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A model describing adsorption and desorption in a bed of porous catalyst pellets is presented.
The model has been used to simulate temperature-programmed desorption. In particular the effect
of a coverage-dependent heat of adsorption has been investigated and the consequences thereof for
commonly used interpretation methods are shown. It appears that the method in which the heating
rate is varied and the method using desorption rate isotherms yield values which roughly approach
the heat of adsorption used for the calculation of the desorption profiles in the case of the coverage-
dependent heat of adsorption. Adsorption experiments, either in a flow of adsorbate or under static
conditions, have also been simulated. If the net rate of adsorption is high, the catalyst surface is
covered frontwise. When the amount of adsorbate supplied from the gas phase is insufficient to

bring about complete surface coverage, nonuniform coverage results.

INTRODUCTION

Temperature-programmed  desorption
(TPD) is a technique often used to obtain
information on surface characteristics of
porous catalysts, e.g., surface area, activa-
tion energy of desorption, and mechanism
of desorption (I, 2). Although the experi-
mental technique is rather simple, the theo-
retical complexity involved in TPD means
that experimental studies commonly do not
fully exploit the information present in TPD
spectra.

In a few recent studies a theoretical anal-
ysis of TPD from porous catalysts has been
presented (3-6). In these studies a mathe-
matical model of the system is formulated
and the resulting nonlinear differential
equations describing the mass balances
(with imposed initial and boundary condi-
tions) are solved numerically. Such studies

! Present address: Philips Lighting B.V., P.O. Box
80020, 5600 JM Eindhoven, The Netherlands.

2 Academic Computer Center Utrecht, Budapest-
laan 8, Utrecht, The Netherlands.

© 1989 Academic Press, Inc.

offer the possibility of obtaining insight into
the effect of a change in a single experimen-
tal parameter. Thus, quantitative compre-
hension of TPD spectra is acquired. Vari-
ous authors reported on the effect of carrier
gas flow rate, carrier gas composition, cata-
lyst pellet size, catalyst bed volume, and
nonuniform initial coverage on desorption
from porous supported metal catalysts (4—
6). However, one should note that, given
the derived set of differential equations, re-
lations between the involved parameters
are imposed. Gorte has properly analyzed
these relationships in terms of four dimen-
sionless groups (3). From the above model
studies, it was also concluded that gas read-
sorption markedly affects the rate of de-
sorption in porous systems. Adsorption
equilibrium was found to be approached
very closely throughout the course of TPD,
when usual parameter values were substi-
tuted.

Model studies can also be used to test the
applicability of techniques to estimate pa-
rameters on the basis of TPD information.
Generally, these techniques do not take
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into account the mass transfer effects oc-
curring in porous catalysts. When such an
estimation method is applied to simulated
spectra, comparison of the calculated value
for a particular parameter with the model
input value yields information on the appli-
cability of the method. Rieck and Bell
tested the heating rate variation technique
in this way (4). The latter technique is ap-
plied to acquire values for the heat of ad-
sorption and the preexponential factors for
adsorption and desorption, provided ad-
sorption is not activated (I, 2). The heat of
adsorption appeared to be only slightly
overestimated (about 5%). As might be an-
ticipated from the equation for the rate co-
efficient, the values obtained for the preex-
ponential factors deviated considerably
from the input values (at least 200%).

The above-mentioned results were ob-
tained from model calculations based on
Langmuir adsorption and desorption kinet-
ics (7). Although these assumptions are
generally used in model studies, they have
at least one serious drawback; i.e., the heat
of adsorption is taken to be independent of
the surface coverage. However, this does
not agree with a multitude of experimental
results.

A number of catalyst characterization
techniques are based upon adsorption phe-
nomena. The distribution of the adsorbate
over the internal surface of the catalyst
may strongly affect the experimental
results. Obviously, the mathematical de-
scription for adsorption is analogous to that
for desorption. Hence, the model used
for the description of temperature-pro-
grammed desorption can be adapted easily
to the case of adsorption.

