased when the flow
was stopped, then increased when the pressure equili-
brated, followed by the displacement with *CO. Despite
the disturbance in the steady-state condition of the reac-
tion, the 2CO and *CO responses returned to a symmetri-
cal nature rapidly. The oscillating behavior of the Ar re-
sponse at pressures greater than 0.1 MPa are attributed
to the use of a mass flow controller that was originally
calibrated for N, and contains an oversized orifice.

Figure 8a is the IR spectra response to the isotopic
pulse at 0.4 MPa. The IR response of the isotopic pulses
at 0.3 and 0.5 MPa yield similar results. The IR spectra
response of the pulse experiments at 0.3, 0.4, and 0.5
MPa showed that the linear and bridged adsorbed CO
bands exchanged rapidly with the gaseous CO as with the
pulse experiment at 0.1 MPa. Not at any time throughout
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FIG. 5. (a) The transient response of Ar, *CO, and C,H;"CHO to a pulse of *CO in the 2CO feed during ethylene hydroformylation on 4
wt% Rh/SiO, at 503 K and 0.3 MPa. (b) The model response of C;Hs*CHO to a pulse of CO in the 2CO feed during ethylene hydroformylation
on 4 wt% Rh/SiO, at 503 K and 0.3 MPa using the two-intermediate pool model.

the transient experiments did the hydrocarbon bands
change in wavenumber or intensity. This implies that the
hydrocarbons formed in the reaction come mainly from
ethylene instead of dissociated CO. The low CH, activity
for the catalyst in Table 1 further implies that CO dissocia-
tion does not occur to a great extent under hydroformyla-
tion conditions. The strong bridged CO band made it dif-
ficult to discern whether changes occurred in either
position or intensity to the shoulder at 1734 cm™!. Figure
8b shows the difference spectra during the isotopic pulse
at 0.4 MPa and shows little change in the 1734 cm™! region.
This implies that part of the propionaldehyde migrated

0.4 MPa, 503 K
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* C,H,“CHO
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_1 i 1 S & 1
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o=t (0——-—'1:’”‘) {min)

FIG. 6. The transient response of Ar, YCO, and C,H;"*CHO to a
pulse of BCO in the 2CO feed during ethylene hydroformylation on 4
wt% Rh/SiO; at 503 K and 0.4 MPa.

onto the support surface and did not desorb into the gas
phase during the course of the transient study.

The average residence times of each species calculated
from the pulse tracer experiments are tabulated in Table
2. The average residence time of the Ar tracer through
the reactor system is calculated from

=t Endr. (4]

Assuming that the flow pattern of gaseous products is the
same as that of Ar, the average residence time of surface

0.5 MPs, 503 K

E(l)-( 0.5

5Tvs)
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—e—4co
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0 1 2 3 4 3

FIG. 7. The transient response of Ar, 3CO, and C,H;*CHO to a
pulse of *CO in the 2CO feed during ethylene hydroformylation on
4 wt% Rh/Si0, at 503 K and 0.5 MPa.
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FIG. 8. The transient response of the infrared spectra to a pulse of BCO in the *CO feed during ethylene hydroformylation on 4 wi%
Rh/Si0, at 503 K and 0.4 MPa: (a) the recorded spectra and (b) the difference spectra between the first and each subsequent spectra.

intermediates leading to the gaseous product / is ob-
tained from

,.=jx t-Et)dt — 7y, (5]
4]

By subtracting the average residence time of the Ar tracer
through the reactor system, the average residence time
for the product i reflects the residence time of surface
intermediates leading to product i.

TABLE 2

The Results of Isotopic Tracer Experiments during CO/H,/C,H,
Reaction at 503 K CO/H,/C,H, = 1/1/1 on Rh/SiO, at 503 K

Average residence time,
7 (min)

Total pressure

(MPa) Art  PCOb BCOP C,H’CHO® 0¢ i.cHo
0.1 (Pulse) 073 005 0.05 1.31 0.027
0.1 (Switch) 0.70 0.05 0.05 1.40 0.029

0.3 21 005 0.06 111 0.053
0.4 29 006 0.06 1.00 0.055
0.5 40 008 0.20 1.16¢ 0.069¢

2 Calculated from Eq. [4].

% Calculated from Eq. [5].

