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Deuterium isotopic step tracing combined with in situ infrared
(IR) spectroscopy was utilized to study and model the hydrogena-
tion steps in ethylene hydroformylation on 4 wt% Rh/SiO2 at 483–
573 K and 0.1 MPa. The difference in residence times between H2

and D2, as well as propionaldehyde and deuterated propionalde-
hyde to the step switch from H2 to D2 and D2 to H2 during ethyl-
ene hydroformylation reflects the presence of an isotope effect for
H2/D2 chemisorption and propionaldehyde formation. Compart-
ment modeling of H2/D2 responses and qualitative comparison of
propionaldehyde and deuterated propionaldehyde responses un-
ravel the presence of a normal equilibrium isotope effect for H2/D2

chemisorption and a normal kinetic isotope effect for hydrogena-
tion/deuteration of adsorbed acyl species. In situ IR coupled with
deuterium transient responses shows that the reverse spillover of
deuterium from Si-OD participates in the deuteration of adsorbed
acyl species, suggesting that the site for deuteration of the ad-
sorbed acyl species is located near the Rh and SiO2 interface. Sig-
nificant difference in the deuterated ethane and propionaldehyde
responses suggests the different nature of either adsorbed hydro-
gen/deuterium or the active site for hydrogenation/deuteration of
adsorbed ethyl and acyl species. c© 1996 Academic Press, Inc.

INTRODUCTION

Deuterium tracer has been extensively used to study
the mechanism of catalytic hydrogenation (1–10). Most
deuterium studies have utilized either batch or steady-
state techniques. The rates of appearance of deuterium-
containing products and deuterium location in the
deuterated products obtained from these results allow iden-
tification of reaction pathways, elucidation of the nature of
the catalyst surface and deuterium-containing adsorbates,
and determination of the relative rates of elementary steps
and isotope effects. The observed isotope effect, defined as
the reaction rate with hydrogen (rH) divided by the reaction
rate with deuterium (rD), has been used to elucidate the
rate-limiting step in the overall sequence of hydrogenation.
However, the absence of knowledge of intermediate con-

1 To whom correspondence should be addressed.

centration and the lack of understanding of the complicated
contribution of kinetic and thermodynamic (equilibrium)
isotope effects on individual elementary steps to the ob-
served isotope effect often lead to controversial identifica-
tion of the rate-limiting step (7).

The rate-limiting step of a few catalytic reactions has been
identified by steady-state isotopic-transient kinetic analysis
(SSITKA) (11). The technique involves (i) replacing a re-
actant flow by its isotopically labeled counterpart in the
form of a step function to the inlet of a flow reactor and
(ii) monitoring the isotopically labeled and nonlabeled re-
actants in the reactor effluent as a function of time. The
responses of the labeled reactants and products carry mech-
anistic information that allows determination of intermedi-
ate coverages and rate-limiting steps. One unique feature
of SSITKA is maintaining the steady-state condition for the
total concentration of gaseous isotopically labeled and non-
labeled reactants and their adsorbates during either step or
pulse injection (1, 11, 12). Disturbance of the steady-state
resulting from isotope effect is minimal when the mass ratio
of the isotope labeled and nonlabeled species approaches
one. SSITKA has been extensively used to study reactions
involved with 12CO/13CO, 14NO/15NO, and 12CH4/13CH4 in
which both isotopically labeled and nonlabeled species re-
act at about the same rate (3, 11), producing near symmet-
rical responses for both isotopically labeled and nonlabeled
products, as sketched in Fig. 1a. The symmetry in the rise
and decay of the response is a manifestation of the lack of
isotope effect.

The isotope effect mainly results from the large mass
and bonding energy differences between the molecular
species and its isotopic counterpart (13). Comparison of
H2 and D2 yields a large difference in mass ratio; therefore,
its isotope effect can greatly shift thermodynamic equilib-
rium and alter reactivity of adsorbates by varying the rates
of elementary steps, upsetting the steady-state conditions
for the total concentration of hydrogen- and deuterium-
containing adsorbates during the step switch from H2 to D2

flow. Deviation from the steady-state total concentration
of adsorbates resulting from the isotope effect should shift
the hydrogen- and deuterium-containing product responses
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FIG. 1. (a) Propionaldehyde transient responses to a 12CO to 13CO
step switch during CO/H2/C2H4 reaction. (b) Possible propionaldehyde
transient responses to a H2 to D2 step switch during CO/H2/C2H4 reaction.

from the symmetrical form to the one shown in Fig. 1b. Mod-
eling of both hydrogen- and deuterium-containing product
responses may allow determination of the isotope effect
on the coverage of intermediates and unambiguous iden-
tification of rate-limiting steps. While a number of hydro-
gen/deuterium step switch studies have been reported for
methanation (3) and ammonia synthesis (11), the quantita-
tive analysis of hydrogen- and deuterium-containing prod-
uct responses has never been attempted due to the com-
plexity of the isotope effect on the product responses.

This paper reports the results of a H2/D2 step switch
study on ethylene hydroformylation on Rh/SiO2. Hydro-
formylation is selected for testing H2/D2 isotopic transient
techniques because of its industrial importance and sim-
plicity in the product distribution. Hydroformylation is the
reaction of an olefin with synthesis gas (CO/H2) to form
an aldehyde with one more carbon atom than the origi-
nal olefin. The industrial hydroformylation process utilizes

a homogenous catalyst, thus requiring an energy-intensive
separation (14). Although a heterogeneous gas–solid hy-
droformylation process eliminates the separation step, the
heterogeneous catalysts under investigation, including sup-
ported Rh, suffer from low aldehyde selectivity, with the
majority of the product being the alkane. Figure 2 shows the
proposed reaction pathway for heterogeneous ethylene hy-
droformylation (15, 16). The formation of both ethane and
propionaldehyde involves hydrogenation reactions: (i) the
hydrogenation of the adsorbed alkyl species to form ethane
and (ii) the hydrogenation of the adsorbed acyl species to
form propionaldehyde. The H2/D2 isotopic transient tech-
nique may help unravel the factors controlling the selec-
tivity of the reaction. A fundamental understanding of the
hydrogenation steps involved in the formation of alkane
and aldehyde products may lead to an effective approach to
suppress the hydrogenation of alkyl intermediates, thereby
enhancing the aldehyde selectivity.