A more fundamental aspect of models de-
scribing adsorption and desorption in po-
rous catalysts lies in the possibility to relate
intrinsic kinetic parameters obtained on
single crystals with results obtained on po-
rous catalysts. The understanding of cata-
lytic behaviour will be improved when the
intrinsic kinetic parameters and transport
phenomena occurring in porous systems
are accounted for in a single model.
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The present paper deals with the follow-
ing:

(i) The models formulated elsewhere are
extended in order to calculate TPD profiles
with a coverage-dependent heat of adsorp-
tion. The thus calculated profiles will be
compared with the profiles predicted if the
heat of adsorption is taken to be constant.

(ii) The applicability of some techniques
used for the determination of the heat of
adsorption and the order of the desorption
reaction, such as heating rate variation, de-
sorption rate isotherm, skewness parame-
ter analysis, peak width analysis, and shape
index analysis, will be discussed in terms of
the coverage dependence of the heat of ad-
sorption.

(iii) The distribution of the adsorbate,
which is realized when a porous catalyst is
exposed to a limited amount of adsorbate,
is investigated. The results obtained are
discussed in relation to measurements of
the magnetization at low magnetic field
strength (8) for the case of some superpara-
magnetic supported catalysts.

(iv) Finally, the present authors hope to
provide sufficient data on the mathematical
procedures for others to be able to dupli-
cate the calculations. Unfortunately, pre-
vious papers report only rather sparse de-
tails on the mathematical computation
methods.

THEORY

In this section a model describing either a
temperature-programmed desorption ex-
periment or an adsorption experiment is
presented. The process is taken to occur in
a packed bed of spherical catalyst pellets.
The adsorbate is swept out of the reactor
into a flow of an inert carrier gas or into a
vacuum,

The following assumptions have been
made:

(i) The gas phase in the void volume of
the reactor bed is perfectly mixed, i.e., no
axial or radial concentration gradients are
present. Thus, the bed can be treated as a
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single continuously stirred tank reactor
(CSTR). When analysis reveals that the bed
should be described in terms of a number of
CSTRs connected in series, the model may
be extended (4, 9).

(ii) No temperature gradients are present
in the catalyst bed. The gas-phase tempera-
ture equals the temperature of the solid
phase.

(iii) External mass transfer effects are
negligible. This implies that the concentra-
tion of reactants and products at the exte-
rior surface of each catalyst pellet equals
the concentration in the gas phase.

(iv) Within the pores inside a catalyst
pellet, transport is only brought about by
diffusion. Convection is considered to be
insignificant.

(v) Reactions between adsorbate mole-
cules or between adsorbate and adsorbent,
such as disproportionation of CO or forma-
tion of volatile carbonyls, do not proceed.

(vi) Lag times due to detector and ther-
mocouple response are neglected.

The formulas in this paper resemble es-
sentially the equations that have been ana-
lyzed elsewhere. We prefer to adopt mainly
the nomenclature presented by Rieck and
Bell (4). Definitions of the symbols appear-
ing in the following equations are given in
Appendix 1.

The temperature increases linearly ac-
cording to

T(1) = Ty + Br. (M

The volumetric flow rate, Q, is given by
Q=0 T/T, (inert carrier gas) (2a)
0 = Qy (T/Tp)*? (vacuum). (2b)

Assuming Langmuir adsorption behav-
ior, the net rate of desorption from adsorp-
tion sites is given by

50

5 ak,Co(1 — 0)* — aksb™. 3)
The terms on the right-hand side express
the rates of adsorption and desorption. The
order of adsorption (a) is taken to be equal
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to the order of desorption. For nondissocia-
tive adsorption this order is unity; for disso-
ciative adsorption it equals two. Note that
both C, and @ are functions of the radial
position within a catalyst pellet.

According to the Kinetic theory of gases
the rate coefficient for adsorption (k,) can
be written as

ky = so(RT2eM)°*5a 4)

The rate coefficient for desorption from a
single adsorption site is given by

kg = kY exp(—E4/RT) (5)

The above equations imply that adsorption
1s assumed to be not activated;i.e., the heat
of adsorption is equal to the activation en-
ergy for desorption. As the heat of adsorp-
tion is known to depend on the fraction of
the surface covered with adsorbate, the ac-
tivation energy for desorption is taken to
decrease with increasing coverage accord-
ing to

Eq = ET™ — (E7™ — EF™0".  (6)

In this equation the exponent x can be
adapted to approach experimentally ob-
served behavior.