¢ This value is an upper limit due to the imbalance in pressure between
the reactor and the sample loop (see text).

In Table 2, the residence times of the Ar response are
similar within experimental error when multiplied by the
normalization factor, (0.1 MPa/P), due to an increase in
total pressure. By maintaining the steady-state condi-
tions, the average residence times of '2CO and *CO were
equal for all but the pulse tracer experiment at 0.5 MPa.
As pointed out qualitatively in Figs. 3 and 4, the residence
times for propionaldehyde formation decreased with an
increase in pressure. Due to the inequality of the pressure
between the sample loop and reactor, the first peak of the
Ar response at 0.5 MPa causes an overestimate of 7,, so
that it does not reflect the gas flow pattern that carries
the *CO and "C propionaldehyde response. Due to the
overestimate of 7, the calculated average residence time
of propionaldehyde formation for 0.5 MPa should be con-
sidered as an upper limit.

A pulse study was performed to determine the contribu-
tion of physisorption on the average residence time of the
propionaldehyde species. Pulses of propionaldehyde in
inert He flow were conducted through the reactor bypass
and through the reactor with a catalyst disc at 503 K and
at both 0.1 and 0.4 MPa. Figure 9 shows that the pulses
through the reactor exhibited a delay in the response of
propionaldehyde due to the gas-phase hold up in the reac-
tor. This result shows that physisorption and readsorption
of the propionaldehyde product do not play a significant
role in the average residence times (r) for the formation
of gaseous propionaldehyde. The extent of readsorption
depends on the ratio of adsorption rate to carrier gas flow
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FIG. 9. A pulse of propionaldehyde at 0.4 MPa and 503 K through
the reactor bypass and through the reactor.

rate (38), the amount of catalyst, and reactor configura-
tion. Low ratio of adsorption rate to carrier gas (<1) and
the use of thin catalyst disc minimize the readsorption.

Most transient isotopic studies involve the use of a step
switch from a reactant to an isotopically labeled reactant
(18-24). Few pulse isotopic transient studies have been
used to elucidate the reaction pathway for CO hydrogena-
tion and partial oxidation of CH, (39, 40).

For steady-state flow systems, both pulse and step re-
sponses should produce the same information. According
to the theory of residence time distributions, the response
of the pulse tracer input is quantitatively equivalent to
the derivative of the response of a step tracer input with
respect to time (41). One potential inconvenience of the
pulse technique is the selection of a proper amount of
tracer which could stay in the reactor long enough to be
incorporated into a reaction pathway so that the labeled
product can be detected in the effluent with reasonable
accuracy. Peil et al. suggested that a step input be used
for a reaction which consists of more than one pathway
(42). A step input allows the response of the labeled spe-
cies produced from all intermediate pools with various
reactivities to reach steady state. However, the high cost
of isotope reactants does not often allow the use of step
inputs to study catalytic reactions at high pressure. The
problem of a low reactive intermediate pool can be over-
come by the use of a larger amount of tracer in the
pulse experiment.

Three main factors affecting the accuracy of the re-
sponse measurement of a tracer product in a pulse experi-
ment are the size of the pulse, the average residence
time of the intermediate pools (intrinsic Kinetics), and
the sensitivity of the detecting device. As the amount of
pulsed tracer increases, the probability of the tracer to
be incorporated into the reaction pathway increases and
the initial response approaches the response of a step
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input. Highly reactive intermediates (with small residence
times) will incorporate more tracer species into the path-
way than those with lower reactive intermediates (having
large residence times). The quality of the transient infor-
mation, i.e., the signal-to-noise ratio of the response, is
governed by the scanning rate and the sensitivity of the
detecting device. These factors must be considered in the
design of pulse tracer experiments.