This study aims at investigation of the H2/D2 isotope
effect on the coverage of intermediate and hydrogena-
tion steps for propionaldehyde and ethane formation dur-
ing ethylene hydroformylation on Rh/SiO2. Hydrogen and
deuterium as well as hydrogen- and deuterium-containing
product responses were obtained by a step switch from H2

to D2 flow while the CO and C2H4 flows were maintained
at steady state. The hydrogen- and deuterium-containing
product responses were fit to the step response of a com-
partment model to obtain the coverage of intermediates
and the rates of elementary steps. This study demonstrates
the advantages and limitations of the step switch from H2 to
D2 and from D2 to H2 techniques to investigate hydrogena-
tion mechanism. Results of this study are compared with
those of our previous 13CO SSITKA study to further im-
prove understanding of hydrogenation steps in the ethylene
hydroformylation reaction.

EXPERIMENTAL

Catalyst Preparation

A 4 wt% Rh/SiO2 catalyst was prepared by incipient wet-
ness method. An aqueous solution of RhCl3 · 3H2O (Alfa
Products) was impregnated into a large pore SiO2 support
(Stream Chemicals, surface area of 350 m2/g). The ratio of
the volume of solution to the weight of silica support used
in the impregnation step was 1 cm3 to 1 g. After impregna-
tion, the sample powder was dried in air at 298 K overnight
and then reduced in flowing hydrogen at 673 K for 16 h.
The H2 uptake of the catalyst was measured at 303 K by
pulse adsorption method and was found to be 61 µmol/g,
corresponding to a dispersion of 0.62 and a crystallite size of
15 Å, assuming an adsorption stoichiometry of Hads/Rh = 1
and a cubic shape of Rh crystallites.
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FIG. 2. The reaction pathway of heterogeneous hydroformylation.

Reaction Studies

The apparatus used in this study has been previously re-
ported in detail (17) and will be described briefly. Approx-
imately 80 mg of catalyst powder was pressed into five self-
supporting disks. One disk was placed in the IR reactor cell
beam path and the rest were broken up and placed in the
outlet stream of the reactor to increase the product concen-
tration in the effluent stream. Prior to the series of experi-
ments, the catalyst sample was further reduced for 2 h under
H2 flow at 673 K and 0.1 MPa. Steady-state flows of H2, CO,
C2H4, and He at a 1/1/1/1 ratio for a total flow rate of 120
cm3/min were controlled by mass flow controllers and were
combined at a mixing point before entering the infrared
(IR) reactor cell. The IR reactor cell acted as a differential
reactor to obtain the initial rates for the forward reaction.

Upon reaching steady state for 30 min, the steady-state
gaseous product concentrations were determined by an
HP-5890A gas chromatograph (GC). The GC contains two
6-ft packed columns in series, a Poropak PS and a Poropak
QS, and is equipped with a flame ionization detector (FID).
The retention time and the FID response were found to
be insensitive to the differences between hydrogen- and
deuterium-containing C2-hydrocarbons by injecting C2H4

and C2D4 samples and then comparing the retention times
and area responses. Similar retention times and FID re-
sponses were reported for CH4 and CD4 (6).

Following the steady-state measurement, a 4-port valve
was utilized to introduce a step switch from H2 to D2, while
maintaining the steady-state flow rates of CO and C2H4, to
produce transient responses of hydrogen- and deuterium-
containing adsorbates and products. The H2 flow contained
2% Ar which does not adsorb on the catalyst surface. Ar is
utilized as a tracer to obtain the flow characteristics from the
isotope injection point to the mass spectrometer sampling
point. Subtracting the residence time of Ar from that of the
product species reveals the residence time of the adsorbed
intermediates.

The transient responses of the adsorbed species on the
catalyst surface were monitored by the IR spectrometer.
The in situ IR spectra are recorded using a Nicolet 5SXC
spectrometer with a DTGS detector at a resolution of
4 cm−1 that is interfaced to a computer. Thirty-two scans are
coadded when recording spectra under steady-state condi-
tions while only four are coadded under transient condi-
tions to facilitate rapid scanning. The transient responses
of the gaseous products from the IR cell were recorded by
a Balzers QMG 112 mass spectrometer (MS) that is inter-
faced to a computer. The MS is equipped with a differen-
tially pumped inlet system located directly downstream of
a pressure regulator for fast response time. The m/e ratios
were carefully selected to prevent interference from the
fragmentation of parent species (18).

After reaching steady state for the CO/D2/C2H4 reaction
again for 30 min, another GC sample was taken for mea-
suring the isotope effect on the steady-state rate of product
formation. Then a step switch from D2 to H2 was introduced.
Following the steady-state rate and transient measurements
at a specified temperature, a bracketing reduction with flow-
ing H2 at 30 cm3/min (19) was performed to maintain the
activity of the catalyst. This bracketing reduction consisted
of (i) heating the reactor to 573 K for 15 min, (ii) holding
the reactor at 573 K for 30 min, and (iii) decreasing the tem-
perature to reaction conditions over a 15-min time period.

RESULTS

Steady-State Measurements

Tables 1 and 2 report the turnover frequencies (TOF) for
product formation for the CO/H2/C2H4 and CO/D2/C2H4

reaction over 4 wt% Rh/SiO2 at 0.1 MPa and 483–573 K.
The TOF for each product is defined as the rate of
product formation (mole/s/gcat) divided by the number
of surface Rh atoms per gram of catalyst as measured
by H2 pulse chemisorption at 303 K. The CO/H2/C2H4
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TABLE 1

The Rate and Selectivity for Product Formation
during the CO/H2/C2H4 Reaction at 0.1 MPa

Temperature

483 K 513 K 543 K 573 K

Product TOF (s−1)*1000

CH4 0.18 0.17 0.18 0.21
C2H6 2.82 8.58 25.94 70.87
C3H6 0.40 0.16 0.15 0.25
1-C4H8 — 0.02 0.05 0.25
n-C4H10 — 0.05 0.04 0.34
i-C4H10 — — 0.11 0.84
C2H5CHO 0.63 0.98 1.33 1.98

C2H4 0.61% 2.55% 6.95% 23.13%
conversion

Selectivity
TOFC2H5CHO

TOFC2H6

0.23 0.12 0.051 0.028

Note. CO/H2/C2H4/He = 30/30/30/30 cm3/min.

reaction produced C2H6 and C2H5CHO as major products
with trace amounts of methane, propylene, n-butane, and
isobutane. The CO/D2/C2H4 reaction produced deuterated
ethane, propionaldehyde, methane, and C3-4 hydrocarbons.
The TOF listed for each species in Table 2 includes all the
deuterated and nondeuterated species produced from the
CO/D2/C2H4 reaction. The extent of deuteration, location
of deuterium on the molecule, and the concentration of
each deuterated species were not determined. A separate
deuterium pulse study shows that the extent of deutera-

TABLE 2

The Rate and Selectivity for Product Formation during the
CO/D2/C2H4 Reaction at 0.1 MPa

Temperature

483 K 513 K 543 K 573 K

Product TOF (s−1)*1000

CH4 0.16 0.17 0.18 0.23
C2H6 1.69 6.05 20.79 70.93
C3H6 0.45 0.22 0.15 0.34
1-C4H8 — 0.01 0.05 0.37
n-C4H10 — 0.02 0.15 1.40
i-C4H10 — — — —
C2H5CHO 0.39 0.79 1.30 2.33

C2H4 0.59% 2.50% 7.08% 22.96%
conversion

Selectivity
TOFC2H5CHO

TOFC2H6

0.23 0.13 0.063 0.033

Note. CO/D2/C2H4/He = 30/30/30/30 cm3/min.