Within each catalyst pellet the following
material balance can be derived:
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The first term on the right-hand side of this
equation represents the change in the gas-
phase concentration due to the radial mo-
lecular diffusive flux of adsorbate. The sec-
ond term describes the change in the partial
pressure, brought about by desorption from
adsorption sites. Applying the random-pore
model the effective diffusion coefficient
(D.) is given by

D, = Dye} = 38RT/mM)*Sa,el. (8)

Note that this expression should contain
the pore radius aj, instead of the pore diam-
eter as mentioned elsewhere (4).

The solution of the above set of nonlinear
partial differential equations asks for speci-
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fication of both the imtial conditions and
the boundary conditions. The boundary
conditions defined at the border of the cata-
lyst pellets are of the type ‘‘integro-differ-
ential”’ (/0) and arise frequently in the
study of mass transfer through a boundary
layer.
The initial conditions (¢t = 0) are

C, =0 (for all r, except r = R)
Cb — C]i)nit
(in the case of desorption Ci™ = 0). (10)

®

The boundary conditions are
B8Cp/8r) =0 (r=0)
Cp = Cb

(11

(r=Ryp). (12)

As external mass transfer effects were
taken to be absent, the concentrations in
the effluent gas equal the gas-phase concen-
trations at the exterior surface of the cata-
lyst pellets.

The integro-differential boundary condi-
tion specifies the supply and removal of ad-
sorbate by convection and the diffusive flux
through the exterior surface of the catalyst
pellets,

8Cy _ QG QCy
ot Ve Vey
_3D: (1 = &) 3Gy
R, & o le&’ (13

The first term equals zero except for the
case of adsorption from a gas flow contain-
ing the adsorbate.

The numerical method used for solving
the set of differential equations given above
is described in Appendix 2.

RESULTS AND DISCUSSION
Desorption

The parameters used in the TPD simula-
tions are listed in Table 1. The catalyst
properties and the parameters describing
the adsorption and desorption kinetics are
representative for supported Group VIII
metal catalysts. Also indicated in the table
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TABLE 1

Parameter Values Used for the Simulations

R, 0.02cm M 28 g/mol
a, 1.0107%cm so 0.5
& 0.40 K] 10155
e 0.70 Eg 30 kcal/mol or 30-10 8 kcal/mol
ps  9.77 1073 mol/cm’ a 1
o 4.03 108 cm?/mol Qo 1.0-1000.0 cm?/s
VvV 0.063 cm? B 0.1-5.0K/s
To 298K

are the ranges examined for the mass flow
rate and the heating rate. Only first-order
adsorption and desorption kinetics are dis-
cussed here.

Benzinger and Madix have studied ther-
mal desorption of carbon monoxide from an
Fe(100) surface (/). These authors ob-
served four different desorption maxima,
peaking at 250, 340, 430, and 800 K. The
state desorbing at 800 K is attributed to dis-
sociated carbon monoxide molecules. We
do not consider the desorption of disso-
ciatively adsorbed carbon monoxide. Since
we assume the previous adsorption to be
carried out at room temperature, we also do
not consider the adsorption proceeding be-
low about 300 K. We assume that in our
desorption procedure only the molecularly
adsorbed carbon monoxide desorbing from
about 300 to 450 K is involved. The iso-
steric heat of the molecular adsorption of
CO on iron (at 298 K) is reported to vary
from about 30 kcal/mol at zero coverage to
about 20 kcal/mol at full coverage (12). The
experimentally observed behavior was ap-
proached assuming a linear rise of the acti-
vation energy for desorption from 20 to 30
kcal/mol as 8 decreases from full to zero
coverage. In addition, calculations were
performed assuming a constant activation
energy of desorption of 30 kcal/mol. This
was done to gain insight into the effect
of the coverage dependence of the activa-
tion energy for desorption and to facilitate
comparison with results reported else-
where.