To verify whether all the transient information is ob-
tained from the pulse tracer experiments for the CO/H,/
C,H, reaction, a step tracer experiment from CO to *CO
was conducted at 0.1 MPa. The resulting gas-phase re-
sponse is presented in Fig. 10. The step response is nor-
malized according to

Cit-C°

F() =~z

(6]

where F(r) is the normalized response function and C”
and C° are the concentration of tracer species at ¢ = 0
and ¢ = «, respectively. If the input pulse shown in Fig.
3 can be approximated by an impulse function, the relation

F(t) = fol E(t) dt [7]

holds true (41). The symbols in Fig. 10 are the experimen-
tal results of the step change in concentration of CO to
BCO and the solid lines are the integration of the points
of the pulse with respect to time in Fig. 3. Figure 10 shows
that, although the initial pulse is not an impulse, the results
from the two experiments agree remarkably well. It
should be noted that the step response (the data point in
Fig. 10) and integration of the pulse response (the solid
line) of Ar with respect to time are not in close agreement

1.2 T T T

1 t.

0.8

Cit)-C(0) 06
Cw)-C(0
wj-C(0) 04

Ft)=
I;Ico
*  CHMCHO

0.2

0.0 X I30sttest1s32sttsay

.0.2 1 L ( s

Time (min)

FIG. 10. Comparison of a step change of 2CO/H,/C,H, to *CO/H,/
C,H, over 4 wt% Rh/SiO, catalyst at 503 K and 0.1 MPa. The lines are
the result of integration of a pulse response of “CO in 2CO under the
same conditions.
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® ® ® ®

CO F———= *CO W’ *CH;CO ——— *CH;CHO  ———* C,;H;CHO
2ts

*H
C,H ——— *CHs T’ CyH,

* denotes adsorbed species

FIG. 11. The reaction scheme for the formation of ethane and propi-
onaldehyde from CO/H,/C,H, on Rh/SiO,.

as compared with the responses of propionaldehyde. This
is because both pulse and step injections deviated from
their perfect modes to a different extent. Such a difference
in the input to the system is alleviated by the slow re-
sponses of propionaldehyde. The slow response of propi-
onaldehyde also allows the input pulse to be approximated
by an impulse function. The average residence time deter-
mined from a transient experiment should be independent
of the input function if the steady-state conditions were
maintained during the transient study. The residence
times of propionaldehyde determined from both step and
pulse inputs shown in Table 2 are consistent within experi-
mental error. These results suggest that the pulse tracer
experiments capture the transient nature of the propional-
dehyde response for CO/H,/C,H, system on Rh/SiO, and
the pulse tracer method is a more economical approach
to use costly isotope under high pressure conditions.

DISCUSSION

Mechanistic and kinetic information on the reactivity
of intermediates can be derived from a postulated mecha-
nistic model with mathematical analysis of the transient
response. The mechanism for heterogeneous hydrofor-
mylation has been postulated from analogy with the homo-
geneous hydroformylation reaction (2, 4, 14). The gener-
ally accepted mechanism of the reaction is shown in Fig.
11. The formation of propionaldehyde involves the partial
hydrogenation of C,H, to form an adsorbed ethyl species,
insertion of adsorbed linear CO into the adsorbed ethyl
species to form an adsorbed acyl species, and hydrogena-
tion of the acyl species to produce propionaldehyde. Hy-
drogenation of the adsorbed ethyl species results in the
formation of ethane. The same type of surface adsorbed
hydrogen is assumed to hydrogenate both the acyl and
ethyl intermediates. The rates of chain growth and metha-
nation are too small to be considered in the present study.

