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Transient kinetic data have been extracted by use of the Tempo-
ral Analysis of Products (TAP) reactor system. In the TAP reactor
high resolution transient pulse experiments are performed under
vacuum conditions. A rigorous model is developed and applied to
the determination of Knudsen diffusivities from experiments with
inert pulses. The model was applied to the catalytic oxidation of
propylene over an industrial multicomponent bismuth molybdate
catalyst. By fitting simulated curves to the experimentally observed
response curves, kinetic parameters for the different elementary
steps of the reaction were determined. It was shown that the
adsorption of propylene is practically irreversible at reaction tem-
perature and that CO, and acrylic acid are formed in consecutive
reactions from propylene via acrolein. From the values for the
kinetic parameters it is proven that under industrial conditions the
adsorption of propylene is rate determining. The surface coverage
under typical conditions is shown to be quite low. The kinetic
model is successfully used for the simulation of a steady state
reactor operating under industrial conditions. € 1995 Academic

Press, Inc.

INTRODUCTION

Transient methods in catalytic research are often used
to gain more insight into the reaction mechanism and
kinetics of complex reactions. Frequently used methods
include temperature-programmed desorption (TPD) and
pulse or step response techniques under reaction condi-
tions. The resolution of TPD and temperature pro-
grammed surface reaction (TPSR) experiments is related
to the peak width, which is a function of the heating rate
and limited by the detection sensitivity: the slower the
heating rate, the lower the peak intensity. In these tech-
niques the operating temperature often differs from the
industrially used temperature range. The resolution of
pulse and step response experiments is limited by the
pulse width or step rise time and by the detector time
resolution. Common pulse techniques have a time resolu-
tion on the order of 1 to 100 s. The TAP reactor was
developed by Gleaves and Ebner (1) to perform pulse
experiments with a time resolution on the order of 1 ms.

The high time resolution of the TAP reactor system is
achieved by the use of high speed pulse values (pulse
width of =500 us), a near-zero dead volume manifold,
and a catalytic microreactor placed directly inside a high
vacuum mass spectrometer detection chamber. The reac-
tor is operated under low pressure and the transport oc-
curs by Knudsen diffusion. The TAP response curves
from a reacting pulse depend on several parameters de-
scribing (i) the Knudsen transport, (ii) the adsorption—-de-
sorption Kinetics, and (iii) the reaction mechanism and ki-
netics.

The first theoretical work on the TAP system was re-
ported by Gleaves et al. (2). The continuity equations
accounted for Knudsen diffusion in the gas phase, first-
order adsorption and desorption, and a first-order surface
reaction. A numerical solution was developed for a Dirac
input pulse. This model was applied to the adsorption—de-
sorption kinetics of acrolein over Bi,MoQ,. The acrolein
response curve is retarded by the adsorption on the cata-
lyst surface. The effect is increasing with lower tempera-
ture, since the desorption rate decreases. From the model
a simple equation was developed for the average elution
time of a component that undergoes adsorption and de-
sorption

L’ k.
tavg:—ﬂ<l+};§)’ [l]

where &, and &, represent adsorption and desorption rate
constants (s™'), L is the catalyst bed length, and D, is the
Knudsen diffusion coefficient. Using this equation and
the first moments of the curves, an activation energy for
desorption was estimated, assuming that the activation
energy for adsorption is negligible. The model was not
applied to reacting pulses.

