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TAP study of the sorption of H and O on Rhrg-Al O2 2 2 3
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Abstract

The sorption kinetics on Rhrg-Al O with a very low Rh loading of hydrogen between 523 and 673 K and of oxygen2 3

between 773 and 1073 K were determined by means of a TAP reactor. The adsorption and desorption rates of hydrogen and
oxygen show a second-order dependence in the concentration of free sites and the concentration of occupied sites,
respectively. The desorption activation energy amounts to 57 kJ moly1 for hydrogen desorption and 140 kJ moly1 for
oxygen desorption. The sorption model for oxygen involves reversible exchange of adsorbed oxygen between two adsorption
states on the surface. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Rh is a catalyst for several interesting indus-
w xtrial reactions such as oxidation 1 , reforming

w x Ž . w x2 and de hydrogenation 3,4 . For these reac-
tions, the knowledge of the sorption kinetics of
hydrogen and oxygen on Rh is important as
evidenced by a number of studies devoted to the
determination of these kinetics on unsupported

w xRh 5–18 .
Literature data on the sorption of hydrogen

on unsupported Rh are very much in agreement.

) Corresponding author. Department of Chemical Engineering,
Texas A&M University, College Station, TX 77843-3122, USA.
E-mail: gilbert.froment@skynet.be

1 Present address: UOP R&D, Engineering Science Skill Cen-
ter, 25 East Algonquin Road, Des Plaines, IL 60017-5017, USA.

2 Present address: State Key Laboratory of Catalysis, Dalian
Institute of Catalysis, Chinese Academy of Sciences, PO Box 110,
Dalian, 116023, China.

The adsorption rate of hydrogen is proportional
to the square of the concentration of free ad-

w xsorption sites and is not activated 5,6 . The
desorption rate of hydrogen is shown to be
proportional to the square of the concentration
of adsorbed hydrogen. The activation energy for
desorption is in the range 80 to 100 kJ moly1

w x5–8,14,15 . Experimental data indicating the
presence of a hydrogen desorption precursor

w xwere also published 5–7,14,15 . The interaction
of oxygen with unsupported Rh is less well
understood. The adsorption rate of oxygen shows
a first-order dependence in the number of Rh

w xsites at temperatures around 333 K 5 , but it is
assumed to follow nonactivated second-order

w xkinetics at higher temperatures 16,17 . Temper-
ature programmed desorption of oxygen from
different Rh faces reveals several peak tempera-
tures, indicating the existence of different ad-

w xsorption states 9–12,18 . The reported activa-
tion energy for oxygen desorption varies be-
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tween 120 and 360 kJ moly1, depending on the
w xsurface coverage 10–13,18 . Dissolution into

w xthe bulk has also been suggested 11–13 . The
formation of a second oxygen adsorption state
or a surface oxide at higher temperatures
w x8,16,19,20 and the existence of repulsive oxy-

w xgen interactions on the surface 11,13 have
been reported. The reconstruction of the Rh
surface upon oxygen adsorption is presently

w xbeing studied 21,22 .
Very little information is available on the

sorption kinetics of oxygen and hydrogen on
w xsupported Rh 23–25 . This is especially the

case for catalysts with a very low Rh loading.
Therefore, the aim of this study is to present an
appropriate experimental technique to determine
the kinetics for the sorption of hydrogen and
oxygen on supported Rh at higher temperatures.
Moreover, many catalytic reactions proceed on
a time scale that is too large to be studied with
the TAP reactor by means of the conventional
pulse experiments and data treatment. In this
study, it is shown how quantitative information
can be obtained in these cases for the reversible
adsorption and desorption. The same procedure
can be applied for complex reactions.

2. Experimental procedure

The experiments were performed in a TAP
reactor system from Autoclave Engineers. The
TAP system has been described in detail previ-

w xously 26 . Essentially, the apparatus is used as
a pulse reactor operating under vacuum, i.e., at
10y4 to 10y5 Pa background pressure. Small
amounts of reactant are injected into a tubular
reactor. Although the pulse size can be varied
between 1013 and 1017 molecules, it was chosen
below 5=1015 molecules to ensure that the
transport mechanism in the reactor is of the
Knudsen diffusion type. The injection time is
less than 1 ms. The reactor is a quartz reactor,
35 mm long and 5 mm in diameter. The product
fluxes at the outlet of the reactor are measured
by means of a UTI-100C quadrupole mass spec-

trometer with a time resolution of less than 0.1
ms.

