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Combined FT-IR/mass spectrometry was used to study the
dynamic behavior of hydrogen/deuterium adsorbates in response
to D, and CyD4 pulses during ethylene hydroformylation on
Mn-Rh/SiO; at 513 K and 0.1 MPa. Variation of exposure time
of the catalyst to the D, and C;D4 pulses revealed that read-
sorption did not play a significant role in the product responses;
long exposure time allows more deuterium to enter the slower
pathway of d;- and d,-propionaldehyde. The two-unequal-hump
HD response from both the D, and C,D,4 pulses indicates the
presence of an isotope effect on hydrogen/deuterium adsorption.
The rapid responses of the deuterated ethylene and ethane can
be described by the Horiuti-Polanyi mechanism and indicate
that their intermediates have small 6 (surface coverage) and t
(residence time) which cannot be resolved by the time resolution of
their transient responses. The d;- and d,-propionaldehyde products
show a two-hump response, which can be explained by the different
deuterium incorporation pathways into the propionaldehyde. The
first hump is due to hydrogen/deuterium exchange on adsorbed
acyl and acyl hydrogenation. The second hump is due to H/D
exchange on the adsorbed alky! species, which then undergoes CO
insertion and acyl hydrogenation. The second hump decay is partly
due to the reaction with Si—OD as indicated by the parallel decay
of di- and dp-propionaldehyde and Si—OD.  (© 1998 Academic Press

INTRODUCTION

Chemical reactions consist of a sequence of elementary
stepsin series and in parallel that convert reactants to prod-
ucts. The timescale of chemical reactions may range from
a few femtoseconds (107° s) to geologic time (10° years
or 10'® s) (1). Our ability to understand reaction mecha-
nisms has primarily relied on advances in instrumentation
which allows identification of intermediates and determina-
tion of reaction dynamics in the timescale of reaction relax-
ation. Various experimental techniques have been devel-
oped for studying the kinetics and dynamics of elementary
steps of homogeneous reactions over a broad time range
(1-4). The lack of interaction between elementary steps for
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homogeneous reactions allows isolation of each elementary
step and intermediate in the overall reaction, and investiga-
tion of its kinetics and dynamics independently. The macro-
scopic kinetics of a homogeneous reaction can be obtained
by integration of the kinetics of elementary steps (5).

Experimental techniques developed for studying the dy-
namics of homogeneous reactions are usually not applica-
ble to the investigation of the dynamics of heterogeneous
catalytic reactions which take place on catalyst surfaces
(4, 6). The difficulty arises from interactions between adsor-
bates, influence of the reactivity of adsorbates by adsorption
of reactants and products, and the transient nature of the
intermediates (7, 8). These microscopic and dynamic char-
acteristics are reflected by the strong dependence of ki-
netic parameters (pre-exponential factor and activation
energy) of surface reactions on the adsorbate coverage
and on the chemical environment of the catalyst surface
in macroscopic kinetics and surface measurements. There-
fore, the reactivity of adsorbates and the dynamics of sur-
face reactions have to be studied under conditions where
both reactants and products are present (6-12).

A time-resolved Fourier transform infrared (FT-IR)/
mass spectrometer reactor system has been developed to
study the reactivity of adsorbates and the dynamics of sur-
face reactions under batch and steady-state flow conditions
where both reactants and products are present (10, 13). The
uniqueness of this technique is in the simultaneous mea-
surement of the dynamics (i.e., transient response) of ad-
sorbates and product concentration in a timescale which
is in line with that of the evolution of adsorbates and
products.

This paper reports the use of time-resolved FT-IR/mass
spectrometer to study the dynamic behavior of adsorbed
hydrogen/deuterium during ethylene hydroformylation on
a Mn—-Rh/SiO, catalyst. Hydroformylation is the reaction
of an olefin with CO and H; to form aldehyde as the de-
sirable product and paraffin as a by-product. The reaction
has served as an excellent probe reaction for investigation
of the CO insertion step in the Fischer-Tropsch synthesis
(14, 15). The proposed heterogeneous ethylene hydro-
formylation mechanism is shown in Table 1 (13-16). The

164



DYNAMIC D; AND C;D4s MULTIPLE TRACING

TABLE 1

Ethylene Hydroformylation Mechanism

Step 1 H; + 2* « 2*H Hydrogen adsorption

Step 2 CO+* « *CO CO adsorption

Step 3 CoHy +* < *CyoHy Ethylene adsorption

Step 4 *CoHy +*H < *CyoHs + * Partial ethylene
hydrogenation

Step 5 *CyHs 4+ *CO <« *C,HsCO + * CO insertion

Step 6 *C,HsCO + *H < *Co,H5CHO + * Acyl hydrogenation

Step 7 *CaHs +*H < CyHg + 2* Alkyl hydrogenation

* Indicates the surface site.