A more detailed, numerical model was developed by
Svoboda et al. (3). The continuity equation for a compo-
nent undergoing single first-order gas phase reaction was
written, and the boundary condition at the reactor inlet
corresponded to a forcing function for the flux. This model
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152 CRETEN,
was applied to fit inert pulses and reactant pulses for
Me,Sb and Me,Sn pyrolysis. Attempts to fit product
curves from the pyrolysis reaction were unsuccessful.
The production of acrolein from propylene is a major
industrial process, with a yearly production of 130,000
tons of acrolein in 1985 (4). It uses a multicomponent
catalyst, developed from the earlier bismuth molybdate
catalysis introduced in 1957 by the Standard Oil of Ohio
Co. (SOHIO). Selectivities for acrolein above 85% are
achieved at conversions between 90 and 95%. Metals
added in recent catalysts often include Fe and Co. Millet
et al. (5) showed the importance of synergy between Bi
molybdates and Fe—~Co molybdates for the performance
of these catalysts. The Fe?*/Fe** redox couple promotes
the e” and O-transfer. It has been shown that the oxygen
incorporated in the acrolein originates from the lattice
(6-8). CO, is formed from lattice oxygen or from both
lattice and gas phase oxygen (6, 7). The catalyst oxygen
participation in the reaction extends to something like
100 monolayers (9). The reaction mechanism involves an
intermediate allylic surface species, as shown by experi-
ments with deuterated propylenes and allyl radical gener-
ating components such as allyl alcohol, azopropylene,
and allyliodide (10-13). The H-abstraction leading to the
allylic intermediate is believed to take place at the O
centers coordinated to Bi or at Bi-O-Mo bridge oxygen
centers (12—14). The second H-abstraction and O-inser-
tion, with formation of acrolein, are believed to occur
at Mo—-O-Mo bridge oxygen centers (12, 14, 15). The
formations of CO, and acrylic acid would be consecutive
steps, initiating from an adsorbed acrolein precursor (11).
The kinetics of this reaction have not been thoroughly
investigated. There is no consistency in the published
activation energies (16, 17), possibly due to differences
in catalyst and temperature ranges investigated. The first
H-abstraction, forming the allylic intermediate, is be-
lieved to be rate determining at high temperatures and
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industrial O, partial pressures (10, 11). However, at low
temperatures, low O, partial pressures, or high H,O vapor
contents, the catalyst reoxidation is found to be the slow-
est step in the mechanism (16-18). The reoxidation kinet-
ics of a y-Bi,MoQq catalyst have been investigated earlier
already by TAP (19) and an activation energy for reoxida-
tion of the catalyst was determined. The activity of the
catalyst for propylene oxidation was tested by means of
anaerobic propylene pulses. Pulse response curves for
the main products acrolein, CO,, and H,O were obtained.

In the present study, the TAP pulse reactor system was
used to investigate the Kinetics of each elementary step
of the oxidation of propylene into acrolein.

EXPERIMENTAL

A schematic diagram of the TAP reactor system is given
in Fig. 1. The microreactor, pulse valves, and quadrupole
mass spectrometer are placed in a high vacuum system.
The high vacuum (=10"% bar) is maintained by two oil
diffusion pumps and a turbo-molecular pump. When the
inlet pulses are small (<5 X 10'> molecules), the transport
in the reactor occurs exclusively by Knudsen diffusion.
The mass spectrometer measures the intensity and, there-
fore, the flux of a specified component of the effluent
(mfe value) as a function of time. A typical experiment
comprises a series of pulses. The response curves are
then averaged to improve the signal to noise ratio. A
typical response curve for an inert component (argon)
is shown in Fig. 2. When a reaction is studied, several
components must be monitored. Since only one m/e value
can be monitored at a time, response curves for each
component are obtained from duplicate pulse experi-
ments, monitoring the appropriate m/e values. A high
pressure assembly can be placed against the reactor outlet
to allow experiments under a pressure of up to 2 bar. In
this case a small portion of the reactor effluent is directed
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FIG. 2. Response curve of inert argon pulse over the catalyst bed

at 451°C. Symbols are experimental data; line represents simulated re-
sponse curve.

through a 0.001-in. pinhole leak and then immediately
toward the mass spectrometer.

The TAP was used to investigate the oxidation of pro-
pylene to acrolein over an industrial multicomponent cata-
lyst of the type Co,Mo,Fe,Bi,0,, supplied by Rhone-
Poulenc. The catalyst is prepared by reaction between
an aquous solution of ammonium heptamolybdate
(NH,){Mo0,0,,-4H,0 and a solution of Co, Bi, and Fe
nitrates, followed by subsequent calcinations at 450 and
480°C for 6 h each. The catalyst is then pretreated in a
conventional steady state reactor by a flow of propylene
and air with a propylene to oxygen ratio of 1:2 for 200 h
at 370°C. The TAP reactor has an inner diameter of 5.5
mm and a length of 40 mm. For the TAP pulse experiments
1.00 g of catalyst with a particle size 0.25-0.50 mm was
used, corresponding to a catalyst bed length of 25 mm.
The bed has a density of 1415 kg cat/m? and a void fraction
of 0.38 m}/m?. The reactor was packed as shown in Fig.
3. The quartz particles at the reactor inlet and outlet are
insulating, so that axial heat losses are minor. The SiC
particles are highly conductive, thus reducing radial tem-
perature profiles. In this way temperature gradients in
the catalyst bed can be limited to approximately 2-5°C,
depending on the operating temperature. The inert beds
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FIG. 3. Schematic representation of reactor packing.
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also consisted of 0.25- to 0.50-mm particles. The TPD and
TPSR experiments were performed on a short catalytic
bed (0.08 g catalyst and 2-mm bed length) to avoid read-
sorption effects.