FIG. 3. Arrhenius plot of ethane and propionaldehyde formation on
4 wt% Rh/SiO2 at 0.1 MPa for the CO/H2/C2H4/He and CO/D2/C2H4/He
reaction systems, respectively.

tion in both ethane and propionaldehyde increased with
increasing temperature (18).

The variation of TOF’s with temperature is plotted in
Arrhenius form in Fig. 3 for ethane and propionaldehyde.
The activation energy for ethane and propionaldehyde was
calculated to be 19.1 ± 1.0 and 7.0 ± 0.4 kcal/mole, respec-
tively, in the CO/H2/C2H4 reaction. The activation energy
for deuterated ethane and deuterated propionaldehyde was
calculated to be 23.0 ± 1.3 and 10.5 ± 0.6 kcal/mole, respec-
tively, for the CO/D2/C2H4 reaction. The CO/H2/C2H4 re-
sults agree well with previous studies on Rh/SiO2 (15, 20).
The higher activation energies for the CO/D2/C2H4 reaction
reflect the presence of a normal deuterium isotope effect
for the rate of formation of both ethane and propionalde-
hyde. The normal isotope effect is also evidenced by a value
greater than one for the ratio of rH to rD listed in Table 3
(rH is the rate of product formation from the reaction with
hydrogen; rD is the rate of product formation from the reac-
tion with deuterium). Normal isotope effects are observed
for ethane and propionaldehyde at all temperatures, except
for an inverse isotope effect at 573 K for propionaldehyde
formation. The inverse isotope effect observed for propi-
onaldehyde occurs above the isotopic transition tempera-
ture, i.e., the temperature at which the rate of reaction with
hydrogen is the same as with deuterium. For propionalde-
hyde formation this temperature is approximately 543 K
and for ethane the temperature is approximately 573 K.
The extent of the normal isotope effect (i.e., rH/rD) for
both ethane and propionaldehyde formation increased as
the reaction temperature decreased and moved away from
the isotopic transition temperature. Extrapolation of the



                

98 BRUNDAGE AND CHUANG

TABLE 3

The Isotope Effect for Ethane and Propionaldehyde Formation

Isotope effect (rH/rD)

Temperature (K) Ethane Propionaldehyde

298 12.09a —
483 1.66 1.61
513 1.42 1.24
543 1.25 1.02
573 1.00 0.85

Note. rH is the rate of product formation during CO/H2/C2H4 reaction.
rD is the rate of product formation during CO/D2/C2H4 reaction.
CO/H2/C2H4/He = 30/30/30/30 cm3/min.
CO/D2/C2H4/He = 30/30/30/30 cm3/min.
a Obtained from extrapolation of the Arrhenius curves in Fig. 3.

Arrhenius curve for C2H6 and C2HxD6−x to 298 K yields a
value of 12.1, which is significantly greater than rH/rD re-
ported for ethylene hydrogenation on group VIII metals
(7). The presence of CO in H2/C2H4 appears to have a sig-
nificant impact on the isotope effect.

Transient Responses

Figures 4a and 4b show the Ar, H2, D2, and HD transient
responses to a step switch from H2 to D2 and from D2 to
H2 while maintaining the steady-state CO and C2H4 flows
over the catalyst at 0.1 MPa and 483 K. Hydrogen- and
deuterium-containing ethylene and ethane responses are
shown in Fig. 5. The rate of deuterated propionaldehyde
formation was too low to give a smooth response curve.
The inset in Fig. 4a shows the absolute MS intensity for H2,
D2, and HD. The extent of the decrease in MS intensity
for H2 was significantly greater than that of the increase
in MS intensity for D2 as H2 flow is switched to D2 flow.
Adjusting with the difference in ionization potentials (or
response factors) between H2 and D2, the extent of the de-
crease in H2 MS intensity is about the same as that of the
increase for D2. For comparison and modeling of transient
responses for each species, the MS intensity response is nor-
malized according to [F(t) = C(t) − C0]/[C∞ − C0], where
C0 = the initial concentration, C∞ = the final concentration,
and C(t) = the concentration during the transient (21).

The intersection of the H2 and D2 curves at 0.5 in Fig. 4a
indicates that H2 is displaced by D2 at a one-to-one corre-
spondence and the total gaseous concentration of H2 and D2

remains constant during the switch. The step switch from
H2 to D2 flow results in the replacement of adsorbed hy-
drogen by adsorbed deuterium. The lag of the H2 curve
as compared to the Ar curve is due to the adsorption and
desorption of hydrogen. Adsorbed deuterium can: (i) des-
orb; (ii) substitute the adsorbed hydrogen to enter the re-
action pathway, as shown in Fig. 2, to produce deuterium
containing propionaldehyde, ethane, and ethylene; and (iii)
combine with adsorbed hydrogen, desorbing as HD.

The HD response curve in Fig. 4a shows different fea-
tures from those observed for H2 to D2 step switch during
methanation (22), Fischer–Tropsch (23), and ammonia syn-
thesis (24). The typical HD response curve in these reac-
tions shows an initial increase to a maximum as deuterium
flow is introduced. Then, the HD curve starts decreasing
as adsorbed hydrogen on the catalyst surface gradually de-
pletes. The HD response curve in Fig. 4a closely follows
the D2 curve even though all the adsorbed hydrogen from
H2 gaseous flow has depleted from the surface. The source
of hydrogen for HD formation after replacement of H2 by
D2 flow can be attributed to hydrogen produced from hy-
drogen/deuterium exchange on adsorbed ethyl following
the classical Horiuti–Polanyi mechanism (7). Release of hy-
drogen from ethylene is also evidenced by early studies on
deuteration of C2H4. These studies suggested that the rapid

FIG. 4. (a) Transient response of HD to a H2 to D2 step switch at
483 K and 0.1 MPa. (b) Transient response of HD to a D2 to H2 step switch
at 483 K and 0.1 MPa. (The dashed lines represent the model response.)
Inset shows the absolute MS intensity as a function of time.
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FIG. 5. (a) Transient responses of deuterated ethylene and ethane
to a H2 to D2 step switch at 483 K and 0.1 MPa. (b) Transient responses
of deuterated ethylene and ethane to a D2 to H2 step switch at 483 K and
0.1 MPa.

exchange between *C2H5 and *D provides adsorbed hydro-
gen for the initial hydrogenation of ethylene (7, 25, 26).