The proposed reaction scheme in Fig. 11 suggests that
the adsorbed ethyl species may undergo either hydrogena-
tion or CO insertion; hydrogenation is a competing reac-
tion with the CO insertion step. Mechanistic studies
of homogeneous hydroformylation and hydrogenation
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have shown that an alkyl ligand on a mononuclear
Rh(CH,CH,R)(CO)(PPh;), complex can undergo either
hydrogenation or CO insertion depending on the addition
of either a hydrogen atom or another CO ligand to the
Rh metal center (43). Based on analogy between homoge-
neous and heterogeneous hydroformylation and substan-
tiating kinetic data for propylene and ethylene hydrofor-
mylation (14, 31, 44, 45), we speculate that the *C,H;
surface species is an intermediate for both ethane and
propionaldehyde production. The probability of the sur-
face ethyl species to undergo either hydrogenation or CO
insertion may depend on the neighboring adsorbed species
and sites.

The observed D, isotope effect on butyraldehyde for-
mation and analysis of kinetic data suggest the hydrogena-
tion of the acyl species is the rate-determining step for
butyraldehyde formation on Rh/SiO, and Rh-Co/SiO,
catalysts at a total pressure of 20-70 kPa and 50-70 kPa,
respectively (31, 44, 45). The observed decrease in the
overall activation energy for propionaldehyde with in-
creasing total pressure suggests that total pressure has a
great impact on the rate constants of elementary steps
and may change the rate-determining step. Under steady-
state reaction condition, the rate of propionaldehyde for-
mation can be described by

TOF¢,ucno = k30-y b+ hc0 = k40‘C3H5CHOv (8]

while the rate of ethane formation can be represented by
TOFC2H6 = k5 O*H G‘CZHS . [9]

Examination of Eqs. (8] and [9] shows that both
TOF¢,ucno and TOF¢y, are proportional to 8., sug-
gesting that the observed increase in selectivity and TOF
for propionaldehyde formation with an increase in pres-
sure is not due to an increase in adsorbed molecular hydro-
gen coverage. The increase in selectivity and TOF for
propionaldehyde may be related to the effect of total pres-
sure on Kinetic parameters (i.e., k;, k,, and k),
0-c,n,0> and b.c,y,cHo-

The acyl species or the chemisorbed propionaldehyde
in the mechanism shown in Fig. 11 cannot be directly
observed by the IR spectra because their concentrations
on the catalyst surface are low and their infrared bands
are overlapped with the broad bridged CO band under
the conditions of this study. Without direct observation
of the acyl intermediate, the surface coverage may be
inferred from mathematical analysis of the transient re-
sponse. A number of analyses can be applied to the tran-
sient responses depending on the postulated mechanism.

The most basic analysis assumes a single intermediate
pool and one irreversible reaction pathway from reaction
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FIG. 12. The rate constant distribution of propionaldehyde forma-
tion from CO/H,/C,H, on 4 wt% Rh/Si0, at 503 K and 0.1 MPa calculated
from steady-state isotopic data.

intermediate to product. Biloen et al. (46) showed that
for an irreversible surface reaction step with a single inter-
mediate surface pool, the surface coverage of intermedi-
ates leading to a product / can be calculated from

61‘=TOF"'TI', [10]

where 6, is defined as the surface coverage of all intermedi-
ate species that will eventually be incorporated into prod-
uct . Table 2 reports the values of 6; for i = C,H;CHO
determined from Eq. [10]. The surface coverage,
0¢,u,cHo- increased with an increase in total reaction pres-
sure from 0.1 to 0.4 MPa. It must be noted that the surface
coverage is an upper limit for the 0.5 MPa case due to
the imbalance in pressure discussed previously. From this
analysis, it is evident that the surface coverages of all the
adsorbed intermediates, i.e., the acyl species and chemi-
sorbed propionaldehyde, increase with an increase in
pressure from 0.1 to 0.5 MPa.