To calculate conversion and selectivities a calibration
of the QMS was necessary for each component. For gases
(0,, CO,, and propylene) a continuous flow was sent over
an inert bed, and the signal of the QMS at the correspond-
ing selected AMU was taken. A calibration factor (As/
mol) was then calculated as the ratio between the QMS
signal (A) and the molar flow (mol/s). For liquids (acro-
lein, acrylic acid, and allyl alcohol} a small amount (typi-
cally 10 ul) was introduced into the continuous-feed line
through a septum. The selected AMU was then monitored
until the entire sample had evaporated and eluted from
the reactor. The QMS signal was then integrated, and the
calibration factor (As/mol) was calculated from the ratio
between the integrated signal (As) and the amount of
liquid injected (mol). The m/e values chosen as represen-
tative for each component, based on sensitivity and speci-
ficity, were 41 (propylene), 56 (acrolein), 44 (CO,), 18
(H,0), and 72 (acrylic acid).

RESULTS

Continuous flow experiments under vacuum conditions
with a 2:1 oxygen/propylene mixture were performed.
The temperature was continuously varied at a rate of 1°C/
min from 450 to 200°C. The total flow rate amounted to
3 x 107® mol/s. Peaks in the mass spectrum related to
propylene, acrolein, CO,, H,0, and acrylic acid could be
determined. In Fig. 4 conversion and yields for the main
products are given as a function of temperature. A similar
continuous flow experiment was performed under 1 bar
total pressure and a total flow rate of 9 X 1077 mol/s. The
conversion and selectivities are given in Fig. 5. The results
are quite comparable to those of the low pressure case.
The lower conversion in the | bar experiment is caused
by the shorter average residence time in the catalyst bed.
The lower conversion also leads to lower selectivities for
acrylic acid and CO,, which will be shown to be formed
in consecutive reactions from acrolein.

Pulse experiments with propylene at different tempera-
tures were performed in the absence of oxygen. The re-
sponses of acrolein and CO, as well as that of unreacted
propylene were detected by the QMS. Water was not
detected satisfactorily in the pulse experiments because
of the very broad response curve and the relatively high
QMS background at m/e = 18. The normalized responses
for propylene, acrolein, and CO, at 412°C are shown in
Fig. 6. Each curve consists of the averaged responses of
20 pulses, to improve the signal to noise ratio. Under these
conditions it was observed that the catalyst properties
remained constant for many pulse cycles, thus allowing
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FIG. 4. Steady state propylene conversion and product selectivities under low pressure conditions as a function of temperature. (a) Propylene

conversion and acrolein yield; (b) acrylic acid and CO, yields.

the same catalyst bed to be used for several experiments at
different temperatures without reoxidation. To determine
the role of desorption rate and readsorption in the acrolein
response, acrolein was pulsed under the same conditions
as the propylene pulses. CO, was the only product de-
tected in this case. The normalized acrolein and CO, re-
sponses at 412°C are shown in Fig. 7.

Several temperature-programmed desorption and sur-
face reaction (TPSR) experiments were performed to in-
vestigate the desorption characteristics of the relevant
components. From the pretreated catalyst about 1.0 x
10~* mol CO,/g catalyst desorbed in two peaks at 380 and
490°C, with a temperature ramp of 5°C/min. This CO,
originates from strongly bound carbonaceous surface spe-
cies. The existence of such species on bismuth molybdate
catalysts has been previously observed (20, 21). No prod-
ucts other than CO, were detected.

The catalyst was treated with a propylene/O, mixture
ina 1:2 ratio at 130°C for 20 min. After a S-min equlibration
period under vacuum, a temperature ramp of 10°C/min
was started. The products detected were acrolein at
211°C, H,0 at 225°C, and CO, as a broad peak at 360°C
(Fig. 8).

Upon dosing the catalyst with an acrolein/O, mixture
at 100°C, no desorption peak of acrolein was observed.

Acrylic acid was adsorbed at 100°C on a pretreated
catalyst. Product peaks detected during a temperature
ramp of 10°C/min were acrylic acid at 330°C and CO,
at 360°C.

After treatment of the catalyst with allyl alcohol at
100°C, the TPSR spectrum showed peaks of allyl alcohol,
acrolein, CO,, and a minor amount of propylene. The
catalyst was quickly saturated, since treatments for differ-
ent time periods led to the same amount of desorbed
products. Assuming that allyl alcohol is adsorbing on the
same sites as propylene, this result can be used to calcu-
late the total number of sites on the catalyst surface. This
is justified by the fact that both components are adsorbed
as the same allylic intermediate. A value of 0.07 mol/kg
catalyst was found.