formation of two distinct hydrogenated products allows the
use of hydroformylation as a model reaction to study the
dynamics and the reactivity of adsorbed hydrogen in cata-
lytic hydrogenation. The dynamics of the surface reaction
involving adsorbed hydrogen was studied by pulse injec-
tion of D, into a steady-state H, flow while maintaining
the CO and C,H, flow rates at steady state and by pulse
injection of C,D, into a steady-state C,H, flow while main-
taining the CO and H; flow rates at steady state. Injection of
D, allows tracing of the hydrogen/deuterium pathways and
the dynamics of reactions involving hydrogen/deuterium
during ethylene hydroformylation. Injection of C,D, into
the C,H, stream allows tracing of the hydrogen/deuterium
from adsorbed ethylene to determine their participation in
the surface reactions. The length of time the catalyst was
exposed to the D, and C,D, pulses was varied by altering
the total flow rate of the reactants to adjust the amount
of deuterium entering hydrogen/deuterium pathways in or-
der to probe the dynamics of various steps. Following pulse
injection of deuterium, FT-IR is used to monitor the tran-
sient response of the deuterium-containing adsorbates on
the catalyst surface; mass spectrometry is used to deter-
mine the response of the gaseous deuterium-containing
products.

EXPERIMENTAL

Catalyst Preparation

A 4 wt% Mn—-Rh/SiO; (Mn/Rh = 0.1) catalyst was pre-
pared by a sequential incipient wetness method using an
aqueous solution of RhCl; - 3H,0 (Alfa Products) and an
aqueous solution of Mn(NOs), - 6H,0O onto a large pore
SiO, support (Strem Chemicals, surface area of 350 m?%/g).
After the impregnation sequence, the sample powder was
dried in air at 298 K overnight and then was reduced in
flowing H, at 673 K for 16 h (17).

Reaction Studies

Details of the IR reactor cell and the apparatus used
in this study have been previously reported in detail
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(10, 15) and will be described briefly. Approximately 35 mg
of catalyst powder was utilized in the study. Prior to each
series of experiments the catalyst sample was reduced
under H; flow at 673 K and 0.1 MPa for 2 h. The total flow
rates of the reactants were varied from 60 to 240 cm®min
at 513 K and 0.1 MPa. The IR reactor cell acts as a dif-
ferential reactor to obtain the initial rates for the forward
reaction.

Upon reaching the reaction steady-state for 15 min at
the flow rate tested, the steady-state gaseous reactant and
product concentrations were determined by an HP-5890A
gas chromatograph (GC) equipped with a flame ionization
detector (FID). Figure 1 illustrates the experimental pro-
cedure following the GC sample. A six-port valve was used
to introduce a 10 cm® pulse of D; into the steady-state H;
flow while maintaining CO, C,H,4, and He flows at steady-
state. During the pulse switch, the transient responses of the
adsorbates on the catalyst surface were monitored by the
IR spectrometer. Simultaneously, the transient responses
of the gaseous effluent from the IR cell were recorded by
a Balzers QMG 112 mass spectrometer (MS) that is inter-
faced to a computer that allows simultaneous measurement
of eight m/e (i.e., amu) as a function of time. After complet-
ing the D, pulse, the six-port valve was used to introduce a
10 cm?® pulse of C,Dy4 into the steady-state C,H, flow while
maintaining CO, H,, and He flows at steady-state. Follow-
ing steady-state and transient response studies, a bracket-
ing reduction was performed to maintain the activity of the
catalyst.

Product Analysis

Due to a one amu (m/e) resolution, the MS employed
in this study is not able to separate these three pairs of
deuterated products, dz-ethylene and do-ethane (m/e = 30),
ds-ethylene and d;-ethane (m/e = 31), and ds- ethylene and
do-ethane (m/e = 32) which have the same amu for their
parent molecules. To determine the amount of deuterated
ethylene and ethane produced, a GC-MS analysis was done
for steady-state runs with CO/D,/C,H,.

RESULTS

Table 2 reports the rate of product formation for the
CO/H,/C,H, reaction for 4 wt% Mn—Rh/SiO, at 513 K and
0.1 MPa. The reaction produced C,Hg and C,;HsCHO as
major products with trace amounts of methane, propylene,
1-butene, and n-butane. The total flow rate of the reaction
mixture was varied from 60 to 240 cm®min. The difference
in pressure drops for CO, Hy, and C,H, lines before the mix-
ing point caused an alteration in the flow rates, thus leading
to a slight change in the partial pressures of the reactants,
as indicated by the CO/H,/C,H4/He ratio in Table 2. This
change in reactant partial pressure did not cause a signifi-
cant change in propionaldehyde selectivity.
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FIG. 1. Experimental setup.

