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Dynamics and Kinetics of CO/Hy/C2H4 Reaction

Steven S.C. Chuang” and Michael W. Balakos
Departmcnt of Chemical Engineering, The University of Akron Ohio 44325-3906

ABSTRACT: Hetcrogéneous CO/H7/CyHy reaction on a 4 wt% Rh/SiO; catalyst was
studied using steady-state pulse transient methed coupled with in situ infrared
spectroscopy. The dynamic responses measured at various partial pressures of
reactants show that the CO/H2/CoH4 reaction can be accurately described by 2
Langmuit-Hinshelwood-Hougen-Watson (LHHW) model with the hydrogenation of
adsorbed C7H5CO as the rate-detcrmining step for propionaldehyde formation and the
hydrogenation of adsorbed GpHs as the rate-determining step for cthane formation.
The kinetic model also accurately describes the adsorption isotherm of acyl
intermediates raeasured by the pulse isotopic transient and the adsorption isotherm of
CO measured by IR spectroscopy. The study establishes the relationship between the
dynamic response of propionaldehyde and the averall kinetics of CO/Ho/CoHy
reaction. This study also demonstrates that the measvrement of coverage of adsorbates
by isotopic tracer pulsing and in sity infrared spectroscopy provides direct
experimental evidence io confirm a postulated mechanism and rate law.

INTRODUCTION

The determination of celiable rate expressxom is paramount in the dcslgn and
modeling of hererooeneouq]y caalyzad processes. The kmencs of heterogeneous
catalytic reactions has bccn studied for many years (] -5). Hougen and Watson (1,6)
first extended the Langmuir theory of adsorption and applied it to the rates of catalytic
reactions. The type of rate equations derived from this approach is now commonly
called Langmuir-Hinshelwood-Hougen-Watson (LHHW) kinetics (7).

Despite the wide use of LHHW kinetics, the formalism has been the subject of
much discussion and criticism. Most of the criticisins in the LHHW formalism are
results of the inability to measure the coverage of adsorbates and reaction
intermediates as a function of partial pressure of reactants and to identify the rate-
determining step diring the reaction (8,9). The objectives of this paper are to combine

* To whom all correspondence should be addressed.



isotopic transient and in situ IR methods (o study heterogeneous CO/Hy/C;H4 reaction
and to test a LHHW model that can describe the overall Kinetics for its ability to
describe the adsorption isotherms of surface intermediates. Kinetic equations were
derived from the LHHW formalism with the postulation of a rate-determining step for
both propionaldehyde and ethane formation. In sifu IR coupled with transient isotopic
tracing was used to observe the coverage of adsorbed species dh:ing the reaction and
compared to the coverage predicted by the LHHW model. ' v
EXPERIMENTAL 5 i
; A 4 wt% Rh/SiO; catalyst was prepared by incipient wetness impregnation

method. An aqueous solution of RhCl3e3H20 (Alfa Products) was impregnated into a
large pore SiOy support (Strem Chemicals, surface drea of 350 m?2/g) and then
reduced in flowing hydrogen at 673 K for 16 hr. The Hj uptake of the catalyst was
measured at 303 K by pulse adsorption method and was found to be 122 pmol/g.
This corresponds to a dispersion of 0.62 and a crystallite size of 15 A, assuming an
adsorption stoichiometry of Haqg/Rh =1 and a cubic shepe of Rh crystallites.

The apparatus used in this study is similar to that previously reported (10).
Four independent quantities, including the rates of propionaldehyde and ethane
formation and the surface coverages of adsorbed CO and adsorbed acyl species, were
measured as a function of partial pressure of reactants during steady-state condition.
The coverage of intermediates during ethylene hydroformylation was determined from
the dynamic response of CoHs!3CHO to a 13CO pulse input. The coverage of
adenthed CO was measured by in sifu IR spectroscopy.
RESULTS
Steady-state Measurements

The steady-state rate of formation of ethane and propionaldehyde during
heterogeneous hydroformylation (CO/H/C;Hy reaction) on 4 wt% Rh/SiO were
measured by gas chromatography at 0.1 MPa. The main products of the reaction are
ethane and propionaldehyde. Other miner hydrocarbon products include methane,
propylene, butene, and butane which make up 0.4 % of the products at 483 K and
increases t0 5.5 % at 573 K. To determine the dependence of the reaction rates on the
partial pressures of reactants, the rates were measured as the partial pressures of
reactant at a total pressure of 0.1 MPa and 513 K. The flowrate of He was varied to
maintain a constant total flowrate of 120 cm3/min.. Figure 1 are log-log plots of the
TOF for ethane and propionaldehyde formation versus the partial pressures of CO,

_2~



Hj, and CoHy. Both ethane and propionaldehyde formation rates are negative order
inCO pai'tial pressure while positive order in both hydrogen and ethylene.