The response of acrylic acid was very broad and too
small to be detected in pulse experiments. However, the
slow formation of acrylic acid was revealed by transient
step responses over a 1.00-g catalyst bed. A step in the
propylene/O, flow was imposed by pulsing both pulse
valves with, respectively, propylene and oxygen at a rate
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FIG. 5. Steady state propylene conversion and product selectivities under | bar total pressure as a function of temperature. (a) Propylene

conversion and acrolein yield; (b} acrylic acid and CO, yields.
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FIG. 6. Pulse responses of propylene, acrolein, and CO,on a propyl-
ene pulse at 412°C.

of 40 pulses per s. As can be seen from the propylene
response in Fig. 9a, this leads to a step with a rise time
of less than 200 ms. The acrolein and acrylic acid step
responses at 424°C are shown in Figs. 9a and 9b. The rise
time of the acrylic acid response is about two orders of
magnitude higher than that of acrolein. This implies that
the formation of acrylic acid is significantly slower than
the formation of acrolein.

Additional step response experiments with propylene/
oxygen and acrolein/oxygen steps have been performed
over a short catalyst bed (3.5 mm) containing 0.14 g of
catalyst. In this case the response signals rose to steady
state values with a propylene conversion of 49 at 424°C.
From the propylene step, the acrylic acid signal stayed
below the detection limit. At 424°C, the acrolein feed was
partially converted to acrylic acid and CO,. The steady
state conversion amounted to 1.2% with a selectivity of
52% for acrylic acid. This indicates that acrylic acid is
formed in a consecutive reaction from propylene via
acrolein.
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FIG. 7. Pulse responses of acrolein and CO; on an acrolein pulse
at 412°C.
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FIG. 8. TPSR of a Co-Fe-Bi-molybdate catalyst loaded with a
propylene/O, mixture, temperature ramp of 10°C/min.

MODELING

The model presented in this paper describes the simula-
tion of an arbitrary network of elementary surface reac-
tion steps for a reactor loaded as previously specified with
an inert section, a catalyst, and again an inert section.
First, it is assumed that the flow regime can be described
by Knudsen diffusion. The Knudsen diffusion regime ex-
ists under conditions where the ratio between the mean
molecular free path and average channel diameter exceeds
a value of 0.63 (22). In a typical TAP pulse experiment
this condition is satisfied for pressures below 100 Pa, and
pulse sizes of up to 5 x 10" molecules (23). A rigid check
on the validity of this assumption is the independence of
pulse response shapes on the pulse size, for only in the
Knudsen flow regime is the transport rate independent of
pressure. The inlet pulse is assumed to be of negligible
width, so that it can be described by a Dirac function.
This presumes that the inlet pulse width is at least two
orders of magnitude smaller than the response time. In-
deed, in the present experiments the response curves had
a width of at least 50 ms, while the inlet pulse had a width
of 200 to 500 us. A third assumption is that the degree of
surface coverage is negligible. This can easily be accepted
since a typical pulse size is 10" molecules, while the
amount of catalyst in the reactor is on the order of 1 g,
usually corresponding to more than 10' sites. The only
restriction consists in the type of reaction steps consid-
ered. To avoid time-consuming numerical integration, the
integration is performed by means of complex transforms,
whose application is limited to first-order elementary reac-
tion steps. This is only a minor restriction to the applica-
tion of the model, since elementary steps may usually be
considered to be pseudo-first-order in the reacting
species.

The one-dimensional continuity equations in the cata-
lytic bed for a component i in the gas phase and adsorbed
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on the surface are given by

ac; d%c;
€ —5;! - D"i-(‘;é h Skadsacicl + kadeSiCadsi
(2]
aCads,»

PB ot = Skadsicicl - kadesiCads, t+ pg 2 Vijksrjcads,qj'
J

The rate constants for adsorption k4 are expressed in
terms of kg cat/kmol-s; the desorption and reaction rate
constants k., and &, are expressed in units of s™'. The
stoichiometric coefficient of component / in reaction j,
which is first-order in the surface species concentration
Cads.g» 1S Tepresented by v; whereas D, ; (mj/m,s) denotes
the Knudsen diffusion coefficient for component i. The
one-dimensional gas phase continuity equation in the inert
sections is derived from [2] by ignoring the terms for
adsorption and reaction

ac; o2,
B-a‘t—‘ = Deiﬁ' [3]