Transient Response to a D, Pulse

response (10, 15, 18). For instance, E(t) for H, isnormalized
from the intensity of H,. The normalized responses allow

Figure 2 shows the normalized deuterated products and
IR response for Si-OD to a 10 cm®min D; pulse into the
steady stream of H; at a total flow rate of 60 cm®/min. The
pulse response is normalized using the equation

| (t)
Lo rmdt’

where I(t) is the MS intensity, which can be related to the
concentration by a calibration factor, during the transient

E(t) = [1]

accurate determination of the lead-lag relationship for the
reactants and products. Contained in the hydrogen stream
is 2% Ar, which is inert and does not interact with the cata-
lyst surface. The inertness of Ar allows it to be utilized as
a tracer to obtain the flow pattern of the reactor and to
determine the contribution of the reactant flow to the re-
actant and product responses. Figure 2a shows that the Hy,
D», and HD responses lagged behind the Ar response. The
delay of the Ar response is due to the transportation time in
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TABLE 2

The Rate and Selectivity for Product Formation
during CO/H,/C,H,4 Reaction

Turnover frequency (min~t)

Total flow rate 60 cm®min 120 cm®/min 240 cm®/min
CO/H,/C,H4/He 0.9/1.1/0.9/1.1 1/1/1/1 1.1/0.9/1/1
Methane 0.015 0.026 0.032
Ethane 2.9 3.9 2.9
Propylene 0.028 0.057 0.028
1-Butene 0.007 0.015 0.006
n-Butane 0.010 0.021 0.005
Propionaldehyde 0.22 0.27 0.28
Selectivity? 0.075 0.069 0.098

Note. Adsorption stoichiometry: H/metals;om =1 (19, 35). Hydrogen
chemisorption: 114 umol *H/gc.t. Rh crystallite size: 14 A,

2 Rate of formation of propionaldehyde divided by rate of formation
of ethane.

the tubing. The H; and D, responses lag behind the Ar re-
sponse as a result of adsorption, reaction, and desorption of
H, and D, on the catalyst surface. The H; and D, responses
were nearly symmetrical, indicating the total concentration
of H, and D, was maintained at steady state during the
pulse. The average residence time for Hy, tw,, can be ob-
tained by t, = fot t*En, (t) dt (10, 15). The residence time
of adsorbed hydrogen (*H) on the catalyst surface is deter-
mined by iy =tH, — ar (10, 15), where 7. is 15.0s and
.p IS 21.9s, indicating the presence of an isotope effect on
H,/D, adsorption. The HD response showed a two-hump
response. The first hump slightly led the D, response while
the second hump lagged behind the D, response. The mini-
mum between the two humps corresponds to the minimum
pointon the H, response; the maximum point on each hump
occurs at the point where the gaseous hydrogen and deu-
terium concentrations are equal during the pulse transient.

Figures 2b and 2c show selected deuterated ethylene,
ethane, and propionaldehyde responses from the D, pulse,
where d; represents the i number of deuterium atoms in
the product species. The d;-ethylene (C,H3;D) and d;-
ethane (C;HsD) responses closely matched with that of
the D, response, as did the other deuterated ethylene and
ethane responses. Assuming that the formation of deuter-
ated ethylene and ethane follows a first-order response,
the rate of formation (i.e., TOF) can be expressed as
TOF =k6 =60/t (10-12, 15), where k is the first-order rate
constant, 6 is the surface coverage, and t is the residence
time for intermediates leading to the product. The evolu-
tion rate of deuterated ethylene and ethane is significantly
greater than the convection and diffusion rates of the re-
actant mixture, thus blurring the reactant and C, hydro-
carbon product responses. The overlapping of the reactant
and product response curves indicates that the ethylene ad-
sorption/desorption step (step 3 in Table 1), the partial hy-
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drogenation step (step 4), and the hydrogenation of the ad-
sorbed alkyl species step (step 7) all have a very high k and
low 6 for their intermediates. 6 for the ethyl intermediate
has been estimated to be 0.04 for ethylene hydrogenation
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FIG.2. Normalized transient responses to a D, pulse into H,.
(a) Hz, Dy, and HD, (b) C,;H3D, C;HsD, and C3H3D30O; deuterated ethy-
lene, (c) do-propionaldehyde, d;-propionaldehyde, d,-propionaldehyde
Si-OH, and Si-OD. All at 513 K and 0.1 MPa; total flow rate = 60 cm®/min;
t = —40 is the time at which the pulse injection of D, was made.
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FIG. 3.

Proposed mechanism for deuterium product incorporation. O Partial ethylene hydrogenation/dehydrogenation, O hydrogenation/ deu-

terium exchange on adsorbed acyl, O deuteration of the adsorbed acyl species, and [0 hydrogen/deuterium exchange on adsorbed propionaldehyde.

on Pt at 295 K (19). Using this value of 6 as a conservative
estimate for our experimental conditions and the TOF for
ethane formation in Table 2, 7 is calculated to be less than
1 s, which is below the resolution of our MS.

The do-propionaldehyde (C3HgO), di-propionaldehyde
(C3HsDO), and d,-propionaldehyde (C3H4D,0) responses
shown in Fig. 2¢ have distinctly different responses as com-
pared to the D, response. The formation of the various
deuterated propionaldehyde products can be best illus-
trated by the reaction pathway shown in Fig. 3. Although
the pathway shown in Table 1 and Fig. 3 did not distinguish
between the sites for ethane and propionaldehyde forma-
tion, selective poisoning and alkali promotion studies have
shown that the active sites for ethane and propionaldehyde
formation are different (13, 14).

