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A model for temperature-programmed desorption from a packed bed of spherical particles is
presented. It is shown that the conclusions and criteria derived in an earlier paper for a slab in a
CSTR apply to this experimental configuration as well when the parameters are properly defined
(R.J. Gorte, J. Catal. 75, 164, 1982). Dimensionless groups of easily measured catalyst parameters
are presented which enable the experimenter to determine when complications due to readsorp-
tion, concentration gradients in the particles, lag times due to diffusion and hold-up in the sample
cell, and gradients along the length of the catalyst bed are important. It is shown that the activation
energy of the desorption process may not be the heat of adsorption when diffusion in the particles is
activated, such as is the case with zeolites. Another important result is that concentration gradients
along the length of the bed will be difficult to eliminate without using flow rates high enough to
cause gradients in the particles. Conditions for minimizing difficulties and for determining the

proper interpretation are given.

INTRODUCTION

Temperature-programmed  desorption
(TPD) is being increasingly used for charac-
terizing porous catalysts. However, several
recent papers have shown that interpreta-
tion of the results may be complex, even
when the experimental configuration is sim-
ple (1, 2). These papers have shown that
the TPD curves obtained may not be indica-
tive of the desorption kinetics. The cou-
pling of readsorption and mass transfer ef-
fects with desorption can raise the peak
temperature of the TPD curve several hun-
dred degrees, even when very high carrier-
gas flow rates are used. Reick and Bell (3)
have extended this work by showing that
these complications can occur in desorp-
tion from packed beds. Their numerical cal-
culations show that, besides readsorption,
one must be careful to avoid concentration
gradients within the catalyst particles and
along the length of the bed.
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In this paper, we present a general analy-
sis of desorption from a packed bed. We
will show that the dimensionless parame-
ters defined by one of us in a previous paper
(2) are valid for the packed-bed configura-
tion when the variables are properly de-
fined. In that paper, four parameters were
given which could be used to determine the
importance of lag times due to flow of ad-
sorbate out of the particles and the sample
cell, the importance of concentration gradi-
ents in the particles, and the importance of
readsorption at high carrier-gas flow rates.
Besides showing the validity of these pa-
rameters for a packed-bed configuration,
two new parameters were determined
which indicate the importance of readsorp-
tion at low carrier-gas flow rates and of gra-
dients along the length of the bed.

MODEL

We consider the packed bed to consist of
N porous spherical particles of radius R, as
shown in Fig. 1. The carrier gas flows
through the bed and past the particles. Con-
vection through the particles is negligible
since the catalyst pores are so small that
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F16. 1. Schematic representation of the packed-bed
sample cell and the enlarged porous particle.

diffusion is much faster. We assume that
the particle diameter is small relative to the
bed dimensions so that the gas concentra-
tion is the same around the entire external
surface of the particle. Mass transfer from
the edge of the particles to the flowing car-
rier gas is considered to be fast and radial
mixing in the bed is perfect.

With these conditions, we can write ma-
terial balances on the surface and gas-phase
concentrations, # and ¢, within each indi-
vidual particle.

Using the dimensionless variables
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These are essentially the same equations
that have been analyzed elsewhere (I—4).
They assume first-order desorption and the
ideal gas flux to the surface, Fec. The stick-
ing coefficient, s, can be a function of cov-
erage and temperature. The diffusivity, Dp,
may be a function of temperature but is as-
sumed to be independent of concentration.

The surface and gas concentrations are
also functions of the dimensionless position
of the particle in the bed, defined as ¢ = z/
L. This dependence is determined by the
initial and boundary conditions. The initial
conditions for all n are at

=0, 6=1, 3)
and
v=20 4

The boundary conditions for each particle
are at
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The term (VDg/QLY/(9°V/a¢?) represents
the back-mixing of the carrier gas. Dy is a
dispersion coefficient which takes into ac-
count fluid mixing as well as diffusion. Cor-
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relations can be found for calculating Dy
(5, 6).

To determine the importance of concen-
tration differences along the length of the
bed, we will analyze the two limiting cases
for axial dispersion. When there is perfect
back-mixing, Eq. (6) is replaced by the
equation for a continuous stirred-tank reac-
tor (CSTR), at

eV _B_
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With this boundary condition, Egs. (1)-
(5) are identical to those equations analyzed
in previous papers (I, 2). The only differ-
ence is that the area available for diffusion
out of the solid is replaced by 47R?N, the
external surface area of all the particles in
the bed. When there is no back-mixing, Eq.
(6) reduces to the equation for a plug flow
reactor (PFR) at

7n = 1 (CSTR),

where
£§=0, v=20 (8a)

In this dimensionless form, several pa-
rameters become apparent. We will next
discuss these parameters and show their
significance.