The effect of variation of the activation
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CO desorption
8,510
Q=10cm’s
B=10K/s J
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F16. 1. Effect of the coverage dependence of the
heat of adsorption on TPD profiles. The maximum
pressure for the constant activation energy profile cor-
responds to 180 Pa. The pressures indicated refer to
room temperature concentrations (as actually de-
tected, e.g., with thermal conductivity detectors).

energy with fractional coverage is shown in
Fig. 1 for a carrier gas flow rate (Qo) of 1.0
mli/s, a heating rate (8) of 1.0 K/s, and a
uniform initial coverage (#) of 1.0. Under
these conditions adsorption equilibrium is
closely approached. The curve obtained for
the constant activation energy of 30 kcal/
mol is in good agreement with results pre-
sented by Rieck and Bell (4), when it is
taken into account that their results refer to
the gas-phase concentrations at the actual
desorption temperature, while the results
presented here refer to pressures at room
temperature. In the case of the smaller ini-
tial activation energy a rapid initial rise of
the pressure, due to the establishment of
the equilibrium pressure, is observed. The
small activation energy for desorption at
full surface coverage causes the amount of
adsorbate desorbing at low temperatures to
be relatively large. The maximum desorp-
tion rate is reached at lower temperatures
and at higher surface coverages than in case
of a constant (maximal) activation energy.
Also, the peak width is increased and the
asymmetrical shape, typical for first-order
processes with a constant activation en-
ergy, is not observed. This implies that
skewness parameter analysis, a method to
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determine the order of the desorption reac-
tion from a parameter calculation on the ba-
sis of symmetry of the peak, cannot be used
when the adsorption energy varies with the
surface coverage. Peak width analysis, in
which the activation energy for desorption
is obtained from the full peak width at one-
half or at three-quarters of the maximum
amplitude, is not valid either, since the cov-
erage dependence of the activation energy
largely affects the peak width. Also, shape
index analysis is applicable only in the case
of a constant activation energy. This
method uses the shape index, which is de-
fined as the ratio of the slopes at the inflec-
tion points of a single TPD curve, to deter-
mine the order of desorption and the
presence of readsorption. These slopes de-
pend on the magnitude of the activation en-
ergy and therefore their ratio will be influ-
enced by a variation of this energy during
the course of TPD. The above-mentioned
methods are described more extensively
elsewhere (2).

Figure 2 presents spectra obtained on
varying the uniform initial coverage. At de-
creasing initial coverage the peak maximum
is shifted to higher temperatures. In the
case of a coverage-dependent activation en-
ergy for desorption this shift is only partly
explained by an increased rate of readsorp-
tion, due to the larger fraction of unoccu-
pied sites. There is also a contribution from
the smaller rate coefficient for desorption,
caused by the higher activation energy for
desorption at low surface coverage. This
causes the TPD spectra for different initial
coverages to coincide at lower tempera-
tures and higher surface coverages than in
the case of a constant heat of adsorption.

The effect of a change in the rate of mass
transfer (due to either a flow of inert gas or
vacuum pumping speed) and the effect of a
change in the heating rate are as could be
anticipated from results reported elsewhere
(4, 5). At high mass flow rates large intra-
particle concentration gradients are pres-
ent. For a heating rate of 1.0 K/s and
full initial surface coverage the ratio Cy(r =
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Fi1G. 2. Effect of the initial coverage on TPD profiles. (a) Constant heat of adsorption, (b) coverage-
dependent heat of adsorption. Note the coincidence of the curves at the high-temperature flank in

case (b).

0)/C, equals 1.03 at a flow rate of 1.0 cm?/s,
whereas it equals 92 at a vacuum pumping
speed of 1000 cm?/s.

The heating rate variation technique is
often applied to obtain the heat of adsorp-
tion from measured TPD spectra (I, 2). The
heat of adsorption is obtained from the
slope of a plot of In(8/T3) versus (1/T,),
referred to as E4(8/T3), or from the slope of
a plot of In(N,) versus (1/T}), referred to as
E4(Np). The results for various sets of ex-
perimental conditions are listed in Table 2.
Irrespective of the initial coverage, the heat
of adsorption is estimated within 10% when
the heat of adsorption is constant. If the

TABLE 2

Values of the Heat of Adsorption Determined by
Applying the Heating Rate Variation Method

E{"™ (kcal/mol) [} Qo (cm3/s) EoBIT}) E4(Np)
30 1.0 1.0 31,003 31.0+0.2
1.0 1000.0 30515  305+14
0.2 Lo 325+ 1.1 325+ 11
0.2 1000.0 29312 294 %12
30-10 6 1.0 1.0 21+07  229=*07
1.0 1000.0 23.6+06 24206
0.6 1.0 25307 26107
0.6 1000.0 256 0.7 26207
0.2 1.0 279 * 1.1 28.5 + 1.1
0.2 1000.0 283+02 28602