Figure 3 shows the proposed compartment model and
reaction pathways for the formation of hydrogen- and
deuterium-containing propionaldehyde from pulse injec-
tion of D, and C,;D,4. The adsorbates distributed on the
catalyst surface are lumped into boxes (pools). Within
each box, the species are considered well-mixed and the
isotope-labeled species transfers from one pool to another

according to the proposed pathway. In this mechanism,
deuterium may enter the propionaldehyde product in four
ways: 0 partial ethylene hydrogenation/dehydrogenation,
O hydrogenation/deuterium exchange on adsorbed acyl,
O deuteration of the adsorbed acyl species, and 0 hydrogen/
deuterium exchange on adsorbed propionaldehyde. The
first, second, and fourth pathways allow deuterium to en-
ter the alkyl group of the propionaldehyde; the third and
fourth pathways allow deuterium to enter the formal group
(—-CHO). The different isomers of d;-propionaldehyde can
not be resolved by our MS, complicating analysis of the
pathway for formation of these products.

The d;-propionaldehyde response showed a small initial
response but then quickly decreased on the E(t) scale un-
til 135s where it again increased, showing a two-hump re-
sponse. The two-hump response may be due to the different
deuterium positions of the different isomers, C,H,DCHO
and C,HsCDO, from different pathways. Similar to d;-
propionaldehyde, the d,-propionaldehyde response also
showed a two-hump response, though its first hump was
much more significant than the d;-propionaldehyde first
hump. The higher deuterated propionaldehyde responses,
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TABLE 3

Deuterium Distribution within Deuterated Propionaldehyde Products

60 cm®/min 120 cm®/min 240 cm*/min
First hump Second hump First hump Second hump First hump Second hump
D,
di-propionaldehyde 1.8% 52% 13% 33% 27% 9.9%
dp-propionaldehyde 6.2% 26% 14% 16% 23% 3.9%
ds-propionaldehyde 5.9% — 14% — 13% —
ds-propionaldehyde 4.7% — 5.7% — 13% —
ds-propionaldehyde 2.8% — 4.9% — 10% —
C,Dy

d;-propionaldehyde 3.7% 18% 8.0% 4.2% 26% 3.9%
d,-propionaldehyde 10% 32% 30% 5.7% 29% 4.2%
ds-propionaldehyde 17% — 27% — 21% —
ds-propionaldehyde 12% — 17% — 10% —
ds-propionaldehyde 6.9% — 8.8% — 5.9% —
represented by ds-propionaldehyde (C3H3;D30) in Fig. 2b, determined by
did not show this two-hump response and had single-hump 2800
pulse responses that closely followed the D, response. _

. \ : Aop = A(v) dv, [2
Drawing a dashed line through the peak of ds-propional- 2650

dehyde to the d,-propionaldehyde response shows that the
ds-propionaldehyde response coincides with the first hump
of the d,-propionaldehyde response.

Determination of the deuterated propionaldehyde distri-
bution within each propionaldehyde hump will give insight
into the deuterium incorporation mechanism. Because of
the absence of calibration standards, accurate quantifica-
tion of each d;-ethylene, dj-ethane, and di-propionaldehyde
could not be completed. However, assuming that the area
of each species under the I(t) the response curve is pro-
portional to the amount of products produced, the relative
amount of each d;-propionaldehyde can be calculated and is
shown in Table 3. The total d;-propionaldehyde distribution
between the firstand second hump responses sums to 100%.
The relative amount of deuterated propionaldehyde is pri-
marily contained within the second hump. The first hump
contains di- through ds-propionaldehyde, with d,- and ds-
propionaldehyde being the major products while the sec-
ond hump only contains the d;- and d,-propionaldehyde
products.

Figure 4 shows the transient IR response to the D, pulse.
Gas phase CO at 2150 and 2082 cm™! and adsorbed linear
CO at 2020 cm~! were not altered by the D, pulse. The
main feature of IR spectra during pulsing D is the growth
and decay of the Si-OD band at 2755cm™! (17, 20, 21).
The growth of the Si-OD band indicates that deuterium
can migrate or spill over from the metal surface to the sil-
ica support. The decay of the Si—OD indicates that reverse
spillover of deuterium from the silica support to the metal
surface also occurs. A vague change in the Si—-OH stretch
at 3744 cm~! was also observed. The area under the Si-OD
IR spectra, which is equivalent to concentration of OD, was

where A(v) is the absorbance and v is the wavenumber
in cm~. A normalized E(t) response for the Si—-OD area
response was determined and is plotted in Fig. 2c for com-
parison with do-, di-, and dp-propionaldehyde responses.
The lag time between D, and Si—OD reflects the time re-
quired for spillover of adsorbed deuterium from the metal
surface to the silica support. Surprisingly, the decay re-
sponses of Si—OD lagged significantly behind that of the
D, response. The slow decay of Si—-OD as compared with
its rapid rise indicates that the rate of deuterium spillover
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0.1 MPa and total flow rate = 60 cm®min.