The Rhrg-Al O catalyst has a Rh loading2 3

of 0.05 wt.% and was prepared by incipient
wetness impregnation with RhCl PH O. The3 2

catalyst was dried at 373 K and calcined at 523
K, followed by reduction at 473 K for 20 min.
The BET surface was 153 m2 gy1. The average
pore diameter was 5.3 nm. The catalyst bed was
diluted with quartz particles and placed between
two quartz beds at the inlet and outlet of the
reactor. The particle size was between 250 and
500 mm. Prior to all experiments, the catalyst
was dehydroxylated under vacuum at 1073 K.
The purity of the O , H , Ar and He feeds2 2

exceeded 99.9%.
The hydrogen pulse responses were obtained

by injecting a H rHe mixture at different pulse2

sizes over 0.12 g of reduced and dehydroxylated
catalyst. The bed consisted of 7 mm quartz
packing at the inlet, 10 mm quartzrcatalyst
mixture in the center and 15 mm quartz packing
at the outlet of the reactor. The pulse frequency
was 1 pulse per 1.054 s. The tail of the hydro-
gen responses exceeded 1.054 s. Therefore,
many preliminary pulses were needed to ensure
that the collected pulse response was indepen-
dent of the pulse number. Thirty pulse re-
sponses were collected and were averaged for
noise reduction. The hydrogen background sig-
nal was measured after each experiment and a
mass balance with He was calculated to verify
that no hydrogen was irreversibly adsorbed.

The oxygen responses were obtained in the
same manner as those of hydrogen by means of
single pulse experiments with an O rAr mix-2

ture with 0.12 g of catalyst. The reactor con-
sisted of 8 mm quartz packing at the inlet, 10
mm quartzrcatalyst mixture in the center and
12 mm quartz packing at the outlet of the
reactor. Before each experiment, hydrogen was
injected and the catalyst was dehydroxylated to
ensure that the surface was metallic Rh and not
Rh O . The formation of the latter was seen as2 3

a decrease of the interaction of O with the2

catalyst when no pre-reduction was applied.
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3. Experimental results

3.1. Interaction of hydrogen with the catalyst

The normalized periodic hydrogen responses
to a hydrogen pulse train for different pulse
sizes at 573 and 673 K and the normalized
helium response to helium pulses at 573 K are
shown in Fig. 1. A pulse size dependence which
becomes less pronounced at higher temperatures

Ž .is evident Fig. 1 . Larger pulses result in nar-
Ž .rower pulse responses Fig. 1 . This can be

caused by site saturation or by a second-order
dependence of the hydrogen desorption rate with
respect to the concentration of adsorbed hydro-
gen. Site saturation would cause a higher mean
coverage with larger pulse sizes resulting in less
interaction of hydrogen with the catalyst and
sharper responses. The second-order depen-
dence would also give sharper responses with

Fig. 1. Hydrogen responses to hydrogen pulses with different
Ž . Ž . 15pulse sizes at 573 and 673 K. A He; B and E H 1.8=102

Ž . 15molecules per pulse. C and F H 1.2=10 molecules per pulse.2
Ž . 14 Ž . ŽD H 4.2=10 molecules per pulse. A, B, C and D 573 K; E2

.and F 673 K.

Fig. 2. Oxygen responses to oxygen pulses with different pulse
Ž . Ž . 15sizes at 923 and 823 K. A Ar; B and D 1.4=10 molecules

Ž . 14 Ž .per pulse; C and E 6.9=10 molecules per pulse. A, B and C
Ž .923 K; D and E 823 K.

larger pulse sizes because of the smaller mean
life time of hydrogen on the surface due to the
higher coverage. The response width decreases
with increasing temperature as a result of the
higher desorption rate at higher temperatures.
The pulse size was very small compared to the
amount of Rh in the reactor and no large tail in
the hydrogen responses was seen above 573 K.
Therefore, it can be assumed that the hydrogen
coverage was low during the experiments and
that no site saturation occurs. The second-order
dependence of the desorption rate in adsorbed
hydrogen is the more probable cause of the
broadening of the responses.