No continuity equation for adsorbed species is neces-
sary in the inert sections.
The initial and boundary conditions for the reactor are

t=0: ¢=0, Vi
Cadsi = 0, Yi
x=0 - e'a_c_,- = M—E, i =1 (reactant)
idx A,
= 0, i # 1 (products)
x=1L: —De[_(—af—i = uildc;, Vi

The boundary condition at the inlet (x = 0) states that the
flux of component i at the inlet corresponds to a Dirac
function. The boundary condition also accounts for a dead
time 7 = 3 ms, which has also been experimentally ob-
served and may be attributed to delays in the pulse valve
and the detection system, and to the transport time be-
tween reactor outlet and detector. The boundary condi-
tion at the exit of the reactor states that the flux leaving
the reactor bed equals the flux that enters the vacuum
system through the screen that holds the bed, with a free
surface O of 0.34 m}/m?. The mean molecular velocity
in one direction u} is calculated from the Maxwell veloc-
ity distribution:

= Mo E}SI— (5]

V3 3mM,;

Additional boundary equations expressing continuity of
concentrations and fluxes at the boundary planes between
the inert sections and the catalyst bed are necessary.
These are:
x = Lhoundary: ¢ :‘Lg"undm =c %goundaw

sc (6]
+ .
=D Lboundar)’ —

i ox | .
Lboundary

- ac.:

D é‘boundary —4
! ox |, -

Lboundary

The set of partial differential equations [2] and [3] with
boundary conditions [4] and [6] is solved by Laplace trans-
formation with respect to time. The resulting set of ordi-
nary differential equations in the Laplace domain is inte-
grated analytically and the fluxes at the reactor outlet are
calculated for different imaginary values of the Laplace
variable s, thus giving discrete values of the Fourier trans-
form. The flux profile in the time domain is then calculated
by an inverse fast fourier transform algorithm (24).
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To fit the model to the experimental observed response
curves, parameters were estimated by means of the Lev-
enberg—Marquardt algorithm. The 95% confidence inter-
vals on these parameter values are estimated from calcu-
lated t-values by a linearization of the optimization
function around the optimum.

The integration of the differential equations through
Laplace transformation and the Levenberg—Marquardt
optimization were implemented in a C-program on a HP-
9000 workstation (23).

DISCUSSION

The model for the TAP pulse reactor was first tested
for inert pulses. A number of experiments were performed
over an inert bed with components having masses be-
tween 28 (N,) and 132 (Xe). The bed temperature was
varied between 20 and 800°C. The Knudsen diffusivities
for different components at different temperatures can be
related to each other using the equation

(7}

This relation holds as long as the flow regime is Knudsen
diffusion, i.e., when the pulses are sufficiently small. The
value D?, related to a molecular mass M° and a tempera-
ture T¢, only depends on the size distribution and shape
of the particles and the density of the packing. The validity
of [7] was checked by fitting all of the inert pulses simulta-
neously, using a single diffusivity value of 2.69 x 107
mi/m,s for argon (M = 40) at 40°C as a parameter. This
value was converted by means of Eq. [7] to the appro-
priate mass and temperature for each curve. A number
of experimental and simulated curves are shown in Figs.
10a and 10b.
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The propylene pulse experiments were simulated using
the TAP model described above, accounting for the reac-
tion steps. First, the Knudsen diffusivity was calculated
from argon pulses at 327 and 451°C over the reactor bed,
i.e., 5 mm inert, 25 mm catalyst, and 5 mm inert particles
(Fig. 2). Reference diffusivities were estimated for an
argon pulse (M = 40) at 350°C. Optimal values of 2.32 X
10~*and 2.63 x 10~* m}/m,s were obtained for the diffusiv-
ities in the inert beds and the catalyst bed, respectively.
The diffusivity for each of the reaction components was
then estimated at the reaction temperature using Eq. [7].

The reaction scheme used for the modeling of the pulse
experiments (Scheme 1) accounts for the adsorption of
propylene (Prop) with formation, through H-abstraction,
of the allylic intermediate (All Int), a second hydrogen
abstraction and oxygen insertion, which are lumped into
one surface reaction step, and desorption and readsorp-
tion of the acrolein precursor (Acr,g,).