170

from the metal to the silica surface is higher than the rate
of the reverse deuterium spillover from the silica surface
back to the metal. The difference in the rate of forward and
reverse spillover could be related to the different concen-
tration of adsorbed deuterium on Rh and Si—-OD on the
SiO, surface.

Direct D, adsorption studies on SiO; did reveal a slow
formation of the Si—-OD peak at 2755 cm™%; the maximum
absorbance on SiO; was 20 times less than that observed
on Mn-Rh catalyst during the D, pulse. The growth of the
Si—OD peak on SiO; was also much slower than that on
Mn—-Rh/SiO,, as shown by the larger t for SiO, (217 s) than
for Mn—Rh/SiO, (115 s). This result indicates that the direct
formation of Si-OD from D, adsorption on SiO, and other
adsorption processes do not make a significant contribution
to the Si—-OD response on Mn—Rh/SiO; during the transient
experiments.

Transient Response to a C,D,4 Pulse

The normalized deuterated product responses to a 10 cm?®
pulse injection of C,D;, into the steady-state flow of Co;H,
are shown in Fig. 5. Figure 5a shows that the D, response
had a sharper response than the C,D, response, indicating
that deuterium was rapidly transferred from the C,D, to
the catalyst surface for desorption. The decrease in C;H4
concentration caused a decrease in gaseous hydrogen con-
centration further confirming that ethylene is a source of
hydrogen. The HD response also showed a two-hump re-
sponse, resembling that from the D, pulse. Figures 5b and
5c show selected deuterated ethylene, ethane, and pro-
pionaldehyde responses. Similar to the D, pulse results,
the d;-ethylene (C,H3D) and d;-ethane (C;HsD) responses
closely matched that of C,D4, supporting the earlier conclu-
sions of rapid ethylene adsorption/desorption and partial
ethylene hydrogenation with small T and 6.

Figure 5c¢ shows the dg-propionaldehyde, d;-propional-
dehyde, and d,-propionaldehyde responses. Both the d;-
propionaldehyde and the d,-propionaldehyde responses
also revealed the two-hump response, although it was
less distinct than during the D, pulse. The higher deuter-
ated propionaldehyde responses represented by ds-prop-
ionaldehyde in Fig. 5b showed single-hump responses, simi-
lar to the C,D4 response. Analysis of the relative amounts of
deuterated propionaldehyde product responses are shown
in Table 3. Observations were made for the C,D, pulse
similar to those for the D, pulse results, with d;- through
ds-propionaldehyde in the first hump going through a max-
imum and only d;- and d,-propionaldehyde in the second
hump.

The IR response to the C,D4 pulse into C,H,4 was simi-
lar to that of the D, pulse, with the major variation in the
IR spectra being the Si-OD peak at 2755 cm™* that devel-
oped and disappeared. Comparing the relative IR area of
the Si—OD response of the D, pulse to that of the C,D,4
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FIG.5. Normalized transient responses to a C,D, pulse into C,H,.
(a) Hz, Dy, and HD, (b) C;H3D, C;HsD, and C3H3D30 deuterated ethy-
lene, (c) do-propionaldehyde, d;-propionaldehyde, d,-propionaldehyde,
and Si-OD. All at 513 K and 0.1 MPa. Total flow rate = 60 cm®min.

pulse revealed that about 10 times less deuterium spillover
occurred during the C,D,4 pulse than during the D, pulse.
The normalized IR intensity response of the Si—-OD peak
for the C,D,4 pulse switch is plotted in Fig. 5c.



DYNAMIC D; AND C,D4 MULTIPLE TRACING 171

T T T T T T T T T T T T T T T T T T
a 60 em¥/ni D, d d -Propionaldehyde
mn
1.510° | 120 cm®/min 4 60 em’/min
240 cm®min 110" ' 240 cm¥min 120 cm®min
\
110° b ‘\ i
|
= | =
= | =
|
5107
0
} } t } t } t } }
b 120 cm®/min 60 cm®min HD
6 -10 [ i
110 110 ?& 120 cm®/min
60 cm®/min
= S s510m |
5107
0
0 t + } t t t t t f
f 3 Si-OD)|
. 120 cm®/min 60 cm®/min
15 240 ¢cm®/min
0
10
S110M L =
5
-2107° | 120 cm®/min B 0
240 cm®/min
! ! 1 1 ! ! | 1 1 1 1 ! 1 i 1 1 1 !
0 60 120 180 240 0 60 120 180 240
Time (sec) Time (sec)
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isotopic pulse into the different flow rates caused different
product flow pattern responses. Figure 6 shows the effect

The objective of these experiments is to determine the ef-  of increasing the total flow rate from 60 to 240 cm®/min
fect of flow rate on the transient responses of the deuterated  on selected deuterated products on the D, pulse into H.
products and the readsorption effect on the products. The  Figure 6a shows that the 60 cm®min D, response came out

Effect of Tracer Residence Time
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the slowest and had the broadest response. Increasing the
flow rate caused a faster and sharper response as compared
to the 60 cm®/min response. I(t), which is equivalent to the
concentration of the species, cannot be used for comparison
of the concentration of the species monitored in different
flow rate runs due to slightly different total pressures at the
MS sampling point for these runs.