It is logical to extend the previous assumption of a
single intermediate pool to numerous intermediate pools
in parallel, i.e., a heterogeneous surface exhibiting a broad
spectrum of reactivities. The results of the step transient
response permit the elucidation of the extent of surface
heterogeneity for the formation of propionaldehyde. De
Pontes et al. (47) and Hoost and Goodwin (48) developed
methods for numerically calculating the rate constant dis-
tribution on heterogeneous surfaces using results from
isotopic step transient data. These methods are derived
from the assumption that the reaction takes place on an
infinite number of single intermediate pools in parallel.
Figure 12 shows the results of applying the method of de
Pontes et al. (47) to the step transient of Fig. 10, An
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initial dead time of 0.6 min after the argon response was
observed in the propionaldehyde response. As a result,
the analysis was conducted by subtracting 0.6 min from
the time scale. The main feature of Fig. 12 is a sharp
distribution with a mean value of 1.26 min~'. This result
agrees with the average residence time reported in Table
2 for a total pressure of 0.1 MPa when the inverse of 1.26
min~' is added to 0.6 min. The small distribution at higher
values of the rate constant is insignificant compared to
the larger distribution and can be attributed to noise in
the data. This result implies that the formation of propion-
aldehyde from the CO/H,/C,H, reaction on Rh/SiO, oc-
curs mainly from one reaction pathway with a narrow
rate constant distribution.

Using isotopic transient data for acetaldehyde forma-
tion from syngas, Koerts and van Santen (20) found that
acetaldehyde formation occurs with a bimodal distribu-
tion of reactivities on Rh/SiO, and V-Rh/SiO,. They
speculated that a bimodal distribution is a result of a more
reactive aldehyde species on the metal surface and a less
reactive aldehyde species on the support near the Rh
particles. The bimodal distribution of active sites ob-
served by Koerts and van Santen (20) may alternatively
be explained by the fact that acetaldehyde from syngas
is formed from CO insertion into a CH, species formed
from CO dissociation and partial hydrogenation. The CH,
species formed on Group VIII metal catalysts exhibit a
bimodal distribution in activity for hydrogenation to meth-
ane on Rh, Ru, and Ni (47-49). It is reasonable to specu-
late that the surface CH, species may also exhibit a bi-
modal rate constant distribution for CO insertion.

Comparison of the available literature on the rate con-
stant distribution for CO related reactions reveals that
methanation and the formation of C, oxygenates from
CO/H, exhibit a bimodal rate constant distribution on Ni,
Ru, and Rh (20, 21, 47-49). The reaction on these catalysts
is classified as a structure-sensitive reaction which takes
place on ensemble sites. Interestingly, the formation of
propionaldehyde from CO insertion shows entirely differ-
ent characteristics from methanation. The propionalde-
hyde formation exhibits a narrow rate constant distribu-
tion; the reaction is less structure-sensitive than
methanation (50) and takes place on single Rh sites that
chemisorb linear CO (14). The direct evidence for propi-
onaldehyde formation on the single Rh site is the simulta-
neous consumption of linear CO and the formation of
propionaldehyde during exposure of adsorbed CO to C,H¢
and H, at 301 K (14). The observed decrease in the wave-
number and intensity of linear CO during the reaction
of linear CO (14) suggests the presence of dipole—dipole
interactions between neighboring linear CO. These neigh-
boring linear CO species indicate their adsorption sites,
i.e., sites for the CO insertion, are not in the isolated
state. Further study is required to determine the effect of
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One-intermediate pool mode}

E

CyH5CHO {t)

Eot) ——~  *C,H,CO—5*C,H CHO

TeCyHCHO

Two-intermediate pool model

Eo(t) ——- *c,H,c0 FOHCHO e B (1)
TeC,HyCO TeC HyCHO
FIG. 13. Schematic of the one-intermediate and two-intermediate
pool models.

interactions between neighboring adsorbates and sites on
the structure sensitivity of the reaction.