Note. Heating rates of 0.1, 1.0, and 5.0 K/s were used for the calcula-
tions of the TPD profiles. Errors correspond to errors in the least-squares
approximation.

activation energy for desorption used for
the calculation of the spectra varies with
the surface coverage, the heat of adsorption
obtained using the heating rate variation
technique strongly depends on the initial
surface coverage. The rate of mass transfer
and thus the presence of intraparticle con-
centration gradients appear to be of minor
importance. The data given in the table
show that application of the heating rate
variation method to a series of TPD profiles
obtained at different uniform initial cover-
ages results in a rough indication of the
variation of the heat of adsorption with the
surface coverage.

Another method used to estimate the
heat of adsorption is the desorption rate
isotherm method (2). A series of TPD pro-
files obtained for various initial coverages
must be analyzed. Each point of a desorp-
tion curve corresponds to a desorption rate
(N,) at a given temperature (T;) and surface
coverage (0;). The area under the TPD
curve above T yields the surface coverage.
Determining N, and 6, at T for spectra with
different initial coverages and plotting In(V)
versus In(8/(1 ~ 8)) (the desorption rate iso-
therm) gives the order of desorption (a).
From a series of such desorption rate iso-
therms, plots of In(N) versus (1/T) can be
obtained at a fixed coverage. The activation
energy for desorption is obtained as a func-
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TABLE 3

Values of the Heat of Adsorption Determined by
Applying the Desorption Rate Isotherm Method

E;npul (kcal/mol) [’} Edexpected Eddetermined
30 0.20 30.0 30.2 £ 0.2
0.27 30.0 30.4 £ 0.2
0.40 30.0 30.4 = 0.2
0.60 30.0 30.2 £ 0.2
30-10 6 0.08 29.2 28.4
0.12 28.8 27.6
0.20 28.0 284 + 0.4
0.27 27.3 274 £ 0.2
0.35 26.5 27.6 £ 1.2
0.57 24.3 26.2
0.80 22.0 21.8

Note. TPD profiles were calculated for initial cover-
ages of 1.0, 0.6, and 0.2 in the case of the constant
activation energy. Initial coverages of 1.0, 0.9, 0.8,
0.7,0.6,0.5,0.4,0.3,0.2, and 0.1 were used in the case
of the coverage-dependent activation energy. When no
error is reported only two data could be used in the
least-squares approximation.

tion of the surface coverage from the slope
of these plots. The results are listed in Ta-
ble 3. The heat of adsorption is estimated
with good accuracy when it is independent
of the surface coverage. If the heat of ad-
sorption varies with the surface coverage, a
reasonable indication of the relationship be-
tween heat of adsorption and surface cover-
age is obtained. The inaccuracy is not due
to theoretical failing, but can be traced back
to the coincidence of TPD profiles for dif-
ferent initial coverages at the high-tempera-
ture edge. This means that the In(N) versus
(1/7T) plot is confined to a small number of
data in a limited temperature range, causing
large errors in the least-squares estimation
of the slope.

Adsorption

Adsorption experiments were also simu-
lated using the data listed in Table 1. The
initial adsorbate pressure in the interparti-
cle gas phase is represented by Cy(r = R,
t = 0), the adsorbate concentration at the
edge of the catalyst pellets. It is assumed
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that the surface coverage and the adsorbate
pressure in the pores initially equal zero.
Two types of adsorption experiments can
be distinguished, viz. dynamic adsorption
(the adsorbate is present in a gas flow
passed through the reactor) and static ad-
sorption (the catalyst is exposed to an
amount of adsorbate present in a fixed vol-
ume).

In the case of dynamic adsorption it is
observed that adsorption occurs as a front,
which gradually penetrates the catalyst pel-
lets (Fig. 3). The front is caused by the high
rate of adsorption, whereas the rate of de-
sorption at room temperature is small, due
to the large heat of adsorption (varying
from 30 to 20 kcal/mol). When the supply of
adsorbate is sufficiently large, the catalyst
surface is completely covered within a rela-
tively short time. Even in the case of adsor-
bate pressures in the inlet gas flow as low as
133 Pa the surface is saturated within 8 s.