Figure 6b shows the effect of increasing the flow rate
on the two-hump HD response. Increasing the flow rate
caused the HD two-hump response to apparently merge
into a single hump. However, the similarity in contours of
the different flow rate HD responses suggests that the two-
hump response still exists, although it has become blurred
due to the convection and diffusion of the gaseous flows.
Therefore, the change in flow rate did not alter the hydrogen
and deuterium adsorption and reaction characteristics of
the catalyst.

Figure 6¢ shows that the dg-propionaldehyde responses
all are single-hump responses. Figure 6d shows that increas-
ing the flow rate from 60 to 120 cm®min caused the two-
hump d;-propionaldehyde response to overlap; increasing
the flow rate to 240 cm®min caused an increase in the
first hump response and a decrease in the second hump
response. Figure 6e shows that increasing the flow rate also
caused a similar shift for the d,-propionaldehyde response.
Figure 6f shows that increasing the flow rate did not affect
the relative intensity of Si—-OD. The C,D, pulse responses
showed similar flow effects on the product responses and
are not shown here.

Table 3 shows that increasing the flow rate caused the
deuterated propionaldehyde distribution to shift from the
second hump to the first hump. Increasing the flow rate also
caused a shift of the deuterium substitution to the lower
deuterated propionaldehyde for the first hump response
while increasing the flow rate had minimal effect on the
relative deuterated propionaldehyde distribution in the sec-
ond hump, with a d;-propionaldehyde/d,-propionaldehyde
ratio of about 2.

To minimize the effect of flow rate on the contours of the
responses, a dimensionless time, ©, that accounts for the ef-
fect of different flow rates is used for normalizing the time
scale. ®, which isdefined by ® = (vo/V)*t, where vy is the to-
tal volumetric flow rate, and V is the system volume, allows
for fair comparison of the transient responses at the various
flow rates (22). Figure 7 shows the D, I(®) response versus
©®. The similar responses for D, suggest that the change in
flow rate did not affect the D, adsorption and surface re-
action processes of the catalyst. The same can be stated for
the deuterated ethylene and ethane responses because of
the similarity of their responses to the D, responses at the
different flow rates.

Figure 7b shows the 1(®) versus ® of the di-propio-
naldehyde response to the D, pulse. The first hump re-
sponse is altered by the change in flow rate as shown by
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FIG.7. Normalized time comparison of Fig. 6. (a) Dy, (b) d;-pro-

pionaldehyde, (c) Si—OD.

the increase in the relative amount of product formation in
the first hump as compared to the second hump. The
absence of significant variation in the decay portion
of the response curves for the dg-propionaldehyde and
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d;-propionaldehyde responses suggests readsorption does
not play a significant role in the deuterated propionalde-
hyde responses (17). Figure 7c shows the Si-OD response
versus . The Si—-OD responses are all similar, indicating
the spillover ability of the catalyst also is not affected by
the change in flow rate.

DISCUSSION

Dynamics of *H from H, and C,H,

The formation of HD during the D, and C,D,4 pulses may
proceed via the elementary steps

H, + 2" < 2*H
D; +2* < 2D
*H+*D — HD + 2%,

The formation of the two-hump HD response is a result
of the increase and decrease in hydrogen and deuterium
concentration during the D, pulse into H,. The rate of
these steps is higher than that of convection and diffusion
of the species in the flow. The maximum of the first and
second hump occurs when 6.y = #6:p, which corresponds
to about when Py, =Pp,. The first hump occurs when
0« is decreasing and 6.p is increasing and results from
*H+ D, — HD + *D, which is written in terms of the over-
all reaction, due to the fact that only *H is available on
the catalyst for reaction with *D from the dissociative ad-
sorption of the pulsed D,. The second hump occurs when
0:y is increasing and 0:p is decreasing and results from
*D + H; — HD + *D. The larger response of the second
hump indicates the reaction of H, with *D is faster than the
reaction of D, with *H, suggesting the presence of an iso-
tope effect on hydrogen/deuterium adsorption. The isotope
effect originates from the large mass and bonding energy
differences between the molecular species and its isotopic
counterpart (23, 24).

To confirm that changing the total flow rate did not
change the rate of adsorption and desorption, modeling
of the deuterium adsorption step was undertaken. Figure 8
shows the mole balances considering only the D, and the
*D pools from Fig. 3 (17) and illustrates the modeling pro-
cedure. Since D, traveled with Ar at the same flow rate
and pattern, Ea, should be considered as the input Ep,.
Step 1 involves the fitting of the 120 cm®/min flow rate D,
response to the model response curve to generate the fol-
lowing fitted parameters: rate of adsorption, v,q4; rate of
desorption, v_14; and the coverage of adsorbed deuterium
on the catalyst surface, 6:p, presented in Fig. 8. Step 2 shows
that using these fitted parameters and changing the input
Ear response and the QiD”2 to the appropriate value, the
output Ep, responses for the other flow rates can be gener-
ated. If the flow rate has no effect on the rate of adsorption,
desorption, and surface coverage, then the generated Ep,
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responses for the 60 and 240 cm®/min flow rates using the fit-
ted parameters for v 14, v_14, and 6-p from the 120 cm®/min
flow rate should match the experimental data for the 60 and
240 cm®/min flow rates.