Tables 4 and 5 show the average residence times of H2, D2,
and HD, and the deuterated propionaldehyde, respectively.
The average residence time is calculated by

τi =
∫ ∞

0
Fi (t)dt − τAr [1]

where Fi (t) is the normalized response of species i. The
similar transport properties of Ar and those of H2/D2 lead
to the assumption of the flow pattern of gaseous products
being the same as that of Ar. Therefore, τ i, the average res-
idence time of surface intermediates leading to the gaseous
products i is obtained by subtracting, τAr, the average res-
idence time of the Ar tracer through the reactor system,

from
∫∞

0 Fi (t)dt the average residence time for the product
i (27). The HD response curve at 483 K led that of D2 dur-
ing the step switch from H2 to D2 while the HD response
curve lagged that of D2 during the step switch from D2 to
H2. τHD during the switch from H2 to D2 is smaller than that
during the switch from D2 to H2. The smaller τHD for the
former case suggests that adsorbed hydrogen from C2H4

and hydrogen adsorption is readily available for combina-
tion with adsorbed deuterium as the step switch introduces
deuterium flow to the catalyst. The larger value for τHD and
the lagging of the HD response behind the D2 response dur-
ing the step switch from D2 to H2 suggest that the presence
of a deuterium pool which slowly releases deuterium to re-
act with the entering hydrogen.

Deuterium-containing C2-hydrocarbon responses in
Fig. 5 show that the m/e = 30, 31, and 32 increased dur-
ing the step switch from H2 to D2 and decreased during the
step switch from H2 to D2; m/e = 30 could be due to either
d2-ethylene or d0-ethane. d2-ethylene represents C2H2D2

and d0-ethane represents C2H6. di indicates the i number
of deuterium atoms in the molecule. GC/MS analysis at
513 K showed d2-ethylene contributed to 75% of m/e = 30
and d0-ethane contributed to the rest during steady-state
CO/D2/C2H4 reaction. Thus, m/e = 30 is assigned to d2-
ethylene. Similarly, m/e = 31 can also be assigned to either
d3-ethylene and d1-ethane. The GC/MS analysis showed
that a 55% of m/e = 31 can be attributed to d1-ethane. As-
suming similar response factors, the inset in Fig. 5 shows
that the d2-ethylene was produced in much greater amounts
than d1- and d2-ethane. The normalized responses show the
d2-ethylene response curve closely followed that of D2, but
significantly led that of d1- and d2-ethane, indicating that
the exchange between ethylene and adsorbed deuterium
was more rapid than the deuteration of ethylene to form
d1-ethane and d2-ethane.

Figures 6a and 6b show the H2, D2, and HD responses to
a H2 to D2 and D2 to H2 step switch, respectively, at 513 K.
Comparison of the MS intensity of the HD response at 513
and 483 K shows that an increase in temperature increased

TABLE 4

The Average Residence Times, τ (s) of H2, D2,
and HD Responses

H2 D2 HD

Step switch from H2 to D2

483 K 5.96 7.17 2.94
513 K 5.80 6.16 6.69
543 K 6.33 6.76 6.85

Step switch from D2 to H2

483 K 6.36 2.60 9.38
513 K 7.46 2.76 4.31
543 K 6.75 6.85 6.45
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TABLE 5

The Average Residence Times, τ , of the Propionaldehyde Responses

d0-propionaldehyde d1-propionaldehyde d2-propionaldehyde

θ Eq. (1) Model Eq. (1) Model Eq. (1) Model

Step switch from H2 to D2

513 K 0.0145 14.83 9.81 10.49 4.13 24.27 16.37
543 K 0.0340 25.58 24.45 10.05 1.10 22.57 16.84
573 K 0.0900 45.44 35.23 1.00 0.99 1.00 1.00

Step switch from D2 to H2

513 K 0.0408 41.65 31.26 62.51 51.60 14.49 10.30
543 K 0.0255 19.20 15.41 — — 100.15 60.00
573 K 0.1119 56.50 44.75 183.46 121.31 75.33 51.48

— Not calculated.

the MS intensity of HD. The lead/lag relationship of HD,
H2, and D2 responses at 513 K differs from those at 483 K.
The HD response slightly lagged behind the D2 response
during the step switch from H2 to D2; the HD response
initially led and then lagged behind that the D2 during the
step switch from D2 to H2, suggesting the presence of two
deuterium pools with different rates of releasing deuterium
to react with hydrogen.

Figures 7a and 7b show the d2-ethylene and the d1- and
d2-ethane responses to a H2 to D2 and D2 to H2 step switch,
respectively at 513 K. The insets show the increased pro-
duction of both d2-ethylene, and d1- and d2-ethane as com-
pared to 483 K. The normalized response shows the d1- and
d2-ethane lagged behind the d2-ethylene although they are
closer to the D2 response curve at 513 K than at 483 K. Al-
though d1-ethylene (m/e = 29) was not monitored, GC/MS
analysis reveals that the amount of d1-ethylene produced is
14 times more than that of d2-ethylene during CO/H2/C2H4

reaction. The trend of deuterium distribution in ethylene
follows that of other catalysts (7) suggesting that hydro-
genation of ethylene in this study follows the classical
Horiuti–Polanyi mechanism.

Figures 8a and 8b show the deuterated propionaldehyde
responses to a H2 to D2 and D2 to H2 step switches, re-
spectively, at 513 K. The inset shows that d1-, d2-, and
d3-propionaldehyde increased their intensities to the same
level. The normalized responses show that as the number
of deuterium atoms incorporated in propionaldehyde in-
creased, the delay time for their responses increased dur-
ing the switch from H2 to D2. During the step switch from
D2 to H2, the d2- and d3-propionaldehyde lead the d1-pro-
pionaldehyde response.