RESULTS

The important parameters for TPD from
a packed bed are listed in Table 1. Four of
these have been discussed in a previous pa-
per for a CSTR configuration (2); however,
they are applicable to a packed bed as well,
regardless of the importance of axial mix-
ing. Two new parameters are also listed
which indicate the importance of readsorp-
tion at low carrier-gas flow rates and the
extent of axial mixing.

The group egVB/Q(T; — Tp) is the ratio of
the average residence time of the carrier-
gas, egV/Q, to the time span of the experi-
ment (T; — To)/B. If this parameter is greater
than 0.01, the concentration measured at
the reactor exit does not reflect the rate of
desorption. Gas molecules desorbing simul-

egY ov .
= 1 (PFR), —Bé— T f T 3 taneously from different parts of the bed
f ) 097 are detected at different times. This prob-
_ v N 4mR*NDp (_ 3_U> ) lem must be considered but is easy to avoid
o¢ OR on experimentally.
TABLE 1
Parameter Definition Observed effect Ideal requirement
gV Residence time Convective lag Must be <0.01 for
ATy — To) of carrier gas negligible lag
Time constant for Diffusive lag Must be <0.01 for
epR’B diffusion out of negligible lag
DT — Ty an individual
particle
OR a Ratio of carrier-gas Particle concentration Must be <0.05 for
T RND. flow rate to rate gradients negligible gradients
F of diffusion
QL2 Ratio of carrier-gas Bed concentration Must be <0.1 for CSTR
VDy flow rate to axial gradients
mixing
apsFR? Ratio of adsorption Readsorption at Must be <1 for
2Dy rate to diffusion infinite flow rate negligible readsorption

rate
apsFV(1 — ep) Ratio of adsorption
0 rate to carrier-
gas flow rate

Must be <1 for
negligible readsorption

Readsorption at low
flow rate

< Total surface area 47R?N = 3W/pR.
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The parameter describing time lags due
to intraparticle diffusion is &,R*8/Dyp(T; —
To). This group is the ratio of the diffusion
time constant to the time span of the experi-
ment. The time constant is the quantity of
gas in a particle, #wR3s,c, divided by the
characteristic rate of diffusion, 4wR?D(c/
R). Like the dimensionless residence time
for the carrier gas, this parameter should be
kept less than 0.01. It cannot be used to
determine the importance of concentration
gradients within the particle.

The importance of concentration gradi-
ents in the catalyst particles is determined
by the value of QR/4wR?NDp. This is the
ratio of the rate of adsorbate removal by the
carrier gas, Qc, to the characteristic rate of
diffusion. Concentration gradients will be
significant when this parameter is greater
than 0.05. If it is greater than 10, the flow
rate may be considered infinite since the
mass transfer process is then diffusion lim-
ited. While this criterion is strictly true only
for the CSTR limit, it is reasonably accu-
rate even under plug flow conditions. In a
PFR, some gradients will always exist in
the particles at the bed entrance, but the
fraction of the bed for which this is impor-
tant will be negligible when this parameter
is small.

When high carrier-gas flow rates are used
and desorption is diffusion limited, read-
sorption is important if the characteristic
adsorption rate, §wR%apsFc, is greater than
the intraparticle diffusion rate, 4mR2Dp(c/
R). If apsFRYmDp is greater than unity,
readsorption will be important even for infi-
nite carrier-gas flow rates. When flow rates
of the carrier gas are low enough so that no
gradients are present in the particles, the
importance of readsorption is determined
by the ratio of the adsorption rate to the
rate of adsorbate removal with the carrier
gas, apsFV(1 — &g)/Q. These parameters
are frequently much greater than one, indi-
cating that readsorption can often signifi-
cantly increase the observed peak tempera-
ture.

The final parameter, QL% VDy, is the Pé-

clet number. It determines the extent of
back-mixing in the packed bed. When this
number is less than 0.1, the bed can be ade-
quately modeled as a CSTR (5, 6). Since
the measured concentration in a TPD curve
is proportional to the rate of desorption
only for the CSTR equation, it is very im-
portant that this criterion be met. Accord-
ing to correlations by Butt (J), it may be
very difficult or impossible to accomplish
this. The high flow rates necessary to make
QL*VDg small by increasing the back-mix-
ing may cause gradients in the particles.

CALCULATIONS
CSTR Limit

The equations in the CSTR limit are iden-
tical to those presented in previous papers
(1, 2) and the analysis will be the same. The
only difference is that the area for diffusion
out of the catalyst is identified as the exter-
nal area of the particles in the bed, 47R?N.
This area can be easily evaluated from the
weight of the bed, W, by

47R’N = 3W/pR )]

It is important to notice that this area will
increase with the size of the bed but de-
crease as the particle size is increased. De-
creasing the size of the bed, a test some-
times used for determining the importance
of readsorption, can lead to concentration
gradients according to the criterion pre-
sented here.