In Scheme 1, the formation of carbon oxides (CO,) and
of surface carbon species (C,,s) may occur either as a
parallel reaction from the allylic intermediate, or as a
consecutive oxidation from the acrolein precursor.
Acrylic acid (Acr Ac) has been shown previously to be
formed in a consecutive reaction from the acrolein precur-
sor only. As shown by Figs. 6 and 7, the CO, response
curve has a long tail relative to the other response curves.
In fact, the CO, response curve does not return to the
baseline until after several seconds. This implies that the
main part of the converted propylene that does not lead
to acrolein remains adsorbed on the surface during many
pulse cycles. From the mass balance it was seen that a
significant amount of carbon stays irreversibly adsorbed
on the catalyst surface. Therefore, the CO, curves from
the propylene feed were not simulated with the other
curves, but the formation rates of CO,, surface carbon,
and acrylic acid are lumped into one reaction step and

1.0
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—
g
5
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FIG. 10. Modeling of inert curves. Symbols are experimental data; lines represent simulated response curve. (a) Ar response curves at 800,

260, and 17°C; (b) N,, Ar, Kr, and Xe response curves at 260°C.
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SCHEME 1. General reaction scheme for propylene oxidation.

estimated from the response curves of propylene and
acrolein. Indeed, these curves contain all the information
about the consumption of the allylic intermediate and
adsorbed acrolein. To estimate the rate coefficients for the
adsorption, desorption, and reaction steps from Scheme 1
both the responses on propylene and on acrolein pulses
were used simultaneously. The responses on the propyl-
ene pulses do contain all necessary information for the
parameter estimation, but by adding responses from acro-
lein pulses, the correlation between the parameters is
diminished, so that they can be estimated with higher
accuracy. Experimental data included propylene and
acrolein responses on propylene pulses and acrolein re-
sponses on acrolein pulses at temperatures varying be-
tween 288 and 453°C. The results from this non-isothermal
parameter estimation are shown in Table 1. The fit be-
tween experimental and simulated curves is shown in
Figs. 11a and 11b.

The parameters in Table | reveal important characteris-
tics of the reaction. First, the rate of the surface reaction
k., is much higher than the rate of propylene desorption.
This indicates that at reaction temperature, the adsorption

a

Normalized Flux

0.80
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FIG. 11.
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TABLE 1

Optimal Parameter Values for Scheme 1

Reaction Adsorption rate Activation enthalpy
step coefficient at 350°C (s ") (kJ/mol)
kygs p Ct 1.04 = 0.01 544 + 0.3
Kugs A Ct 60 + 25 —
Reaction rate coefficient Activation energy
at 350°C (s™") (kJ/mol)
kg 4.61 = 0.05 116 = 1
k2 0.20 = 0.02 115 x4
kg 4 % 1078 0
Desorption rate coefficient Desorption enthalpy
kges at 350°C (s7') (kJ/mol)
kges p (5 x 107% 0
Kes.A 74 =3 77.8 £ 0.5

Note.Values between parentheses are not statistically significant.

of propylene leading to the allylic intermediate may be
considered to be irreversible. Indeed, the parameters for
propylene desorption were statistically nonsignificant.
Table 1 also indicates that the rate of surface carbon
formation from adsorbed acrolein is much larger than that
from the allylic intermediate. The rate coefficient k; was
not statistically significant, i.e., not different from zero.
This result is consistent with Table 2, which shows that
under identical reaction conditions the total amount of
CO, formed from acrolein pulses was much larger than
that from propylene pulses. The ratio of integrated re-
sponses of CO, and acrolein is nearly the same for both
propylene and acrolein pulses, implying a consecutive
pathway to CO, from propylene via acrolein.

As shown in Table 1, the desorption of acrolein occurs
much more rapidly than the surface reaction (), mean-
ing that the latter is the slowest step on the surface. This
conclusion was further checked by quantitative analysis

b
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Modeling of product responses from propylene and acrolein curves. (a) Propylene and acrolein responses from propylene pulses at

369, 412, and 453°C; (b) propylene and acrolein responses on propylene pulse and acrolein pulse at 412°C.
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TABLE 2

Integrated Product Responses of Propylene and Acrolein Pulses
at 412°C

Composition of
integrated responses

Input

pulse Propylene Acrolein CO, CO,/Acr
Propylene 86.3% 13.3% 0.4% 0.030
Acrolein —_ 97.5% 2.5% 0.026

Note. Compositions are based on moles of carbon.

of the propylene TPSR experiment. The kinetic data of
Table | were used to calculate a theoretical peak time
for the acrolein response in the TPSR experiment with a
propylene-loaded catalyst. The peak temperature T, is
calculated from the Redhead equation for first-order de-
sorption (25):

Er :é_o
RT: B

o EVRT,, (8]

From the acrolein desorption parameters, shown in Table
1, a peak temperature of 188°C is obtained. With the
preexponential factor and the activation energy for the
surface reaction step sr,, a peak temperature of 216°C is
calculated. This is in excellent agreement with the ob-
served peak at 211°C, thus showing that the appearance
of acrolein in the propylene TPSR experiment is con-
trolled by the rate of formation of adsorbed acrolein
through reaction step sr,.