Figure 8b also shows an immediate decrease followed by
a sudden increase around 50 s, and then a gradual decay in
the d1-propionaldehyde response. The sudden increase of
d1-propionaldehyde may be attributed to the switch from
deuteration of adsorbed d0-acyl species to hydrogenation of

FIG. 6. (a) Transient response of HD to a H2 to D2 step switch at
513 K and 0.1 MPa. (b) Transient response of HD to a D2 to H2 step switch
at 513 K and 0.1 MPa. (The dashed lines represent the model response.)
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FIG. 7. (a) Transient responses of deuterated ethylene and ethane to
a H2 to D2 step switch at 513 K and 0.1 MPa. (b) Transient responses of
deuterated ethylene and ethane to a D2 to H2 step switch at 513 K and
0.1 MPa.

adsorbed d1-acyl species. Figure 9 shows that both pathways
II and III produce d1-propionaldehyde. As deuterium flow
is switched to hydrogen flow, depletion of adsorbed deu-
terium should cause a decrease in the rate of pathway II
(the reaction of deuterium with the d0-acyl species to pro-
duce d1-propionaldehyde); an increase in concentration of
adsorbed hydrogen may result in an increase in the rate
of pathway III (the reaction of adsorbed hydrogen with
the d1-acyl species), causing a momentary rise in d1-pro-
pionaldehyde response. A momentary increase in the rate
of pathway III is possible if the significant increase in con-
centration of adsorbed hydrogen offsets the decrease in
the concentration of the d1-acyl species *C2H4DCO. Al-
though d1-acyl species response cannot be obtained directly
from this study, its response may be deduced from the re-
action mechanism. The d1-acyl species would follow those

of *C2H4D and C2H5D, if the insertion of *CO into the
*C2H4D is not a rate-limiting step in the catalytic cycle
for d1-propionaldehyde formation. As the momentary in-
crease in the rate of pathway III rapidly depleted the d1-acyl
species, the rate of pathway II continued its slow decay af-
ter 60 s. This slow decay, due to the slow deuteration of the
d0-acyl species, will be further discussed.

The IR response to both a H2 to D2 step switch and a D2

to H2 step switch at 513 K taken simultaneously with the
MS response is shown in Fig. 10a. Gaseous CO at 2183 and
2106 cm−1 and linear CO at 2043 cm−1 were not altered
during the step switch from H2 to D2 and D2 to H2. The
major variation in the IR spectra is that a Si-OD peak at
2755 cm−1 (28, 29) developed and increased its intensity and
the Si–OH around 3744 cm−1 decreased its intensity during
the step switch from H2 to D2. The normalized IR intensity
response of the Si-OD peak for both the H2 to D2 step and
the D2 to H2 step switch at 513 K is plotted in Figs. 10b and
10c, respectively. The near symmetry in the Si-OD curve
between the rise and decay curves reflects that the rate of
spillover of adsorbed deuterium from the metal surface to

FIG. 8. (a) Transient responses of deuterated propionaldehyde to a
H2 to D2 step switch at 513 K and 0.1 MPa. (b) Transient responses of
deuterated propionaldehyde to a D2 to H2 step switch at 513 K and 0.1 MPa.
(The dashed lines represent the model response.)
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FIG. 9. Compartment model of H2/D2 tracing during ethylene hydroformylation.

FIG. 10. (a) In situ IR spectra of heterogeneous hydroformylation on 4 wt% Rh/SiO2 at 0.1 MPa and 513 K during H2 to D2 (H2 → D2) and D2 to
H2 (D2 → H2) step switch. (b) Normalized in situ IR spectra of Si-OD peak compared to D2 response during H2 to D2 step. (c) Normalized in situ IR
spectra of Si-OD peak compared to D2 and d1-propionaldehyde response during D2 to H2 step.
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the SiO2 surface is about the same as that of the reverse
spillover. The slow decay in the Si-OD response was found
to be parallel to the response of d1-propionaldehyde, shown
in Fig. 10c, indicating that deuterium is available on the
surface from reverse spillover for d1-propionaldehyde for-
mation long after gaseous D2 has left the reactor. The
low signal to noise ratio does not allow plotting of a
well-defined Si-OH curve. The effect of Si-OH on the d0-
propionaldehyde response cannot be clearly determined.
The decay of d0-propionaldehyde is more rapid than those
of d1-propionaldehyde as shown in Fig. 8b. The hydrogen
source for hydrogenation of acyl species appears to be more
readily available for d0-propionaldehyde formation than for
d1-propionaldehyde formation.

Figure 11 shows the deuterated ethylene and ethane re-
sponses led that of D2 at 573 K. The insets show a signifi-
cantly higher MS response for the deuterated ethylene and
ethane. The large increase in MS intensity of the deuterated
ethane responses with respect to temperature as compared
to the d2-ethylene response indicates that the exchange re-
action leading to d2-ethylene has a lower activation en-
ergy than the deuteration reaction producing deuterated
ethane. The responses of deuterated ethylene and deuter-
ated ethane overlapped and led the D2 response.

Figure 12a shows the d0-, d1- and d2-propionaldehyde re-
sponses at 573 K (d3-propionaldehyde was not monitored
at this temperature). d1- and d2-propionaldehyde closely
followed that of D2 while d0-propionaldehyde lagged sig-
nificantly behind H2 during the H2 to D2 step switch. The
smooth D2/H2 curve and the location of the intersection
point indicate that both the H2 to D2 step switch and the D2

to H2 step switch were properly conducted and the steady-
state flow condition was maintained. One conspicuous fea-
ture of the d0-propionaldehyde response curve is a sudden
increase in response upon D2 entering the reactor, followed
by a slow decay in the response. The latter may be due to the
availability of the reverse spillover hydrogen that continues
to hydrogenate the d0-acyl species long after adsorbed hy-
drogen on the metal surface has been replaced by adsorbed
deuterium. Figure 12b shows the d2-propionaldehyde re-
sponse is more rapid than d0- and d1-propionaldehyde re-
sponses during D2 to H2 step switch at 573 K. The profiles
of d0- and d1-propionaldehyde response at 573 K resem-
ble those at 513 K, but take a prolonged time to reach the
steady state.