Transient response methods can be used to test various
proposed mechanisms in catalytic reactions by modeling
the response. The postulation of a single intermediate
pool was tested by comparing the model response with
the experimental response. The schematic of the one-
intermediate pool model, shown in Fig. 13, assumes that
the formation of propionaldehyde from a single intermedi-
ate pool is an irreversible step. Both adsorbed acyl and
adsorbed propionaldehyde are lumped into a single inter-
mediate pool. E.co(f) and Ecycuo(f) are the responses
of *”CO and C,H;"*CHO, respectively, and 7.c y.cpo is
the time constant (the average residence time) of the inter-
mediate in the single pool. The mathematical form of the
model is derived from a mole balance of intermediates:

dEc,u,cuo(t)

T+C,HCHO 7 = E.co(t) = Ecuenolt). [11]

The response of gaseous CO observed by the MS and the
response of adsorbed CO observed by the IR coincide so
that the gaseous CO response is used as the input function.
Since the gas flow has the same effect on E4(f) and
Ec,ucno(?), the effect of the flow pattern on Ec y cno(?)
should not be included in the calculation. Equation [11]
was numerically integrated and the parameter TeCHCHO
was found by a nonlinear least-squares fit of the propional-
dehyde response using the TUTSIM dynamic simulation
software package (51). The values of the parameter
Toc,ugcno found from the data fit for each pressure are
shown in Table 3. The quality of the model can be ob-
served from the model response, which is shown as the
thick solid lines for the propionaldehyde response in Figs.
3, 5-7. The average residence times reported in Table 3
agree well with those reported in Table 2 for pressures
of 0.3-0.5 MPa. The good agreement is due to the use of
the same assumptions in obtaining 7 in Table 2. This result
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indicates that all intermediates can be lumped into one
intermediate pool in the reaction pathway from adsorbed
*CO to gaseous propionaldehyde at pressures greater than
0.1 MPa.

Equation [11] did not fit the data for 0.1 MPa well. To
further analyze the results at 0.1 MPa, the adsorbed acyl
and adsorbed propionaldehyde are modeled as two inter-
mediate pools in series. The two intermediate pool model,
shown in Fig. 13, assumes that the reaction pathway from
*CO to gaseous propionaldehyde contains three irrevers-
ible steps and two intermediates. The mole balance for
the intermediates in this model is

T‘CZHSCOT = Etco(t) - E"CZHSCO(t) [12]
dEcycnol?)
T+C,H;CHO a Evcuco — Ecueno(®, [(13]

where 7.c.y.co and 7.c,u,cno are the residence time of the
two intermediate species corresponding to the hydrogena-
tion and the desorption steps. The parameters Tecy,co
and T.c,y.cyo Were found by numerically fitting Eqs. [12]
and [13].

The two-intermediate pool model fits the data well for
the propionaldehyde response for 0.1 MPa and the model
response is shown by the thick dashed line in Fig. 3. The
parameters T.c,y,co and T.cy.cho found from the model
equations are shown in Table 3 for 0.1 MPa. The good fit
of the data suggests that the formation of propionaldehyde
from adsorbed *CO involves two intermediates at 0.1
MPa. Values for the model response for 7.cyco and
Tsc,H,cHO ar¢ interchangeable; assignment of the farge or
small value to either TacyB,c0 OF T+C,H,CHO ylelds the same
response. The small residence time at high perssure is
assigned to 7.cyco- Justification for this assignment will
be discussed later.

Table 3 shows that an increase in total reaction pressure
significantly decreases one of the residence time values.
At total pressures of 0.3 MPa and greater, the residence
time of one of the intermediate pools is two orders of
magnitude greater than the other one. Figure 5b shows
the model response is essentially independent of the small
value when it is less than 0.0019 min with an integration
step size of 0.001 min at 0.3 MPa. In the two-intermediate
pool model, the steady-state reaction rate for propionalde-
hyde formation can be described by

TOFCZHSCHO = kée*czﬂsco = k40‘C2H5CHOv (14]
where the rate constant &5 is k;60.y. Equation [14] shows
the relationship between the steady-state TOF and the
surface coverages and the rate constants are the inverse
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TABLE 3