Application of the Low Pressure Pulsed Experiments to
Steady State Operation at High Pressure

The ultimate purpose of the kinetic study is the simula-
tion of an industrial reactor. In the present paper the
kinetic data derived from transient experiments under low
pressure (<1073 bar) are shown to be applicable for the
simulation of a reactor under completely different condi-
tions. This is shown by a simulation of a steady state
reactor under 1.6 bar total pressure.

It is useful to clearly define the relationship between the
rate coefficients for adsorption, reaction, and desorption
measured in the TAP system, and quantities in a steady
state reactor. The surface reaction rate coefficients &,
and the desorption rate coefficients kg4, represent the fre-
quency for each of these elementary steps occurring on
the surface. The number of reaction steps occurring per
unit of time and per site, often called the turnover fre-
quency of the reaction, is given by

¥ (& i
_?_r = ksr L Ladsii , [9]
¢y G
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where ¢4, /c, expresses the fractional surface coverage
of the reacting species. Thus ., and kg4, can be interpreted
as maximum reaction or desorption rates, i.e., the rate
when all catalyst sites are available for this specific ele-
mentary step.

To determine the rate-determining step under steady
state conditions, the intrinsic rates for adsorption, surface
reaction, and desorption have to be compared in magni-
tude. From the values of the kinetic parameters for ky 5
and kg, it can be concluded that the surface reaction is
intrinsically much slower than the desorption of acrolein.
The rate coefficient of adsorption k4, p must be rescaled
according to Eq. (2) before it can be compared to kg, .
Under steady state conditions, the rates of adsorption and
surface reaction must be equal:

(10]

& kygsp' € Cp=p" ksrI *CAll Int «
Thus, the steady state reaction rate is given by:

ksrI CCAlm —

& " (Kugs pC) " €1 Cp
P Gy

(11]

Fgs =

In the same way as the maximum reaction rate for the
surface reaction is obtained at ¢, ,, = ¢,, an equivalent
maximum adsorption rate may be defined when the avail-
ability of adsorption sites is at its maximum, i.e., ¢, = c,.
Thus, &, has to be compared in magnitude to the value of

¢ Py .

rss € (kads PCt) " Cp . [12]

This value is now seen to scale directly with k., a
quantity which is determined from the TAP experiments,
shown in Table 1. A measure of the site density ¢, is still
required. This was estimated from the allyl alcohol TPSR
experiment previously described, with a result of 0.07
mol/kg cat. rgs/c, is also dependent on reactor pressure,
so it must be defined at a given set of feed conditions.
Typical industrial conditions are 370°C and 0.1 bar propyl-
ene partial pressure. This gives a value for ryg/c, of 0.0075
s~!. This value is much lower than the rate coefficients
for reaction and desorption, showing that the adsorption
of propylene must be the rate-determining step under in-
dustrial conditions. This is in agreement with previous
results (10, 11).

The rate coefficients shown in Table 1 may be used to
predict the steady state coverage of the catalyst sites
under given feed conditions as a function of propylene
conversion. To do this, the simplified Scheme 2 is used,
which ignores the reaction steps that where shown to be
nonsignificant. The coverage of the surface by the side-
products is ignored in the following derivation. This ap-
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SCHEME 2.

proximation is acceptable, given the high steady state
acrolein selectivity achieved with this catalyst (>95%).
The site-balance

Calltne T Cacry, T €17 € (13]
is combined with the requirement that at steady state the
forward rate of the various steps must be equal

& (Kags pC)°pCY _ k
PBt

sr,CAll Int

[14]

ek, 4. AC)CAC

= (kdes,A + ksra)cAcrads - —ddhi‘_A"I'
- PBC
The solution of this set of equations allows the surface
coverages of the allylic intermediate and of adsorbed acro-
lein to be calculated

CAl In e (ks pCl)
eAle: All fnt _ (___( ds,P>-t (‘p)/DEN

Ce (4: 18 ksrl

[15]

CAcrad\
oAcrmhi = ¢
t
- (s ety Ssacd-,]) /e,
PrC des, A STy des,A sry
(16]
00680 7 Total surface coverage w
®
£

0.0020

-*" Acrolein coverage

o

8

(=]
1

Fractional surface cover

All Int coverage

0.0000 - r . . .
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FIG. 12. Steady state surface coverage under industrial conditions

(1 bar total pressure, 0.1 bar inlet pressure of propylene) at 370°C as a
function of propylene conversion.
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--k—-¢ side -products (CO, CO,, Acr Ac)

sr2

Simplified reaction scheme for propylene oxidation.