ANALYSIS OF TRANSIENT RESPONSE

Compartment Modeling of H2 and D2 Isotopic Transients

Figure 9 shows the proposed compartment model and
reaction pathways for the formation of hydrogen- and
deuterium-containing propionaldehyde from step injection
of D2. Exchange between C2H4 and adsorbed deuterium as
well as deuteration/hydrogenation of C2H4 will not be mod-

FIG. 11. (a) Transient responses of deuterated ethylene and ethane
to a H2 to D2 step switch at 573 K and 0.1 MPa. (b) Transient responses
of deuterated ethylene and ethane to a D2 to H2 step switch at 573 K and
0.1 MPa.

eled due to their rapid responses which do not provide clear
resolution at temperatures above 483 K. Adsorbates dis-
tributed on the catalyst surface are lumped into boxes. Each
species is considered well mixed in the pools (boxes) and the
isotope-labeled species transfers from one pool to another
according to the proposed mechanism. Detailed analysis
of the concentration of each isotope-labeled species in the
pool and their rates of transfer from these different pools is
required to develop an understanding of the H2/D2 isotope
effect of the transient responses. Transient responses of H2

and D2 carry mechanistic information for the adsorption of
hydrogen, the first step of the reaction sequence. The rate
of the forward and backward steps as well as the coverage
of adsorbed hydrogen and deuterium can be obtained by
modeling of the H2/D2 transient responses. Consider the



              

104 BRUNDAGE AND CHUANG

FIG. 12. (a) Transient responses of deuterated propionaldehyde to
a H2 to D2 step switch at 573 K and 0.1 MPa. (b) Transient responses
of deuterated propionaldehyde to a D2 to H2 step switch at 573 K and
0.1 MPa. (The dashed lines represent the model response.)

mole balances on the D2 and the *D pools in Fig. 9:

d FD2

dt
= Qin

D2

VCD2

F in
D2

+ υ−1dω

VCD2

F∗D −
(

υ+1dω − Qout
D2

VCD2

)
FD2

[2]

d F∗D

dt
= υ+1d

θ∗D
FD2 −

(
υ−1d + υ2d

θ∗D

)
F∗D, [3]

where:

FD2 is the step transient response for D2 (transient
response of D2).

Qin
D2

is the inlet molar flow rate of D2 (2.232e-5 mole/s).
ω is the number of surface exposed Rh atoms (61

µmole Rhsites/gcat).

F∗D is the step transient response for *D (determined
from modeling).

V is the volume of the IR cell (0.002 l).
CD2 is the inlet concentration of D2 (6.644e-3 mole/l).
F in

D2
is the inlet step transient of D2 (F in

D2
equals to FAr).

υ−1d is the rate of desorption of D2 (determined from
modeling).

υ+1d is the rate of adsorption of D2 (determined from
modeling).

Qout
D2

is the outlet molar flow rate of D2 (at differential
conversion, Qout

D2
equals to Qin

D2
).

θ∗D is the molar ratio of *D to the exposed Rh metal
atom (determined from modeling).

υ2d is the rate of D2 incorporation into products
(υ2d equals to the steady-state rate of formation
for all the deuterium-containing products except
deuterated ethylene).

Note that the subscript d represents the rate of reaction
involving deuterium. Equations [2] and [3] and the initial
conditions at t = 0, Fi = 0 for all components contain all the
information to describe the transient response of H2/D2

for any input function.
The parameters in Eqs. [2], [3] to be determined are θ∗D,

υ + 1d, and υ−1d. Considering the equations under steady
state, Eq. [2] reduces to

υ+1d − υ−1d = Qin
D2

− Qout
D2

ω
[4]

and Eq. [3] reduces to

υ+1d = υ−1d + υ2d. [5]

These equations reduce the number of unknown parame-
ters to two. The values of the unknown parameters listed
in Table 6 were obtained by fitting model response into the
experimental response using the program TUTSIM (30).
The model responses with the best fitted parameters are
plotted in Figs. 4 and 6 to show the goodness of the fit. Fit-
ting the H2, D2, and Ar response curves to Eqs. [2] and [3]
produced the values for coefficients of FD2 and F∗D. With a
known value of the coefficients and υ2d, υ + 1d, υ−1d and θ∗D

can be determined by Eq. [5].
The overlapping of the deuterated ethylene and ethane

MS spectra does not allow simultaneous and continuous
quantification of the rate of formation of d1-, d2-, d3-, and
d4- ethylene as well as deuterated ethane during the step
switch from H2 to D2 and D2 to H2. Only d2-ethylene, d1-,
and d2-ethane were monitored as a function of time. A
separate GC/MS analysis was performed for steady-state
CO/D2/C2H4 reaction at 513 K. The results show that the
rate of d1-ethylene formation is 14 times greater than that
of d2-ethylene which is 10 times greater than the rate of
conversion of ethylene to ethane and propionaldehyde and
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TABLE 6

Rate Parameters for Hydrogen Adsorption/Desorption
and Product Incorporation

Step switch from Step switch from
H2 to D2 D2 to H2 Isotope effect

H2 (1)a D2 (2)b H2 (3)a D2 (4)b (1)/(4) (3)/(2)

483 K
υ+1

c 0.8259 0.8903 1.3210 0.8218 1.01 1.48
υ−1

c 0.8224 0.8882 1.3176 0.8197 1.00 1.48
υ2

c 3.45e-3 2.08e-3 3.45e-3 2.08e-3 1.66
θd 0.1192 0.0977 0.1274 0.08721 1.45 1.30

513 K
υ+1 0.9842 1.3058 1.3386 0.8625 1.14 1.03
υ−1 0.9747 1.2989 1.3291 0.8557 1.14 1.02
υ2 9.56e-3 6.48e-3 9.56e-3 6.48e-3 1.40
θ 0.1169 0.1244 0.1532 0.1012 1.16 1.23

513 K
υ+1 0.9842 1.3605 1.3386 0.9172 —
υ−1 0.9747 1.2989 1.3291 0.8557 —
υ2 9.56e-3 6.15e-2e 9.56e-3 6.15e-2e —
θ 0.1169 0.1296 0.1532 0.1077 —

543 K
υ+1 1.1409 1.3339 1.3723 0.8975 1.27 1.02
υ−1 1.1137 1.3168 1.3451 0.8805 1.27 1.02
υ2 2.73e-2 1.71e-2 2.73e-2 1.71e-2 1.60
θ 0.1310 0.1391 0.1615 0.1166 1.12 1.16

573 K
υ+1 1.3336 1.3713 1.4309 0.9858 1.35 1.04
υ−1 1.2607 1.2980 1.3580 0.9126 1.38 1.05
υ2 7.28e-2 7.33e-2 7.28e-2 7.33e-2 0.99
θ 0.1361 0.1343 0.1949 0.1531 0.89 1.45

a The rate listed in columns 1 and 3 is for the reaction with H2.
b The rate listed in columns 2 and 4 is for the reaction with D2.
c The units of υ+1, υ−1, and υ2 are (µmole/s/µmole Rhatom).
d The units of θ are (µmole/µmole Rhatom).
e υ2 includes the rate of formation for deuterated ethylene.

their deuterated products. Including the rate of deuterated
ethylene formation in υ2d results in a slight increase in the
deuterium coverage as shown in Table 6. Since the exclu-
sion of the rate of deuterated ethylene formation in υ2d

does not lead to a significant error in estimation of hydro-
gen/deuterium coverages at 513 K, the rate of deuterated
ethylene formation was not determined at 483 K, 543 K,
and 573 K.