Figure 9 shows that the model results match well with
the experimental data points for all the flow rates, indicat-
ing that (i) changing the total flow rate did not alter the
hydrogen adsorption, desorption, and total hydrogen cov-
erage of the catalyst, and (ii) readsorption did not occur
to a significant extent. Comparing the H; and D, response
model results, an isotope effect of 1.2 was found for hydro-
gen/deuterium adsorption for the ratio of 6: to 6:p.

Determining the deuterium distribution in ethylene and
ethane provides information for determining the relative
rate of each step involving deuterium. Because of the over-
lap of some of the m/e ratios for deuterated ethylene and
ethane as described in the experimental section, GC-MS
analysis was used to obtain steady-state deuterated ethy-
lene and ethane product distributions. The results listed in
Table 4 revealed the production of both deuterated ethy-
lene and ethane products, which can be described by steps 1,
3,4,and 7 from Table 1. These reaction steps are consistent
with those in the Horiuti—-Polanyi mechanism for ethylene
hydrogenation (19, 25-28):

*CyHz 4+ *H

!

3 *CoHy
CoHe= . S, } 2 *CoHs

% CoHe.
1
Hz\i{ H - ___ —

}7
%
*H

All the postulated intermediates shown in the above path-
way for the Horiuti-Polanyi mechanism have been recently
observed by sum frequency generation (SFG) spectroscopy
under reaction conditions (19). Both w-bonded ethylene
(*CoHy) and di-o bonded ethylene (*C,Hj;) have been
shown to be precursors for ethylene hydrogenation. The
r-bonded ethylene is much more active for hydrogenation
than the di-oc bonded ethylene at 295 K (19). The di-o
bonded ethylene is also a precursor for dehydrogenation
to the ethylidyne species (*C,Hj3). This species can also be
hydrogenated, but at a slower rate than the di-c bonded
ethylene at 295 K (19). Although it is anticipated that all
the steps are rapid at our experimental temperature, the ab-
sence of statistical distribution of deuterium in the products
in Table 4 indicates product formation is kinetically con-
trolled. The relative amounts of deuterated ethylene and
ethane therefore can be utilized to distinguish the relative
rates of steps 3, 4, and 7.

Table 4 shows that more deuterated ethylene is produced
as compared to deuterated ethane, indicating that steps 3
and 4 are faster than step 7. The increased production of
lower deuterated ethylene also suggests the backward rate
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FIG.8. Compartment model.

of steps3and 4 is faster than the forward rate of step 7. Stud-
ies at different temperatures on Rh revealed that increas-
ing the temperature caused a larger increase in intensity
for the deuterated ethane than for the deuterated ethylene
(29), indicating ethane formation requires a higher activa-
tion energy. Itis interesting to note that Horiuti and Polanyi
provided a decisive mechanism which accurately describes
our deuterated product distribution (including do-ethane),
as well as others (19, 30-32), without experimental obser-
vation of adsorbates.

Deuterated Propionaldehyde Responses

The variation of the d;- and d;-propionaldehyde re-
sponses with flow rate during the D, and C,D, pulses
reveals the difference in the relative rate constants and
the reaction pathways for their formation. The increase in
flow rate decreased the exposure time of the catalyst to
the D, pulse, shifting the d;- and d,-propionaldehyde re-
sponses from the second hump to the first hump. The shiftin
deuterium distribution indicates deuterium incorporation
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into the first hump is faster than deuterium incorpora-
tion into the second hump. Our recent studies show that
the 7 for the first hump is approximately the same as the
7 for the di;- and d,-propionaldehyde responses from the
pulse reaction of D, with CO/H,/C,;H4/C;HsCHO. The first
hump d;-propionaldehyde may result from exchange be-
tween adsorbed deuterium with the adsorbed acyl species
or the adsorbed enol species. The formation of adsorbed
enol intermediates from the adsorption of C;HsCHO would
allow deuterium to enter the « position via keto-enol tau-
tomerism.

CH3;CH,CHO CH;CHDCDO
o] o
Cl:HQ, C|:H3
CH, CHD
| = —~H |
C=0 CH3;CH=COH — C=0

keto-enol tautomerism

™o
Both enol intermediates and keto-enol tautomerism have
been suggested as the primary intermediates and pathway

for higher alcohol formation from syngas (33, 34). The tau-
tomerism is known to be a rapid process which would give

TABLE 4

Deuterium Distribution in Ethylene and Ethane Products from
Steady-State Ethylene Hydroformylation at 120 cm®/min

CO/D,/CyH4 CO/H,/C;D4
di Ethylene Ethane Ethylene Ethane
do — 2.6% — 6.1%
d; 73% 1.2% 12% 6.4%
d; 17% 0.94% 40% 15%
ds 3.8% 0.39% 18% 1.7%
ds 0.79% — — 0.25%
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a low t for the dij-propionaldehyde from the pulse reac-
tion of D, with CO/H,/C,H4/C;HsCHO (29). The low t
for the first hump d;- and d,-propionaldehyde allows ad-
sorbed deuterium to enter their alkyl group with a short
deuterium exposure time. The shorter deuterium exposure
time shifted the deuterium distribution to the first hump as
shown in Table 3.