where

k.gc pC) (k4. pCp)
DEN=]+_£_<(_ads_.P_l+ ads.PCt )
prci N kg kgen t Kk, Cr
) (17]
L (kads,ACt) X

+ Ca-
PBCt kdes‘A + ksrz

Because of the dependence of the surface coverages on
the partial pressures of propylene and acrolein, they can
be expressed as a function of propylene conversion. For
typical industrial feed conditions of 0.1 bar of propylene
and 370°C, the surface coverages as a function of propyl-
ene conversion are shown in Fig. 12. It can be seen that
the total surface coverage (allylic intermediate + acrolein)
remains below 0.3%, even at complete conversion to acro-
lein. Figure 13 shows the total surface coverage as a func-
tion of temperature and conversion. The total surface
coverage exceeds 5% only at temperatures below 270°C.

Finally, a steady state plug flow reactor was simulated
based on the model presented in Scheme 2 and the kinetic
data presented in Table 1. The rate equations are derived

Tota/ surface coverage

FIG. 13. Total surface coverage under industrial conditions (1 bar
total pressure, 0.1 bar partial pressure of propylene) as a function of
temperature and conversion.
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FIG. 14. Experimental and simulated conversions for bench scale steady state reactor at 1.6 bar total pressure and 350°C. (a) Total propylene

conversion; (b) conversion to side-products.

immediately from Eqgs. [14] through [17]. The bench scale
steady state reactor consisted of a cylindrical tube of
length 21.2 cm with a 1.8-cm diameter, containing 5.068
g of catalyst mixed with inert particles with a size of 0.75
mm. Reaction conditions are given in Table 3.

Figure 14 gives the experimental values and the calcu-
lated curves for the total conversion and the conversion
to side-products as a function of the space time W/F$.
The calculated total conversions agree very well with the
experimental data. The difference in selectivity must be
attributed to the presence of gas phase oxygen in the
steady state reactor. This indicates that part of the side-
products, mainly CO,, is formed in a reaction step with
gas phase oxygen or physically adsorbed oxygen.

CONCLUSIONS

A model has been developed to simulate the TAP pulse
reactor. It was tested extensively for inert pulses, showing
that under the chosen experimental conditions, the as-
sumption of Knudsen diffusion is valid. The model was

TABLE 3

Steady State Reactor
Experimental Data

Reactor dimensions

Tube length 0.212 m

Internal diameter 0.018 m
Catalyst particle size  0.75 mm
Temperature 350°C
Pressure 1.6 bar
Catalyst loading 5.068 g
Bed density 93.9 kg/m’
Feed composition

C:H, 6.57 mol%

0, 14.62 mol%

N, 55.71 mol%

He 23.10 mol%

then applied to the oxidation of propylene over an indus-
trial catalyst and the kinetic parameters were estimated.
These parameters were extrapolated to atmospheric pres-
sure conditions to show that the adsorption with H-ab-
straction is rate determining and that surface coverages
under industrial conditions remain extremely low. The
resulting kinetic data are shown to be applicable to the
simulation of a reactor under industrial conditions.

Cads.i

9

Cy

tavg

APPENDIX: SYMBOLS

(s™

(m?)
(kmol/m?)

(kmol/kg)

(kmol/kg)
(kmol/kg)
(m*/m, s)

(J/kmol)
(kg/kmol s}
(s

(s

(m)
(kg/kmol)

(kmol)
(kmol/kg s)
{kmol/kg s)

(8314 J/kmol K)

(s)

Preexponential factor

Cross-sectional area of
reactor

Gas phase concentration of
component {

Surface concentration of
adsorbed species i on
catalyst

Surface concentration of
free sites on catalyst

Surface concentration of
reactive sites on catalyst

Effective diffusivity of
component i

Activation energy

Adsorption rate coefficient

Desorption rate coefficient

Reaction rate coefficient

Reactor bed length

Molecular mass of
component i

Pulse size

Reaction rate

Steady state reaction rate

ldeal Gas Law Constant

Average elution time of a
pulse response
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T (K) Temperature

T, (K) TPD peak temperature

u; (m/s) Mean molecular velocity

ut (m/s) Mean molecular velocity in
one dimension

w (kg) Amount of catalyst

X (m) Axial coordinate in reactor

B (°C/s) Heating rate

81 (sH Dirac time function

€ (m?/m?) Bed void fraction

Px (kg cat/m?) Catalyst bed density

Q;  (m*/m?) Free surface of screen at

reactor outlet
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