The Results of Fitting the Pulse Tracer Responses to Model Equations

One-intermediate

Two-intermediate

pool model pool model
Pressure ToC,HCHO ky 6 ToC,H,CO k3 Bec,n.c0 TeC,H,CHO ky Bec.u,cHO
{MPa) (min) (min™} (min) (min~") (min) (min~")
0.1 1.18 0.85 0.024 0.32 3.13 0.007 0.94 1.06 0.019
0.3 1.02 0.98 0.048 <0.0019¢ >526 <9.1 x 107} 1.02 0.98 0.049
0.4 0.91 1.09 0.050 <0.0038 >357 <21 x 1073 0.91 1.10 0.050
0.5 1.08 0.92 0.064 <0.0036 >277 <22 x 107°F 1.08 0.93 0.065

% Ah (Integration step size) = 0.001 min.

of the average residence time for each species. The step
with a very large rate constant (or the intermediate with
a very small residence time) has little impact on the model
response and appears to be kinetically insignificant.
Therefore, the two-step process can be modeled as a one-
step process if one of the rate constants is significantly
greater than the other.

The coverage of adsorbed *C,H;CO and *C,H;CHO
can be obtained from Eq. [14] with the measured TOF
and rate constants. The two-intermediate pool model in
Table 3 shows increasing the total pressure decreases
the coverage of adsorbed *C,HsCO, but increases the
coverage (f.c,ucno) Of adsorbed *C,H;CHO. The in-
crease in #.c gy cyo With total pressure is consistent with
the observed increase in the IR intensity of adsorbed
propionaldehyde shown in Fig. 1. The consistency in the
increasing trend of 6.c,ycho obtained from two different
approaches justifies the assignment of the small residence
time to 7.cuco- It should be noted that the sum of
f-cuco @nd Becpcno in Table 3 approximately equals
8¢,u,cno listed in Table 2, suggesting that Eq. [10] can
provide a quick estimate of the coverage of all intermedi-
ates leading to gaseous product.

At 0.1 MPa the rate constants k; and &, are the same
order of magnitude, while at higher pressures &3 is much
greater than k,. The substantial increase in k; may be
related to the decrease in the overall (apparent) activation
energy for propionaldehyde formation from 13.1 to 8.4
kcal/mol with an increase in pressure from 0.1 to 0.4 MPa.
An apparent activation energy of 8.4 kcal/mol for the
propionaldehyde formation is a good agreement with the
heat of desorption of propionaldehyde from the Rh (111)
surface obtained from TPD data (52). These results further
support that the formation of propionaldehyde is governed
by the step involving &, the desorption of adsorbed propi-
onaldehyde at high pressure.

Neglecting the compensation effect and the heat of de-
sorption of adsorbed propionaldehyde, a decrease in the
overall activation energy for a reaction of 4.7 kcal/mol

reflects an increase in the rate constant by a factor of 110.
This agrees well with a more than 114-fold increase in
k3 from 0.1 to 0.4 MPa reported in Table 3. The cause of
the increase in k; with increasing pressure remains to
be investigated.

CONCLUSIONS

The results of pulse and step isotopic transient study
show that the pulse method produced the same mechanis-
tic information as the commonly used step method. The
pulse method permits the use of low quantities of costly
isotope to study reactions under high pressure conditions.
Steady-state rate measurements reveal that an increase
in pressure increases the rate and selectivity of propional-
dehyde to ethane and decreases the activation energy of
propionaldehyde formation during the CO/H,/C,H, reac-
tion on Rh/Si0,. Analysis of the isotopic pulse response
shows that an increase in pressure from 0.1 to 0.5 MPa
increases the coverage of intermediates, but decreases
the average residence time. Modeling of the transient re-
sponses reveals that the formation of propionaldehyde
from adsorbed CO involves three irreversible steps and
two intermediates, perhaps adsorbed acyl and adsorbed
propionaldehyde. Increasing the pressure causes a sig-
nificant increase in the rate of hydrogenation of adsorbed
acyl which may be related to the decrease in the overall
activation energy of propionaldehyde formation. Rate
constant analysis of the propionaldehyde response shows
that the rate constant for propionaldehyde formation ex-
hibits a sharp single distribution.
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