3.2. Interaction of oxygen with the catalyst

The periodic oxygen responses show a be-
havior which is different from that of hydrogen
Ž .Fig. 2 . There is also a pulse size dependence,
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but this dependence and the response width
Ž .increase with temperature Fig. 2 . This proves

that the oxygen coverage of the Rh was high
during the measurement of the oxygen re-
sponses since the lower coverage at higher tem-
peratures significantly increases readsorption.
The part of the oxygen response between 0 and
0.2 s at 923 K does not change with the pulse
size. This part, however, broadens at higher
temperatures, indicating that this peak does not
result from nonadsorbed oxygen. It was impos-
sible to identify the cause of the pulse size
dependence of the oxygen responses since the
experiments were performed at a higher oxygen
coverage.

4. Modeling of the pulse responses

4.1. Reactor model

The reactor is packed at the inlet with an
Ž .inert bed with length L m . The catalyst bed,i r

Ž .having a length L m , is placed in the centerc r

of the reactor. It is followed by an inert bed
Ž .with length L m . The continuity equationse r

Ž .for the gas phase Eq. 1 and surface compo-
Ž .nents Eq. 2 are written:

E E C E Cg g
D s´ 0-z-L ,i i iž /E z E z E t

E E C E Cg g
D qr R s´c B v ,g cž /E z E z E t

L -z-L qL , 1Ž .i i c

E E C E Cg g
D s´i iž /E z E z E t

L qL -z-L qL qL ,i c i c e

E Cs
sR L -z-L qL , 2Ž .v ,s i i cE t

Ž y3.with C mol m the gas phase concentration,g g
Ž y1.C mol kg the concentration surface compo-s c

Ž 3 y1 y1.nents, D and D m m s the Knudsenc i g r

diffusivities in the catalyst and inert bed, R v,g
Ž y1 y1.and R mol kg s the formation rates ofv,s c

Ž .the gas phase and surface components, t s
Ž .time, z m the axial position in the reactor, ´r c
Ž 3 y3.and ´ m m the void fractions of thei g r

Ž y3.catalyst and inert bed, and r kg m theB c r

bulk density of the catalyst bed.
The quartz reactor has an important inlet

Ž 3.volume V m . The concentrations in this inlet0 r

volume are equal to those at the inlet of the
reactor bed. Once filled, the time variation of
the concentration of a component of the pulse is
uniform over the complete inlet volume. The
boundary condition for the inlet of the reactor
bed is obtained from a mass balance over the
inlet volume and an incremental distance d z
inside the reactor bed:

E C E Cg g
V yF sSD , 3Ž .0 in iž / ž /E t E zÕ zs0

Ž y1.with F mol s the flux at the inlet of thein
Ž 2.reactor and S m the cross-section of ther

reactor.
The boundary conditions between the beds

express that the concentration profiles and the
flux profiles are continuous functions of z:

C s C ,Ž . Ž .g gzsL y zsL qi i

E C E Cg g
D s D ,i cž / ž /E z E zzsL y zsL qi i

C s C , 4Ž .Ž . Ž .g gŽ . Ž .zs L qL y zs L qL qi c i c

E C E Cg g
D s D .c iž / ž /E z E zŽ . Ž .zs L qL y zs L qL qi c i c

The rate at which molecules are leaving the
reactor towards the mass spectrometer is equal
to the rate at which they are transported in the
bed by Knudsen diffusion towards the exit of

w xthe reactor. Zou et al. 27 studied this boundary
condition and came to the conclusion that ap-
proximating the concentration at the exit of the
reactor by zero is an equivalent boundary condi-
tion if D uy1 ´y1 Ly1 is very small. The latteri i tot
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condition was fulfilled in the present study. The
following exit boundary condition was used:

D E Ci g
C sy f0, 5Ž .Ž .g zsL tot ž /u´ E zi zsL tot

Ž .with L m the length of the reactor packingtot r
Ž y1.and u m s the mean velocity of the gasr

phase molecules.
Finally, the response I can be expressed as

the flux leaving the reactor at the exit of the
reactor:

E Cg
IsySD . 6Ž .i ž /E z zsL tot

The pulse responses that have to be simu-
lated, are the periodic responses to a single
pulse experiment with a large number of pre-
measurement pulses. The broadening of the
oxygen and hydrogen responses is too large to
allow the tail of the responses to reach the base
line. The initial conditions for these cases are
the concentration profiles at the end of the
preceding pulse response. Determination of these
initial conditions is not straight forward. The
most logical way would consist of simulating
the large pulse train iteratively, starting with
zero initial concentrations. The amount of itera-
tions to obtain a periodic pulse response can be
very large, depending on the pulse size and the
amount of active sites.

The following method can be applied to re-
duce the number of iterations. Instead of using
gas phase and surface concentrations equal to
zero as the initial conditions, concentration pro-
files during steady state operation of the reactor
are used as initial values. The continuous feed

Ž .rate is equal to the pulse size N mol divided0
Ž .by the pulse period D t s . For the case where

only adsorption and desorption occur the initial
gas phase concentration profiles can be calcu-
lated from:

E C Ng 0
sy 0-z-L qL qL ,i c eE z D tSDi or c

C s0 zsL qL qL . 7Ž .g i c e

In this study, the initial gas phase concentra-
tion profiles were approximated by means of

Ž .Eq. 8 :

N0
C s L qL qL yz . 8Ž . Ž .Ž .g i c ets0 D tSDi or c

The number of iterations can also be reduced
by the following procedure. After the three first
iterations or after two consecutive iterations, a
new set of initial concentration profiles C new is
calculated by means of the following equation:

C new

C i yC iy1
i iy1 isMAX ,0 C yC qC ,Ž .iy1 iy2ž /C yC

9Ž .
in which C i is the concentration profile ob-
tained from the last iteration, C iy1 is the initial
concentration profile used for the last iteration
and C iy2 is the initial concentration profile
used for the second last iteration. The use of the

Ž .maximum MAX allows a stable evolution of
the iteratively calculated responses. Fig. 3 shows
the efficiency of the methods described above in
decreasing the number of iterations. Both meth-
ods reduce the number of iterations by at least a
factor of 2.

The Bulirsch–Stoer numerical integration
routine with finite differentiation throughout the
reactor was applied to solve the set of differen-

Fig. 3. Relative variation of the pulse responses as a function of
Ž .the number of iterations. B Initial concentration profile equal to

Ž . Ž . Ž .zero; l With extrapolation by means of Eq. 9 . ' With
Ž .extrapolation Eq. 9 and calculation from the steady state opera-

Ž .tion Eq. 8 .
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tial equations. The kinetic parameters were esti-
mated by means of the Rosenbrock and the
Levenberg–Marquardt algorithm. The iterative
calculation of the periodic pulse response was
discontinued when the relative change of the
calculated responses, defined as the sum of the
absolute change of the different calculated data
points, was lower than 10y4. The temperature
profiles in the reactor were taken into account.

4.2. Hydrogen responses

The hydrogen responses were simulated by
means of the reactor model described in the
previous paragraph. The Knudsen diffusivities
of hydrogen were calculated from the estimated
helium diffusivities and the ratio of the diffusiv-
ity of hydrogen to that of helium. The latter was
obtained by estimating both diffusivities from
hydrogen and helium responses in an inert quartz
bed. Molecular sorption with a first-order de-

pendence of the adsorption and desorption rates
with respect to the hydrogen gas phase concen-
tration and the surface concentration resulted in
a poor fit of the pulse responses. A reaction
scheme with dissociative adsorption and recom-

Žbinative desorption resulted in a good fit Fig.
.4 . This scheme and the corresponding equa-

Ž y1 y1.tions for the adsorption rate r mol kg sa c
Ž y1 y1.and the desorption rate r mol kg s , ared c

shown below:

2H q2 l™2Hy l r s´ k C 1yu ,Ž .2 a c a H H2

10Ž .

2Hy l™H q2 l r sk u 2 , 11Ž .2 d d H

Ž 3 y1 y1.with l an active site, k m kg s thea r c
Ž y1 y1.adsorption rate coefficient, k mol kg sd c

Ž y3.the desorption rate coefficient, C mol mH g2

the gas phase concentration of hydrogen, and
u the fraction of the surface cover with ad-H

sorbed hydrogen.