The isotope effect column in Table 6 is obtained by di-
viding the parameter for H2 response during the H2 to D2

step by that for the D2 response during the D2 to H2 step
(column 1 divided by column 4), when both concentrations
are decreasing. Another isotope effect can be obtained by
dividing the parameters for the H2 response during the D2

to H2 step by the D2 response during the H2 to D2 step (col-
umn 3 divided by column 2), when both concentrations are
increasing. At all temperatures the adsorption and desorp-
tion rates were much faster than the rate of incorporation

into product, indicating this step is in quasi-equilibrium.
The normal isotope effect on the coverage of adsorbed hy-
drogen decreased with increasing temperature.

Compartment Modeling of Deuterated
Propionaldehyde Transients

Considering the pathway for the formation of C2H5CHO,
replacement of H2 by D2 in a step model depletes the ad-
sorbed hydrogen, resulting in a decrease in the formation
of C2H5CHO. The response of C2H5CHO may be modeled
by the mole balance involving *C2H4CHO box shown in
Fig. 9,

θ∗C2H5CHO
d F∗C2H5CHO

dt
= υ∗C2H5CO F∗H F∗C2H5CO − υ∗C2H5CHO F∗C2H5CHO, [6]

where:

θ∗C2H5CHO is the surface coverage of propionaldehyde.
F∗C2H5CHO is the transient response of propionaldehyde.
υ∗C2H5CHO is the rate of formation of propionaldehyde.
F∗H is the transient response of adsorbed hydro-

gen, which is assumed to be the same as the
H2 response.

F∗C2H5CO is the transient response of the adsorbed acyl
species, which is assumed the same as the
C2H5D response.

υ∗C2H5CO is the rate of formation of the adsorbed acyl
species (at steady-state, υ∗C2H5CO is equal to
υ∗C2H5CHO).

By dividing all the terms by υ∗C2H5CHO and defining
τ∗C2H5CHO = θ∗C2H5CHO/υ∗C2H5CHO, Eq. [6] can be further re-
arranged for fitting model response to the experimental re-
sponse as follows:

τ∗C2H5CHO
d F∗C2H5CHO

dt
+ F∗C2H5CHO = F∗H F∗C2H5CO. [7]

The input (i.e., forcing) functions of the model equation
are F∗H and F∗C2H5CO. The F∗H response is between the FH2

and the FAr responses. Since the FH2 response closely fol-
lows the FAr, FH2 can be used for the F∗H response. The
F∗C2H5CO response cannot be obtained from transient IR
due to the very weak signal and the inability to distinguish
between adsorbed *C2H5CO and *C2H4DCO species. As-
suming that CO insertion is in quasi-equilibrium permits
the use of F∗C2H5D as the input function for F∗C2H5CO since
the quasi-equilibrium would take place between *C2H5 and
*C2H5CO and the rapid deuteration allows F∗C2H5D to fol-
low F∗C2H5 very closely.

Table 5 presents the average residence times obtained
by fitting the transient response curves by the above
equation. Comparing the model results from Eq. [7] with
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those obtained from Eq. [1], the d0-propionaldehyde re-
sults agree within the experimental error. The d1- and d2-
propionaldehyde results are listed for comparison. The
model of Eq. [7] does not fully describe the dynamics of
d1- and d2-propionaldehyde formation which involves two
pathways, as shown in Fig. 9. Modeling of these responses
with two pathways involves too many adjustable parame-
ters to produce meaningful results.

DISCUSSION

The salient features of the transient responses of D2, H2,
and deuterated and hydrogenated product responses in-
clude the asymmetrical responses between hydrogen- and
deuterium-containing product responses, deuterated C2 hy-
drocarbon responses closely following that of D2 at temper-
atures above 483 K, and all the deuterated propionaldehyde
responses lagging behind those of deuterated ethylene and
ethane. These unique features provide qualitative informa-
tion on the reaction mechanism. The asymmetrical response
is a manifestation of the H2/D2 isotope effect on the rate
of formation for deuterated and hydrogenated products.
The close response between D2 and deuterium-containing
ethylene and ethane suggests a high rate of hydrogena-
tion/deuteration and low residence time of intermediates
leading to the formation of ethane. The significant lag in the
deuterated propionaldehyde response compared to those
of D2 and deuterium-containing hydrocarbons reflects the
time required for deuterium to travel from adsorbed deu-
terium to gaseous deuterated propionaldehyde in the reac-
tion pathway shown in Fig. 9. The delay in propionaldehyde
response may result from one of these steps, i.e., CO inser-
tion, hydrogenation of acyl intermediates, or desorption of
adsorbed propionaldehyde.

If desorption of propionaldehyde were the rate-limiting
step, an increase in temperature would increase the rate of
desorption, resulting in a significant decrease in the res-
idence time of intermediates leading to deuterated pro-
pionaldehyde. Since the residence time of intermediates
leading to deuterated propionaldehyde did not decrease
with increasing temperature, desorption of propionalde-
hyde can be ruled out as the rate-limiting step. SSITKA
with 13CO/CO pulse switch on the same catalyst used in
this study shows that increasing hydrogen partial pres-
sure decreases the residence of adsorbed acyl species (15).
The rate as a function of partial pressure of reactant is
best fit by the LHHW (Langmuir–Hinshelwood–Hougen–
Watson) kinetic model with hydrogenation of the acyl
species as the rate-limiting step. The LHHW kinetic model
can be expressed as

TOFC2H5CHO = k6K1K2K3K4K5 PCO PH2 PC2H4(
1 + K2 PCO +√K1 PH2 + K3 PC2H4

)2 ,

[8]

where all the ki and Ki ’s are defined in Fig. 2. Considering
the isotope effect for propionaldehyde formation,

TOFC2H5CHO

TOFd-C2H5CHO
=
(

k6hK1hK4h

k6dK1dK4d

)
×
(

1 + K2 PCO +√K1d PD2 + K3 PC2H4

1 + K2 PCO +√K1h PH2 + K3 PC2H4

)2

, [9]

where K1h is the hydrogen adsorption equilibrium constant,
K1d is the deuterium adsorption equilibrium constant, K4h

is the ethylene partial hydrogenation equilibrium constant,
K4d is the ethylene partial deuteration equilibrium con-
stant, k6h is the rate constant for hydrogenation of the acyl
species, and k6d is the rate constant for deuteration of the
acyl species. K2, K3, and K5 are the equilibrium parameters
which are not affected by the H2/D2 isotope effect. These
parameters are canceled when the ratio is taken.