PFR Limit

The only difference between the PFR and
CSTR limits is in the boundary condition at
n = 1. Consequently, all of the dimension-
less parameters important for the CSTR
model apply to the PFR as well. The differ-
ence in the models results in a difference in
the interpretation of QR/4wR?NDy, the pa-
rameter that determines the existence of
concentration gradients in the particles.

To determine the criterion for the exis-
tence of concentration gradients in the parti-
cles of a PFR, we will follow the same pro-
cedure as had been used for the CSTR in a
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previous paper (2). If we assume the lag
egVB/Q(T; — To) is small, the equation for
the PFR reduces to

_ dv _ 4wR’NDp ( au>
mho%TTor e

If desorption occurs evenly throughout the
bed,

ol  _vm=1
a§n=l~ f

When readsorption occurs at different rates
along the bed, this will not be exactly true;
however, this approximation is useful for
illustration. Substituting this into Eq. (10)
gives at

(11)

_ T(_avy_1_OR
n=L 3 ( an> = earronND, 12
For order of magnitude purposes,
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Therefore, 1/v(— dv/om)|,-1 is a measure
of the concentration gradients in the parti-
cle. If the readsorption is important, as it
usually is, the rate of readsorption will
change considerably from the center to the
edge of the particle if the concentrations
are significantly different. We arbitrarily
choose that this concentration gradient
should be less than 5%. From Eq. (12), one
can see that, unlike for the CSTR, the im-
portance of gradients depends on the posi-
tion in the bed, £.

At the entrance to the bed, where £ is
small, there will always be gradients. This
is due to the fact that the first particles will
have zero concentration at their bounda-
ries. Therefore, the criterion for preventing
concentration gradients should be more
conservative for the PFR than for the
CSTR. However, this will affect only a
small portion of the bed. Also, some back-
mixing will always occur in practice and it
seems unnecessary to make the criterion
more conservative. Since it is difficult to
determine QR/4wR®:ND, to better than

within a factor of two, one should not per-
form experiments too closely to this limit-
ing condition. Therefore, the condition for
determining the importance of gradients in
the particles of a packed bed is the same as
presented in a previous paper, whether or
not the system acts as a CSTR.

High Flow Rate

For values of QR/4mR?ND),, greater than
10, desorption is diffusion limited for both
the CSTR and PFR cases. At these condi-
tions, the CSTR and PFR are identical be-
cause the concentration outside the particles
approaches zero for both. In a previous pa-
per (2) it was shown that, for first~order
desorption with a coverage-independent
sticking coefficient, the effective desorp-
tion rate constant is

kq
apsFR?
1+ 2=
kg Dp
If apsFR%wD, is much less than 1, the
effective rate constant is the true rate con-
stant, ky. If apsFR?/n*D, is greater than 10,
as is often the case, the effective rate con-
stant is

ket = (14

mT 2Dp

off = apsFR: kg (15)

When Eq. (15) applies, techniques used
to analyze the desorption rate, such as
varying the heating rate or making Arrhe-
nius plots of desorption rates at constant
coverage, will measure the activation en-
ergy of k. If D, or s is activated, such as
may be the case for zeolites or small pore
adsorbants, the measured rate constant will
have a reduced preexponential and an acti-
vation energy that is the sum of the activa-
tion energies of kg, D, and 1/s.

In most cases, desorption is not ideal first
or second order. The activation energy for
desorption is frequently a function of cov-
erage. When gradients are present in the
particles, the coverage variation from inner
to outer parts of the particles will clearly
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make the TPD curves too complex to ana-
lyze. Because of this, these high flow rate
conditions should be avoided when possi-
ble.

Low Flow Rate

When the lag time due to hold up of ad-
sorbate in the sample cell is negligible and
there are no gradients in the particles (low
), the TPD curve for a CSTR can be ana-
lyzed in the way suggested by Cvetanovic
and Amenomiya (7). Equation (7) becomes

v= Ls_g)_" (kg — apsFv)
0
In this case, the effective desorption rate
constant is

(16)

kq
apsFV(1 — ep)
Qo

When apsFV(1 — ep)/Q is much less than 1,
the effective rate constant has the true
value of k3. When apsFV(1 — gp)/Q is large,
which is usually the case, the rate constant
becomes

ket =

(17)
1+

0
o~ apsFV(1 — €p)

which is smaller than k4.