Thc in situ IR spectra during the experiments of varying partial pressures are
shown in Figure 2. The top spectra in Figure 2 shows the variation of the spectra
with CO partial pressure. The spectra at a partial pressure of 0.0083 MPa exhibits a
linear CO band at 2037 cm-!; a small bridged CO band at 1885 cm-!; propionaldehyde
band at 1740 cm-!; and gaseous eihylene and ethane bands mﬁwn 2900 and 3300
cm-! (11,12). The intensity and the wavenumber of adsorbed CO show stronger
dependence on P, than P, and P, :

Dynamic Measurements ~

The transient response of CHs!3CHO and the IR spectra to a 10 cm3 pulse of
13CO inte the CO feed to the reactor were recorded during the steady-state
experimental runs. Figure 3 is the transient response of Ar, 13CO, and C,Hs!3CHO
measured by mass spectrometry under the conditions of 0.1 MPa, 513 K, and
CO/Hy/CoHy/He = 1/1/1/1. For comparison, the response is normalized to E(¢) and is

defined as

E(t)= “C(t)_

[[cwar

Infrared spectra taken during the pulse of 13CO in the CO feed show that the
gas phase CO and adsorbed CO exchange with their isotopic counterparts at a rate
much faster than the scanning rate of the IR. No other feature in the IR spectra
changed during the course of thc expenment mcludmg those attributed to gaseous
ethylene. The same conclusmns can be drawn for all the spectra recorded during all
the transient experiments.

(1]

From the transient response, the average rcsxdencc time of the 13CO adsorbed
on the catalyst surface can be obtained by (10,13)

Tos = |, B, (1. [2]

Since the gaseous CO and adsorbed CO exchange rapidly, the gaseous 13CO response
measured by mass spectrometry can be used as the response for the adsorbed 13CO.
The average residence time of all intermediate species leading to the formation of 13C
propionaldehyde from adsorbed 13CO can then be expressed as

Te.niicro ,[{ cn"co(r)dt_T"co' 3]



It has been recently shown (11) that a good estimate of the surface coverage of all
intermediate species leading to the formation of propionaldehyde from adsorbed CO
can bc estimated by
Ouc,i,co = T JH{5CHO TOF C,H,CHO* [4]

Equatlons [2]-[4] were used to obtain 8, , ., from the transient responses of
the 13C labeled gaseous CO and proplonaldehydc at various partial pressure of
reactants and the results are shown as. the symbols in Figure 4. Figure 4 is the
adsorption isotherms of the intermediare Spec1cs in propmnaldchyde formation during
the reaction. The suiface coverage of intermediates shows a Langmuir isotherm-type
dependence on CO and Hj partial pxeasun, undcr the Londmons of the reaction. The
surface coverage of iniermediates exhlb't., a Izrear dependence on the partial pressure
of CaHy4 under these conditions. I
DISCUSSION
Reaction Mechanism

The mechanism for the fornauon of propwnaldenyde from CO/Hy/CHy
reaction has been postulated from analogy with the homogeneous hydroformyiation
reaction: (12,14), The generallv accepted mechanism of the reaction is shown in Table
1 (12). The approach for kinetic analysis of a heterogencous catalytic reaction
involves the postulation of a rate-dstermining step and express the rate in terms of the
concentrations of the reaction intermediates in that siep. The concentrations of the

X i,
X --»‘

intermediates must then be related to the gas-phase conceniration of the reactants and
products (adsorption isotherms). The simplest theoretical expression for an
adsorption isotherm is the Langmuir isotherm, on which the LHHW formalism is
based. The underlying assumptions of the Langmuir isotherm include (9): ()
monclayer coverage; (i) uniformly encrgetic adsorption sites; and (iii) no
interaction between adsorbed molecules. Assumption (i) is generally valid for
heterogeneous catalysis. The structure-insensitive nature of hydroformylation (11)
makes assumption (i) applicable to this study. Although surface interactions can not
be ignored, assumption (iii) is also considered in the LHHW formalism in this study
to derive the rate laws for product formation and isotherm equations for adsorbates.
Different rate-determining steps, RDS, yield different forms of rate equations
so that they can be distinguished from each other. The besit fit of the data is when step
6 in Table 1 is considered as the RDS for propionaldehyde formation. The relation



between TOF ¢ ;. cyo» TOFyy s Bucpycos @nd ..o, and partial pressure of reactants
can be denved from LHHW formalism with step 6 as RDS as shown below.

J_KKKKPM/—P

5
R 2Peo+[K\Py, +KiPe, Bl
K.P,

6. 4 6
© 14 KyPoo +yKiPy, + Kb, 3

ol BERX X PP P
TOF, GHCHO = 5 : B 3 (7]

(1+ KoPeo + KiPy, +KoPey,)
% KKK P,P,

TOF o mibceatios o 8

(1+K, PCO+M+K,PC,,,)

In this study, the variation of TOF_, o, TOFcy . Bucpeos and 6., With the
partial pressure of reactants are measured. Both overall kinetics (LHHW equations)
and isotherm equations for adsorbed CoHsCHO and adsorbed CO derived from the
propcsed mechanism are tested by comparison with the experimenta! results.