Fig. 4. Experimental and simulated hydrogen responses obtained with 0.12 g of catalyst.
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Table 1
Parameter estimates and 95% confidence intervals for the sorption
model of hydrogen

Parameter Estimated value
y4 y1Ž .C 10 mol kg 4.74"1.25t c

3 y1 y1Ž .k m kg s 1.58"1.06a r c
y1 y1Ž .k mol kg s , 573 K 0.159"0.06d c
y1Ž .E kJ mol 56.60"1.33d

At 523 K, the model does not fit the re-
sponses well between 0 and 0.05 s. The reason
for this small deviation is not clear. It could be
caused by hydrogen spillover or by a molecular

w xsorption precursor 5–7,14,28 . It was assumed
that the adsorption is not activated. Only the

Ž y1.desorption activation energy E kJ mol , thed

adsorption and desorption rate coefficients ka
Ž 3 y1 y1. Ž y1 y1.m kg s and k mol kg s , and ther c d c

Ž y1.concentration of sorption sites C mol kgt c

were estimated. Table 1 contains the estimated
parameters and their 95% confidence intervals.

4.3. Oxygen responses

The oxygen responses were simulated and
kinetic parameters were determined as described
above. The Knudsen diffusivities of oxygen in
the beds were calculated by multiplying the
diffusivity of argon, estimated from the argon
responses, with the square root of the ratio of
the argon to the oxygen molecular weight.
Molecular sorption and dissociative sorption
were not able to describe the observed re-
sponses. As mentioned in paragraph 3, two
active sites or two sorption states of oxygen are
expected to be present on the surface. Different
reaction schemes were tested. The scheme that

Ž . Ž .yielded the best fit is shown in Eqs. 12 – 15 .
The corresponding reaction rates are also pre-
sented. The scheme consists of reversible disso-
ciative adsorption of oxygen and transformation

Ž .of the adsorbed oxygen Oy l to a second
Ž U . Ž y3.adsorption state O y l . C mol m is theO g2

gas phase concentration oxygen, u and u UO O

Fig. 5. Experimental and simulated oxygen responses obtained with 0.12 g of catalyst.
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Table 2
Parameter estimates and 95% confidence intervals for the sorption
model of oxygen

Parameter Estimated value
y4 y1Ž .C 10 mol kg 3.12"0.12t c

3 y1 y1Ž .k m kg s 13.1"0.73a r c
y3 y1 y1Ž .k 10 mol kg s , 1073 K 5.55"0.41d c

y5 y1 y1Ž .k 10 mol kg s , 1073 K 2.89"0.1212 c
y5 y1 y1Ž .k 10 mol kg s , 1073 K 1.10"0.0621 c

y1Ž .E kJ mol 139.6"1.0d
y1Ž .E kJ mol 272.1"8.812
y1Ž .E kJ mol 151.7"6.521

are the surface coverage of chemisorbed oxy-
Ž y1 y1.gen, r , r , k and k mol kg s are12 21 12 21 c

the exchange rates and exchange rate coeffi-
cients between the adsorbed oxygen species.

O q2 l™2Oy l2

2
Ur s´ k C 1yu yu , 12Ž . Ž .a c a O O O2

2Oy l™O q2 l r sk u 2 , 13Ž .2 d d O

Oy l™OU y l r sk u , 14Ž .12 12 O

OU y l™Oy l r sk u U . 15Ž .21 21 O

The fit between the experimental and the
simulated responses are shown in Fig. 5. Table
2 shows the estimates of the kinetic parameters.
The adsorption rate is assumed not activated.