When a partially covered surface is de-
sired, adsorption should be performed un-
der static conditions (Qy = 0 cm?®/s). As-
suming a total volume of the catalyst bed of
1.0 cm?, the solid catalyst volume (i.e., the
catalyst volume including intraparticle
pores, but excluding the interparticle void
volume) equals 0.6 cm? for &, = 0.4. When
the gas dosing volume is taken to be 600
cm? (a reasonable value for this kind of ex-

8s

05

CO adsorption
Q-10cmYs
T=298K

pc0=133 Pa

i 1
0 o5 | 10
/Rp

FiG. 3. Effect of the exposure time on the surface
coverage in the case of dynamic adsorption.
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Fi1G. 4. Effect of the initial adsorbate pressure on the
surface coverage in the case of static adsorption. The
dosing volume is included in the catalyst bed void frac-
tion.

periment), and assuming uniform adsorbate
concentrations throughout the gas phase,
this corresponds to an apparent catalyst
bed void fraction of 0.999. Hence, in de-
scribing static adsorption &, was taken
equal to 0.999; i.e., g, equals

(gas dosing volume + interparticle volume)
(gas dosing volume + interparticle volume’
+ solid catalyst volume)

The dosing volume is thus contained in the
catalyst bed void fraction. The resulting

COudsorption
EE:.QQQ

Ro=133Pa
T- 298K

1 1

o 5) 10

FiG. 5. Effect of the exposure time on the surface
coverage in the case of static adsorption.
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surface coverage within the catalyst pellets
after an exposure time of 1000 s is shown
for a number of initial adsorbate pressures
in Fig. 4. Figure 5 represents the surface
coverage as a function of the exposure time
for an adsorbate pressure of 133 Pa. As in
the case of dynamic adsorption, the outer
shells of the catalyst pellets are rapidly cov-
ered with adsorbate. When the amount of
adsorbate in the gas phase is small, almost
the entire amount of gas is adsorbed in a
few seconds and a rapid large drop of the
adsorbate pressure is noted. At room tem-
perature the redistribution of adsorbate
over the catalyst surface is very slow (Fig.
5), so a nonuniform surface coverage
results. However, when the adsorption ex-
periment is performed at a more elevated
temperature, the surface coverage becomes
more homogeneous (Fig. 6).

In the case of superparamagnetic cata-
lysts (e.g., small particies of Ni, Fe, or Co),
measurement of the magnetization at low
magnetic field strength for different surface
coverages yields the fraction of surface at-
oms relative to the total number of metal
atoms (the dispersion of the metallic
phase). The magnetization can be described
by the Langevin equation for low magnetic
field strength (Appendix 3). The dispersion
is obtained from the plot of the relative
magnetization (the ratio of the magnetiza-

—
10
COadsorption 298K
€b=,999
init
Rp-133F0
tadsorption=1000s
5]
398K
051 B
498K
o 1
05 r 10
/Rp

F1G. 6. Effect of the adsorption temperature on the
surface coverage in the case of static adsorption.
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TABLE 4

The Dispersion of the Catalyst as Calculated from
Low-Field Magnetization Measurements for
Homogeneous and Inhomogeneous Coverage

of the Catalyst Surface, Respectively

ny™in Calculated dispersion

Homogeneous coverage Inhomogeneous coverage

0.10 0.10 0.095
0.20 0.20 0.180
0.30 0.30 0.255
0.40 0.40 0.320

tion of the catalyst partly covered with ad-
sorbate and the magnetization of the uncov-
ered catalyst) versus the surface coverage.
The initial slope of this curve is propor-
tional to the dispersion. In Appendix 3 this
is shown to be valid only in the case of a
homogeneously covered catalyst surface.
When the adsorbate is present at the edge
of the pellets exclusively, the dispersion is
systematically estimated to be too low (Ta-
ble 4). It is seen that the error increases
with increasing dispersion, that is with
decreasing particle size. However, since
dispersions exceeding 20% are rare, the
dispersion is usually estimated with rea-
sonable accuracy when using the Lange-
vin low-field magnetization method.