Figure 5 is a plot of the experimentally measured TOF vs. the TOF calculated
from the LHHW model, i.e., Eq (7] and (8], and shows a good fit for both ethane and
propionaldehyde formation over a wide range of rates. The parameters obtained are
K, =322 MPa-l, \/K, =910 MPa-!, and K, = 0.0263 MPa-! and kK K,K K K, =
139000 min-IMPa-3. The measured isotherms of the adsorbed intermediates shown in
Fig. 4 obtained during the reaction were used to test the goodness of fit to the
isotherms (Egs. [5] and [6]). ' The parameters in the adsorption group appearing in
rate equations [7] and [8] are the same as those for the isotherm of 8.. .-, (Eq. [5]).
Thus, Eq [5] can be written with the values of adsorption parameters as the following.

J—KKKKPCOEPCH Vo3

6.
"CHCO = (1 +321.8P,, + 9.101\[7,)

Using equation [9] to fit the measured isotherms by least squares approximation, the
parameter /K, K,K,K K is estimated to be 1562 MPa5/2 with A% = 9.95%. The
measured 6., ., agrees well with the fitted isotherms as can be seen in Figure 4
where the solid line is equation [9] and the symbols are the measured 6., co-

The integrated area under the IR intensity of the linear CO band, which is
proportional to the surface coverage of *CO, is compared to the CO coverage




obtained from Equation [6]. Including the estimated parameters and neglectiag

K,P. 1, equation [6] can be written as
321.8P,,

6.
€0 = 1+ 321.8P, +9. 101,/P,, )

Assuming that the integrated areas under the linear CO IR bands in Figure 2 are
proportional to the concentration of *CO on the surface, 6.., in Equation [10] at a
specified P, and P, multiplied by a proportionality constant should fit the area
under the linear CO band taken under the same partial pressure. Figure 6 shows the
data points taken from area under the vhncar €0 band and equation [10] (solid line)
multiplied by a factor of 12.96 cm‘lA.{"'Siﬁbé the LHHW rate equations and isotherm
equations, Eq [7]-[10] are successfull'yw tested 'by two sets of independent data, i.e.,
TOF vs. P, and 6, vs. P, data, the model is hkely to be the "correct" one which may
accurately describe the reaction.

The value of the adsorption parametcrs in thc model equations give insight into
the surface coverages of adsorbed species during the reaction. The parameter K, is
much larger than both K, and X,, indicating that *CO is the most abundant surface
species. The surface coverages of *CoHg, *CoHs, *CaH5CO, and *CoH5CHO are
insignificant in the site balance under the conditions of this study, as evidenced from
the rate law of ethane and propionaldehyde formation and the adsorption isotherms
depending mainly on P, and P in the denominator. The surface coverage of the
*CpHsCO was measured to be on the order of 0.007 to 0.026. This result also
justifies the assumption of negligible surface coverage of this intermediate in the
adsorption group of the LHHW rate equations.

[10]

The dominance of K, , the adsorption equilibrium parameter for CO
adsorption, may diminish the role of adsorbate interactions in the adsorption isotherm
equations for the description of the dependence of surface coverage on reaction
conditions. The lack of adsorbate interactions can also be seen from the invariance in
the wavenumber of linear *CO with various partial pressures of hydrogen and
ethylene in the IR spectra in Figure 1. Due to.the dominance of X, and lack of
pronounced adsorbate intcracﬁons,'d;hc assumptions of no interaction between
adsorbates appears to be valid for the derivation of the LHHW model for
hydrofofmylau'on on the Rh/Si0; catalyst. _



CONCLUSIONS
Four independent quantities, TOF . ;, cyos TOF ¢y, s Becyyco- and B.co, Were
measured as a function of partial pressure of reactants during steady-state ethylene
hydroformylation over Rh/SiOj. The results of this study demonstrate that the
coverage of acyl intermediates determined from the dynamic response of an isotopic
tracer is quantitatively consistent with that calculated from the LHHW formalism; the
coverage of adsorbed *CO measured from IR spectrescop;; is qualitatively consistent
with that obtained from the LHHW formalism. Although the assumptions for the
Langmuir isotherm does not account for interactions between adsorbates, the
proposed mechanism and LHHW equations satisfactorily describe the kinetics,
reaction pathway, and rate-determining steps for ethahe and propionaldehyde
formation. This study also shows that the measurement of coverage of adsorbates by
both transient and IR techniques provides essential information to verify a proposed
mechanism and kinetic model.
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Table 1. The proposed mechanism for heterogeneous hydroformylation on Rh/SiO2.

(Step 1) Hygg) + 2* ol Gy

(Step 2) BB e 4D

(Step 3) CoHagg) + * i *CoHa

(Step 4) ""C2H4 + *H -—15‘4: *CoHs + *

(Step 3) *CoHs5 + *CO & *CoH5CO + *
(Step 6) *CoHsCO + *H _k6_> *C,HsCHO + *
(Step7) *CpHs + *H R S CoHa(g) + 2*
(Step 8) *CyH5CHO _f§_.> CHsCHO(g) + *

K, is the equilibriumn adsorption parameter, i=1,2, . . .
k,; is the forward rate constant; k_; is the backward rate constant.
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