For a PFR, desorption may not occur
evenly along the length of the bed due to
the changing concentration with position in
the bed. Also, the concentration is not sim-
ply proportional to the desorption rate. The
applicable equation for a PFR with negligi-
ble intraparticle gradients is

v (1 — ep)V

%= o (o~ apsFu) (19)

kq (18)

at
éE=0, v=20 (19a)

A simple effective desorption rate constant
cannot be calculated from this.

To determine the importance of the dif-
ferences between a CSTR and PFR, we
have solved Egs. (16) and (19) numerically

T T T T T T
- -
S=0
Iy a
Q= ®
PFR
CSTR
1
400 500 600 700 800 900
T(K)

FiG. 2. Calculated TPD curves for desorption from a
porous catalyst in a packed bed using the parameters
ap = 1.6 m¥cm?, F = [RT27(28 g/mole))'2, S =1 — 6,
kg = 108 exp (—30) kcal/mole/RT)/s, egV = 0.01 cm?,
Q = 1cm?s, g, = 0.58, Dp = 0.066(7/300 K)\2 cm?/s, R
= 0.01 cm. The PFR and CSTR limits are shown for
the case where concentration gradients do not exist
within the particles. The peak temperature for the infi-
nite flow rate limit is indicated by the arrow. This
shows that readsorption is important at all flow rates.

for typical catalyst parameters. The result-
ing TPD curves are shown in Fig. 2. The
TPD curve for both at zero readsorption is
shown for reference. Also, the peak tem-
perature for infinite Q, the diffusion limited
case, is indicated by the arrow. For this
example, readsorption cannot be elimi-
nated by high Q.

As expected, readsorption shifts the peak
temperature considerably. The peak tem-
perature for the PFR is slightly lower than
for the CSTR. This will be true in general,
since the PFR will tend to flush adsorbate
from the particles at the entrance to the
bed. More important, the shape of the
curve from the PFR is considerably differ-
ent from the CSTR and analysis which as-
sumes that the measured concentration is
proportional to the desorption rate will be
in error. As with the situation when gradi-
ents exist in the particles, desorption in a
PFR does not occur evenly throughout the
bed and serious problems will occur when
desorption is not simple first order.
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Dispersion

Since desorption from a PFR can be diffi-
cult to analyze, it is important to know the
extent of backmixing in the reactor and to
determine when the CSTR model is valid.
For the dispersion model, the analogous
equation to (10) is at

= 1 - _‘il)_B_@ + @
n=1L QLZ FYZNFY:
_ 4mRNDyp [ v
=0k ") @
at
_ VDB Jov _
f - 05 v QL2 a§ =0 (203)
at
v
éE=1, &; =0 (20b)

When VDg/QL? is greater than 10, this
equation predicts the same desorption
curve as would be obtained for the CSTR.

Since Dy is a dispersion coefficient which
takes into account fluid mixing as well as
diffusion, one must use correlations to cal-
culate this parameter. These can be ob-
tained from other sources (5, 6). It is im-
portant to note that very high flow rates are
needed to make VDg/QL? greater than 10,
since Dy is a strong function of Q. In fact,
the correlation given by Butt does not ex-
tend to flow rates high enough for this to
occur. Also, the use of high flow rates will
lead to concentration gradients in the parti-
cles themselves, a situation which, as we
stated previously, should be avoided. Rieck
and Bell (3) have suggested that this prob-
lem can be avoided by using very short
beds, only several particle sizes in length.
While this will work, care must be taken so
that the weight of the bed is not so small
that even low flow rates cause gradients in
the particles.

SUMMARY

From the governing equations and the
above discussion, it can be seen that the

parameters defined and discussed previ-
ously for the CSTR (2) can be applied in the
same way to the packed-bed reactor. It has
been found that equilibrium readsorption
will often occur in the desorption process.
Because of this, it is important to avoid
concentration gradients, both radial gradi-
ents within the particle and axial gradients
in the bed. To avoid gradients within the
particle, one must run the experiment with
a low carrier-gas flow rate. Under these
conditions, a new parameter which deter-
mines when readsorption will be important
can be defined. To avoid axial concentra-
tion gradients in the bed, the Péclet number
must be considered. Correlations indicate
that complete back-mixing may not be pos-
sible without inducing concentration gradi-
ents within the particles.

APPENDIX: NOMENCLATURE

N  number of particles in the bed

R radius of the particles

adsorbate coverage

gas-phase concentration

s sticking coefficient

kg  desorption rate constant
effective desorption rate constant
g,  particle porosity

eg  bed porosity

particle diffusion coefficient

bed dispersion coefficient

a  particle surface area (m%/g)

p particle density

L  bed length

V  bed volume

W bed weight

@  carrier-gas flow rate
B heating rate (K/sec)
Ty initial temperature
T; final temperature

F  (RT2aM)"? (cmm/sec)
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