4.4. Sticking probabilities

The sticking probabilities of H and O were2 2
Ž 3calculated from the estimated value of k ma r

y1 y1.kg s . The following equation is the basisc

for this calculation:

s qZs´ k r C . 16Ž .o c a B g

This equation expresses that the collision fre-
Ž y3 y1.quency Z mol m s multiplied by ther

sticking probability s on an active site and theo

fraction q of the surface in the reactor taken by
the active phase, equals the consumption rate of
oxygen per cubic meter reactor. The collision
frequency Z per cubic meter reactor will be

Ž y1.calculated from the mean velocity u m s ofr

the gas phase molecules and the mean free path
Ž .L m in the catalyst bed:r

u
Zs´ C . 17Ž .c g

L

The mean velocity u and the mean free path
L can be calculated from:

8 RT
us , 18Ž .(

p M

Dc
Ls3 , 19Ž .

u´c

Ž y1.with M the molecular weight kg mol , R the
Ž y1 y1.universal gas constant J mol K , and T

Ž .the temperature K .
The above equations lead to the following

expression for the sticking probability s :o

3D k rc a B
s s , 20Ž .o 2q´ uc

or:

3D k r p Mc a B
s s . 21Ž .o 8q´ RTc

Table 3 presents the sticking probability of
oxygen and hydrogen on the active sites and the
values of the properties entering in their calcula-
tion. The sticking probability of hydrogen is
about 0.05, that of oxygen is estimated to be
about 2, which, obviously is too large.

Table 3
Sticking probabilities of oxygen and hydrogen on the active sites
and the values of the properties involved in their calculation

Hydrogen Oxygen

Ž .T K 573.15 1023.15r
y1Ž .u m s , at T 2453.8 822.80r r

2 y1Ž .D r´ m s 0.01545 0.005284c c r
y4 y1Ž .C 10 mol kg 4.74"1.25 3.12"0.12t c

y4Ž .q 10 1.40"0.37 0.923"0.035
y5 y5Ž .L m 1.89=10 1.92=10r

3 y1 y1Ž .k m kg s 1.58"1.05 13.1"0.73a r c
y3Ž .r kg m 610.4 766.2B c r

s, at T 0.053"0.037 2.55"0.18r

Rh: 2.21=10y5 mol my2 .
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5. Discussion

The observed hydrogen pulse responses were
fairly accurately simulated by means of a model
involving dissociative adsorption of hydrogen.
Based on literature data, the adsorption of hy-

w xdrogen was assumed not activated 5–8 . The
activation energy for hydrogen desorption was
estimated to be 56.6 kJ moly1. An activation
energy of about 80 to 100 kJ moly1 is reported
in the literature for the desorption of hydrogen

w xfrom unsupported Rh catalysts 5–8,14,15 . The
number of sorption sites was found to be 4.74
=10y4 mol kgy1. From this value, a dispersionc

of the Rh on the catalyst of about 9.7% can be
calculated. This corresponds very well with the
value of 9.8% obtained during titration of the
Rh catalyst at room temperature by means of
hydrogen and oxygen pulse chemisorption. The
sticking probability of hydrogen on the sup-
ported Rh catalyst was estimated to be 0.053.
TPD spectra of hydrogen at different initial
coverages were simulated by means of the hy-
drogen sorption model. A peak temperature of
353 K was found for the TPD spectrum with

Ž .initial full coverage Fig. 6 . At lower initial
surface coverage, a higher peak temperature is
obtained. The results presented above are in

w xagreement with literature data 9,15 .
The reaction scheme for the sorption of oxy-

gen, consisting of dissociative oxygen adsorp-
tion and exchange of adsorbed oxygen between
two sorption states, leads to a good fit of the
responses. This scheme is in agreement with the

w xscheme presented by Zum Mallen et al. 16
from their study of the oxidation of hydrogen
with oxygen on Rh, and with the observations

w x w xof Oh and Carpenter 29 and Kim et al. 30 ,
who detected the formation of a surface oxide
during the oxidation of CO. The estimated con-
centration of active sites corresponds very well
with that derived from the hydrogen responses
and with the value obtained from pulse
chemisorption at room temperature. Another
scheme which resulted in an equally good fit of
the responses is a scheme consisting of re-

Fig. 6. Simulated TPD responses of hydrogen and oxygen at
different initial coverages.

versible dissociative adsorption of oxygen and
exchange of adsorbed oxygen between a second
sorption site. This lead however to an estimated
number of active sites which was too low.
Calculation of the sticking probability of oxy-
gen yields a value of 2.5. This is obviously too
large. In the present work, the adsorption rate
coefficient was considered to be independent of
the temperature which could explain the devia-
tion. Simulation of the TPD spectra of oxygen
at various initial coverages using the estimated
kinetic parameters, yields a peak temperature of