The second hump propionaldehyde response may result
from the insertion of CO into the adsorbed C;HxDs_4 and
the subsequent deuteration of the adsorbed acyl species.
The C,HDs_y in di-propionaldehyde may share the same
alkyl precursor as that for dj-ethane. The t for the second
hump response has also recently been found in the range
of ¢ for the formation of C,Hs*CHO from the *CO pulse
study, further confirming that the second hump is a result
of CO insertion into the adsorbed alkyl species which has
undergone limited hydrogen/deuterium exchange.

Mn promoter has been shown to stabilize the acyl in-
termediate species on Rh catalyst (35), which increases
the likelihood of hydrogen/deuterium exchange to occur
on the adsorbed acyl/enol species causing the first hump
propionaldehyde response. Comparison of previous results
on d;-propionaldehyde and d,-propionaldehyde responses
on Rh/SiO; and Mn—Rh/ SiO; shows that Mn promoter in-
creases the deuterium distribution in the first hump. These
results further support the proposition that the first hump
is due to hydrogen/deuterium exchange on the adsorbed
acyl/enol (shown as dashed arrows in Fig. 3), followed by
hydrogenation/ deuteration of the adsorbed acyl species.

In Situ Infrared Observation of Si-OD

The in situ infrared technique employed in this study
was not able to provide unambiguous information on
hydrogenation/deuteration of hydrocarbon intermediates
due to low extinction coefficients of C-H and C-D stretch-
ing and overlapping of these bands. The most valuable
information obtained from the in situ IR studies is the
spillover of adsorbed deuterium from the Rh surface to
the Si—OD site and the involvement of deuterium from
Si—OD for deuteration of the adsorbed acyl. The latter is
supported by the experimental results: (i) parallel decay of
the d;-propionaldehyde and d,-propionaldehyde second
hump responses with that of the Si-OD response, as seen
in Figs. 2c and 5c, and (ii) pulsing C;D4 resulted in less
Si—OD formed as compared to the D, pulse, resulting in
less di- and d,-propionaldehyde formed, as seen in Table 3.
The slow Si—OD response as compared to the D, response
can be attributed to the surface diffusion of the deuterium
on the silica surface (21).

CONCLUSIONS

Transient responses of deuterated products to the D,
and C,D4 pulses are a result of the following processes:
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adsorption of deuterium-containing species on the cata-
lyst surface, incorporation and transfer of deuterium in
the H/D pathways, and transport of desorbed deuterated
species to the flow line. Variation of the flow rate al-
lows adjustment of exposure time of the catalyst to the
D, and C,D, pulses to probe the relative rates of inter-
mediates and the readsorption effect. The similarity in
the decay of the transient responses in the dimensionless
timescale and in the modeling of the deuterium transient
response reveals that readsorption did not play a signif-
icant role in the transient responses of deuterated prod-
ucts.

The isotope effect on H,/D; adsorption was manifested
by a two-unequal-hump HD response to both the D, and
C,;D,4 pulses. Deuterium from D, and C;D,4 enters the
reaction pathway to produce C,HyD,_x and C,HyDg_,
probably through the Horiuti-Polanyi mechanism. These
reaction steps involve intermediates with small z and 6
which are beyond the time resolution of our transient mea-
surement. Deuterium enters the reaction pathway to form
C,H«Ds_4xCDO through (i) H/D exchange with adsorbed
acyl or enol and (ii) limited H/D exchange with adsorbed
alkyl followed by CO insertion and deuteration. The for-
mer step has a small t; the latter process involves several
steps with a large 7 that is comparable to that for the in-
termediate leading to C,H:*CHO from *CO pulse stud-
ies. The large 7 reflects the slow reaction pathway whose
products increase with increasing exposure time. In situ in-
frared studies trace the spillover of deuterium and iden-
tify the involvement of spillover deuterium in deutera-
tion of adsorbed acyl species. Results of this study reveal
the qualitative nature of hydrogenation/dehydrogenation
pathways in ethylene hydrogenation and hydroformyla-
tion. Quantitative determination of the rate parameters
for the reaction network for deuterated product forma-
tion cannot be achieved because of the inability to de-
termine the composition of various deuterated isomers by
MS. Quantification of T and 6 of intermediates for the lag-
ging product responses can be achieved by compartment
modeling of the intermediates. Determination of kinetic
parameters for the rapid reaction has to rely on further
improvement of time-resolution and sensitivity of tran-
sient approaches as well as FT-IR and MS instrumenta-
tion.
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