CONCLUSIONS

(i) The coverage dependence of the heat
of adsorption strongly influences the onset
temperature of desorption, the desorption
rate maximum, and the shape of the TPD
profile. Therefore, a number of interpreta-
tion techniques are not applicable. Only the
heating rate variation technique and the de-
sorption rate isotherm method give insight
into the relationship between heat of ad-
sorption and surface coverage.

(ii)) Adsorption proceeds frontwise when
the net rate of adsorption is high. An inho-
mogeneous fractional surface coverage
results when the amount of supplied adsor-
bate is not sufficient to cover the entire cat-
alyst surface. A homogeneous fractional
coverage can be obtained only by exposing
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the catalyst to the adsorbate at high temper-
atures.

APPENDIX 1: NOMENCLATURE

a, average pore radius (cm)
C, interparticle gas-phase concentration
of adsorbate (mol/cm?)
adsorbate concentration in the inlet
gas flow (mol/cm’®)
C, intraparticle gas-phase concentration
of adsorbate (mol/cm?)
D, effective diffusion coefficient (cm?/s)

Dy  Knudsen diffusion coefficient
(cm?/s)

Ey activation energy for desorption
(kcal/mol)

E™ activation energy for desorption at
zero coverage (kcal/mol)

Efin  activation energy for desorption at

full coverage (kcal/mol)
k, rate coefficient for adsorption (cm?/
mol s)
kg rate coefficient for desorption (s~')
K5 preexponential factor for desorption
(s7")
molecular
(g/mol)
weight of catalyst (g)
rate of desorption (mol/s)
maximum rate of desorption (mol/s)
rate of desorption at T (mol/s)
adsorbate pressure (Pa)
volumetric mass flow rate at T
(cm3/s)
Qo  volumetric mass flow rate at T
(cm?/s)
R gas constant (kcal/mol K)
R, pellet radius (cm)
r radial position within pellet (cm)
So initial sticking coefficient
T temperature (K)
T, temperature for which the desorp-
tion rate is maximal (K)
T, specific temperature (K)
T initial temperature (298 K)
t time (s)
Vv total volume of catalyst (cm?)
X exponential factor for the coverage
dependence of E4

<

weight of adsorbate
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« order of reaction

B heating rate (K/s)

€ catalyst bed void fraction

£p catalyst pellet void fraction

] fractional surface coverage

6, fractional surface coverage at T,

0 fractional surface coverage at T

[N fractional surface coverage at T

Ps concentration of adsorption sites
(mol/cm?)

o area of adsorption site (¢cm?/mol)

APPENDIX 2

The method used for solving the set of
nonlinear partial differential equations is
outlined briefly.

The distance from the center of the cata-
lyst pellets (r = 0) to the outer edge of the
pellets (r = R,) is divided into N intervals
[Ri_1, Rj], with i varying from 1 to N, such
that the following holds: Ry = 0, Ry = Ry,
Ry < R, < - - < Ry. The results are within
the acquired accuracy when the pellet ra-
dius was divided into 20 equidistant inter-
vals; i.e., N=20and R, — R-y = R is
constant. The program can easily be
adapted to any number of intervals, which
eventually may be taken nonequidistant.

All first- and second-order spatial deriva-
tives, appearing in Eqgs. (7) and (13), are
estimated by expanding the functions in a
Taylor series. The Taylor expansions were
confined to the first three terms. In this way
the first-order derivative of a function v at
position x, v'(x), can be approximated by
expansion of v(x + A) and v(x — hy):

vix + hy) = v(x) + hyt'(x)

+ (B2 (x) + - - . (A-D)
v(x — hy = v(x) — h'(x)
+ BI2'(x) — - . (A-2)

By multiplying Eq. (A-1) by &, and Eq. (A-
2) by h; and subtracting the thus obtained
equations, an approximation for v’(x) is ob-
tained in terms of v(x), v(x + hy), v(x — hy),
hy, and h;y:

v'(x) = [ho(x + h) — hiv(x — k)

= {h; — M) 2hh,. (A-3)
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The second derivative can be obtained anal-
ogously and is represented by

V'(x) = 2[hv(x + hy) + hv(x — hy)