Ž .813 K at full initial coverage Fig. 5 . Peak
temperatures between 773 and 1073 K are re-

w xported in the literature 9–12,18 . The activation
energy for oxygen desorption was found to be
140 kJ moly1. This is much lower than the

w xvalues reported in the literature 10–13,18,23 .
In paragraph 3, it was shown that the oxygen
pulse experiments were performed at high cov-
erage. Repulsive interactions and surface recon-
struction at this high coverage could be the
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cause of the low activation energy for oxygen
w xdesorption 11,21,22 . Another possible cause

are strong interactions between the support
w xg-Al O and the Rh. Wang and Yeh 23 did2 3

not detect a significant influence of the Rh
particle size on the heat of adsorption of oxygen
on a-Al O supported Rh catalysts, but it is2 3

well known that g-Al O catalysts show much2 3

stronger interactions with Rh particles than
a-Al O .2 3

6. Conclusion

The sorption of hydrogen and oxygen on a
Rhrg-Al O catalyst with low Rh loading was2 3

studied by means of single pulse experiments in
a TAP reactor and by means of simulation and
regression of the pulse responses. A second-
order dependence of the adsorption rate and the
desorption rate with respect to the concentration
of gas phase hydrogen and the concentration of
adsorbed hydrogen leads to an excellent simula-
tion of the hydrogen pulse responses. The kinet-
ics agree with literature data. The model for the
adsorption of oxygen consists of reversible dis-
sociative oxygen adsorption and of exchange of
adsorbed oxygen between a second adsorption
state. The activation energy of oxygen desorp-
tion is lower than the values reported in the
literature at low surface coverage. This is proba-
bly caused by repulsive interactions or surface
reconstruction at high coverage.

7. Symbols and notations

Roman symbols
C Gas phase concentration, molg

my3
g

C Gas phase concentration of hy-H2

drogen, mol my3
g

C i Initial conditions at iteration i

C Gas phase concentration of oxy-O2

gen, mol my3
g

C Concentration of surface compo-s

nents, mol kgy1
c

C Concentration of sorption sites,t

mol kgy1
c

D , D Knudsen diffusivities in the cata-c i

lyst and inert bed, m3 my1 sy1
g r

E Activation energy of the desorp-d

tion rate coefficient, kJ moly1

E , E Activation energies of the ex-12 21

change rate r and r , kJ moly1
12 21

F Flux at the inlet of the reactor,in

mol sy1

k Adsorption rate coefficient, m3
a r

kgy1 sy1
c

k Desorption rate coefficient, mold

kgy1 sy1
c

k , k Exchange rate coefficients be-12 21

tween the adsorbed oxygen
species, mol kgy1 sy1

c

l Active site
L Depth of the catalyst bed, mc r

L Depth of the exit bed, me r

L Depth of the inlet bed, mi r

M Molecular weight, kg moly1

N Pulse size, molo

q Fraction of the surface in the re-
actor taken by active phase

R Universal gas constant, J moly1

Ky1

r Adsorption rate, mol kgy1 sy1
a c

r Desorption rate, mol kgy1 sy1
d c

R , R Rates of formation of the gasv,g v,s

phase and surface components,
mol kgy1 sy1

c

r , r Exchange rates between the ad-12 21

sorbed oxygen species, mol kgy1
c

sy1

S Cross-section of the reactor, m2
r

s Sticking probability on an activeo

site
t Time, s
T Temperature, K
u Mean velocity of the gas phase

molecules, m sy1
r



( )O. Dewaele et al.rJournal of Molecular Catalysis A: Chemical 149 1999 263–273 273

V Volume of the inlet section of theo

reactor, m3
r

z Axial position in the reactor, m r

Z Collision frequency, mol sy1 my3
r

Greek symbols
D t Pulse period, s
´ , ´ Void fractions of the catalyst andc i

inert packing, m3 my3
g r

L Mean free path in the catalyst
bed, m r

r Bulk density of the catalyst bed,B

kg my3
c r

u Surface coverage of adsorbed hy-H

drogen
u , u U Surface coverage of chemi-O O

sorbed oxygen
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