The equilibrium isotope effect for hydrogen/deuterium
chemisorption, K1h/K1d, may be obtained from compari-
son of coverage and residence time of adsorbed hydrogen
and deuterium. Considering the hydrogen adsorption step,
H2 + 2∗ ⇔ 2∗H, in equilibrium (15), an equilibrium constant
for hydrogen adsorption can be defined as

K1h = θ2
∗H

PH2θ
2
v
, [10]

where θ*H is the surface coverage of hydrogen, PH2 is the
hydrogen pressure, and θv is the vacant sites on the catalyst
surface. The lack of information on the effect of H2 and D2

adsorption on the vacant sites leads to the proposition that
adsorption/desorption of H2 and D2 does not vary θv. Thus,
dividing K1h by a similarly defined K1d gives a relationship
relating the ratio of adsorption equilibrium constant to the
ratio of surface coverage:

K1h

K1d
= θ2

∗H

θ2
∗D

. [11]

The values of K1h/K1d values ranged from 2.1 at 483 K to
1.34 at 543 K and 0.79 at 573 K, indicating a normal isotope
effect for hydrogen adsorption. The thermodynamic iso-
tope effect on hydrogen/deuterium chemisorption has been
previously discussed and estimated on Ru and Ni supported
catalysts (7). It was conclude that K1h/K1d was greater than
one under the Fischer–Tropsch reaction conditions between
453 and 498 K.

Plugging the appropriate values into Eq. [9] for pro-
pionaldehyde formation at 513 K, where TOFC2H5CHO/
TOFd-C2H5CHO is the isotope effect calculated for the for-
mation of propionaldehyde from the steady-state GC rate
found in Table 3, K1h/K1d is determined from Eq. [11] us-
ing the fitted values in Table 6, and k6h/k6d is determined
from the residence times in Table 5, reveals K4h/K4d to be
1.32. The presence of a normal isotope effect on the partial
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hydrogenation of C2H4 is highly possible. One major dis-
crepancy in combining the results of transient and steady-
state kinetics is that k6 obtained from the transient response
accounts for the reverse spillover of hydrogen while the
steady-state kinetic model only considers the adsorbed hy-
drogen on the Rh surface.

Comparison of the decay of deuterated propionaldehyde
response at 513 K (Fig. 8b), 543 K (not shown here), and
573 K (Fig. 12b) during step switch from D2 to H2 shows
that the d1-propionaldehyde response always lagged behind
those of d2- and d3-propionaldehyde. The parallel responses
of Si-OD and d1-propionaldehyde lead to the proposition
that the reverse spillover deuterium from Si-OD is the
source of deuterium for deuteration of the d0-acyl species
long after adsorbed deuterium of the Rh surface has been
replaced by adsorbed hydrogen. The lack of impact of the
reverse spillover deuterium on d2- and d3-propionaldehyde
indicates that these species are rapidly removed from the
catalyst surface by reaction with adsorbed hydrogen and
that d1- and d2-acyl species do not have access to the re-
verse spillover deuterium from Si-OD.

The d1-acyl and d2-acyl species are produced from CO
insertion into *C2H4D and *C2H3D2 of which formation in-
volves deuteration and exchange reactions, probably tak-
ing place primarily on the metal surface. Early work by
Horiuti and Polanyi on ethylene hydrogenation on Ni pro-
posed a highly reversible half-hydrogenation step (26). Re-
cent studies have also suggested a rapid hydrogen and deu-
terium exchange on the alkyl backbone on Ru surface (11).
The easy accessibility of the d0-acyl species to Si-OD suggest
that the d0-acyl species may be located near the interface
between metal particle and oxide support. The interface be-
tween the support and metal has also been proposed as the
site for CO insertion to produce the acyl intermediate (31).

The isotope effect on hydrogenation/deuteration of the
adsorbed acyl and deuterated acyl species can be illus-
trated by comparing the d0- and d1-propionaldehyde re-
sponses, as well as the d1- and d2-propionaldehyde re-
sponses in Fig. 8. The isotope effect for (*C2H5CO + *H →
*C2H5CHO) and (*C2H5CO + *D → *C2H5CDO) can be
examined qualitatively by comparing d0-propionaldehyde
response in Fig. 8a and d1-propionaldehyde response in
Fig. 8b. In both cases, hydrogen and deuterium concentra-
tions are decreasing. However, *C2H5CO is decreasing for
d0-propionaldehyde in Fig. 8a while *C2H5CO is increas-
ing for d1-propionaldehyde in Fig. 8b. The higher concen-
tration of *C2H5CO should accelerate the rate of deuter-
ation to form d1-propionaldehyde. However, the normal
isotope effect appears to significantly decrease the rate of
reaction with deuterium leading to the slower response for
d1-propionaldehyde. Similar observations for the isotope
effect on the hydrogenation/deuteration were obtained for
the d1-acyl species by comparing the d1-propionaldehyde
(*C2H4DCO + *H → *C2H4DCHO) in Fig. 8a with the

d2-propionaldehyde (*C2H4DCO + *D → *C2H4DCDO)
in Fig. 8b. The same kind of isotope effect was also ob-
served for the d2-acyl species. Although lack of data on
the rate of formation of each deuterated propionaldehyde
prohibits quantification of the isotope effect, comparison
of the transient responses of deuterated products allows
observation of the significant normal isotope effect for hy-
drogenation/deuteration of d0-, d1-, and d2-acyl species.

CONCLUSIONS

The steady-state rate of product formation as well as the
transient responses of H2, D2, hydrogen- and deuterium-
containing products to a step switch from H2 to D2 and
from D2 to H2 has been determined for CO/H2/C2H4 and
CO/D2/C2H4 reactions over 4 wt% Rh/SiO2 at 483–573 K
and 0.1 MPa. A normal isotope effect is observed for
the steady-state rate of formation for ethane and pro-
pionaldehyde, chemisorption of hydrogen/deuterium, hy-
drogen/deuterium coverage, hydrogenation/deuteration of
adsorbed acyl species. The normal isotope effect for hydro-
genation of the adsorbed acyl species supports the step as
the rate-limiting step. In situ IR of Si-OD and C2H5CHO
responses indicates that the reverse spillover deuterium
participates in deuteration of adsorbed d0-acyl species. The
easy accessibility of Si-OD’s deuterium to the adsorbed acyl
species suggests that the d0-acyl species may be located near
the Rh-SiO2 interface.

The significant difference in response between deuter-
ated ethane and deuterated propionaldehyde reflects the
different nature of either adsorbed deuterium or active sites
for deuteration of adsorbed ethyl and acyl species. These
differences provide the possibility of selective poisoning of
deuteration/hydrogenation of adsorbed ethyl species with-
out considerably suppressing deuteration/hydrogenation of
adsorbed acyl species.
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