— {hy + hvOVhih, + hik3). (A-4)
For x = R; and h; = h, = AR we obtain
v'(R) = [V(Ri+1) — V(Ri-)])/2AR  (A-5)

V'(R) = [U(Ris1) + v(Ri-1)

— 2u(R)I/AR?. (A-6)

Since v(Ry+) does not exist, the first-order
derivatives at the edge of the pellet are ap-
proximated by using a single Taylor series:

v(Rn-1) = v(Ry — AR) = v(Ry)

— ARV'(Ry) + (AR 2)W'(Ry) — - -+ (A-7)
from which follows that
U'(Ry) = [(Ry) — v(Rn-D]/AR. (A-8)

The above described spatial discretiza-
tion of the system results in a set of nonlin-
ear rigid ordinary differential equations
(ODEs), used for the calculation of cover-
age and pressure at 20 shells within the cat-
alyst pellet as a function of time. The time
intervals at which the coverage and pres-
sure had to be calculated depended on the
rate at which the solution changed: at the
start of the calculation, very small time in-
tervals (10~ s) were necessary. These in-
tervals could be rapidly increased and after
about 1 s of simulated desorption, intervals
of the order of magnitude of 1 s could be
chosen.

The set of differential equations has
been solved using the integration routine
LSODE (I3). The time needed for the cal-
culation of a single TPD profile was about
10 CPU seconds on a CDC CYBER 180/855
under NOS/BE.

APPENDIX 3

The magnetization at low magnetic field
strengths of a ferromagnetic catalyst with
uniform metallic particles, exhibiting super-
paramagnetism, is given by

My = Nypn’m*H/3KT. (B-1)
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Ny, is the number of ferromagnetic parti-
cles, n the number of atoms in a ferromag-
netic particle, m the magnetic moment of a
ferromagnetic atom, and H the magnetic

field strength.

Whan it 1¢ ag su mad that ata at tha
vy ll\.tll 1L 19 adosu 1uvu tllul ll«a uLUlllO UL L1iw

surface of a ferromagnetic particle are mag-
netically decoupled upon adsorption of a
probe molecule, the magnetization in the
case of homogeneous adsorption is given

by
M, = Nyp(n — n,’m*H/3kT. (B-2)

Thus the relative magnetization can be ex-
pressed as

M./ My = 1 — 2(n/n) + (na/n).
d

I Tcnc\“u
Qa1

(B-3)

/"max
Sus Mal Tig .

Since ny®* is the number of surface atoms
magnetically decoupled at full surface cov-
erage, n./ny™* equals the fractional surface
coverage 6. The initial slope of the plot of

M,/ M, versus n,/n3™* is given by
=0 = —2(n3*/n).

8(MJ./My)/d(n/ni™)
(B-4)

max

The dispersion of the metallic phase (rny*/n)
can be obtained from the initial slope of the

max

plot of M./M, versus n,/ny**.
the

(841w}

\xlhpn QII
YYiIvil Qi

present at the edge of the catalyst pellets,
the ferromagnetic particles at the center of
the catalyst pellet are not covered at all,
whereas the ferromagnetic particles at the
cugc arc 1uuy covered. When 1va is the
number of ferromagnetic particles fully

covered, the magnetization is given by

a = [(pr - a)n2m2H
+ Ny(n — n™2m2HY/3ET. (B-S)

¥a FE ST 4

However,

adsorbate is

QAUSVUL UGy

The relative magnetization is

MMy = 1 — 2(N./Nip)(n™/n)

+ (No/ Nep)(ng™/n)*.  (B-6)

When comparing these two ways of adsorp-
tion, N,/Njg, with nonuniform adsorption

w
~3
(&)

max with uniform adsorp-

should equal n./n} nif
tion; i.e., in both cases the amount of ad-
sorbate should be the same. Therefore Eq.

(B-6) can be written as
M,/ My =1 — 2n,/n) + (nan?>/n?)  (B-7)
and thus

Qf ! N\ .. [ Mmaxy/
O\ M5/ Vi) O\Fla/ Py )i =0

=2(nT™*/n) + (nM**/n)?.

(B-8)

From the latter expression it is seen that the
dispersion is systematically underestimated

urh the curface coverage 1 inhamooee-
vnen nge suriace cove agv is Auuuulusv

neous.
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