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A theoretical analysis is presented for temperature-programmed desorption (TPD) from a bed of 
catalyst perfused by a flow of carrier gas. The bed is modeled either as a single CSTR or as multiple 
CSTR’s connected in series. The number of CSTR’s required is governed by the product of 
Schmidt and Reynold’s number, ScRe. The model developed in this paper is used to calculate TPD 
spectra for the desorption of CO and H2 from the surface of a Group VIII metal. It is established 
that the position and shape of the spectra are sensitive functions of catalyst particle size, catalyst 
bed depth, carrier flow rate, and carrier gas composition. The effects of nonuniformities in the 
initial distribution of adsorbate are also examined. For small particle diameters, such nonuniformi- 
ties are rapidly annealed by intraparticle diffusion, and as a consequence have little effect on the 
shape or position of the TPD spectrum. For larger particle diameters, distortions of the spectrum 
due to nonuniform adsorbate distribution are expected. The theoretically generated TPD spectra 
are used to evaluate the applicability of a relationship developed for describing equilibrium desorp- 
tion in the absence of mass transfer effects. Reasonably accurate estimates of the enthalpy of 
adsorption can be obtained from this relationship, but its use to determine the preexponential factor 
for desorption produces large errors when significant mass transfer effects are present. 

INTRODUCTION 

Temperature-programmed desorption 
(TPD) spectra obtained from porous sup- 
ported catalysts can be strongly influenced 
by the effects of gas readsorption and diffu- 
sional mass transfer, as well as by the in- 
trinsic kinetics of desorption (Z-6). As a 
consequence, the interpretation of such 
spectra to determine the order and rate pa- 
rameters for desorption of a given species is 
more difficult than for the case of desorp- 
tion from nonporous samples, such as sin- 
gle crystals, films, and foils. Two recent ef- 
forts have analyzed the problem of TPD 
from porous samples, with the aim of estab- 
lishing the influence of readsorption and 
mass transport effects on the position and 
shape of TPD peaks for a first-order desorp- 
tion process. Herz et al. (3) have carried 
out an analysis for CO desorption from a 
thin wafer of supported Pt, both into a car- 
rier gas and into vacuum. Their results indi- 

cate that for conditions representative of 
those used in experiments with supported 
Group VIII metals, adsorption effects can- 
not be neglected, and that adsorption equi- 
librium is closely approached at each point 
in the sample. Significant gradients in the 
concentration of CO within the sample 
were predicted for thick samples and high 
gas flow rates (desorption into a vacuum). 
By nondimensionalizing the equations used 
in the model given by Herz et al. (3), Gorte 
(4) has been able to characterize the prob- 
lem in terms of four dimensionless groups. 
The magnitude of these groups determine 
which physical phenomena are most impor- 
tant. Gorte (4) concluded that concentra- 
tion gradients within the sample can be 
eliminated by appropriate selection of sam- 
ple thickness and carrier flow rate. Read- 
sorption, however, cannot be eliminated 
for any reasonable combination of condi- 
tions. It was also demonstrated that the lag 
time for sample measurement and the lag 
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time for gas to diffuse out of the pores can 
be made negligibly small, thereby eliminat- 
ing any complications due to lag times. 

This paper presents an analysis for TPD 
from a bed of catalyst perfused by a flow of 
carrier gas, a configuration used frequently 
in experimental studies of TPD from porous 
catalysts (6). Consideration is given to the 
influence of carrier flow rate, carrier com- 
position, catalyst particle size, and catalyst 
bed depth for both first- and second-order 
desorption processes. The influence of spa- 
tially nonuniform adsorption is also exam- 
ined. The theoretically generated TPD 
spectra are then analyzed in the light of the- 
ory developed for the case of equilibrium 
readsorption, in the absence of intraparticle 
or interparticle mass-transfer effects. The 
purpose of this phase of the work is to es- 
tablish the extent to which the equation, 
describing peak position as a function of 
heating rate, can be used to determine the 
activation energy and preexponential factor 
for desorption. 

THEORY 

Temperature-programmed desorption is 
taken to occur from a fixed bed of catalyst 
into a flowing carrier gas that passes 
through the bed. The bed is modeled either 
as a single Continuously Stirred Tank Reac- 
tor (CSTR) (7) or as a series of smaller 
CSTR’s, as shown in Fig. 1. Within each 
CSTR, the gas composition in the voids be- 
tween individual catalyst particles is as- 
sumed to be constant. The number of 
CSTR’s required to describe the behavior 
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FIG. 1. Schematic of catalyst bed. 

of the bed properly depends on the extent 
of axial dispersion. For a fixed bed of parti- 
cles, the distance over which a portion of 
the bed can be treated as a CSTR is given 
b(7) 

AZ 2 
D,=Fe (1) 

0.6 1 
= ScRe + [l + 3.8&Y&e)] 

where 

ScRe = % 

Definitions of the parameters and variables 
appearing in Eqs. (1) and (2) are given in the 
Appendix. 

A plot of Eq. (1) is presented in Fig. 2. At 
high values of ScRe, AZ/D, = 1.0. As the 
value of ScRe decreases, the magnitude of 
AZ/D, decreases to a minimum at ScRe = 2, 
and then increases rapidly for lower values 
of ScRE. Using Eq. (1) or Fig. 2, the num- 
ber of CSTR’s connected in series can be 
defined by 

Lb m 

N = z = ~Rb2Dppp(l - &b) 

During TPD, the desorbed gas diffuses 
through the pores of a particle until it 
reaches the exterior surface of the particle, 
where it is swept away by the flow of car- 
rier gas. As the temperature of the bed in- 
creases, the carrier flow rate increases in 

FIG. 2. Plot of AzlD, versus ScRe. 
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accordance with the expression 

Q = QoWTo) (4) 

The temperature of the gas and solids in 
the bed are assumed to be equivalent and 
independent of bed position at all times. 
This allows a single temperature to be used 
to describe the desorption process. At any 
moment in time the temperature is given by 

T= T,, + ,& (5) 

The desorption of gas within each CSTR 
is governed by three mass balances. The 
first, given by Eq. (6), describes the net loss 
of mass from the adsorption sites located 
within the pores of the catalyst particles. 

de. 
-2 = nk,c,,;(i - e,)n - t2kdein at (6) 

The first term on the right-hand side of Eq. 
(6) describes the rate at which gas in the 
pores adsorbs onto vacant sites, while the 
second term on the right-hand side of Eq. 
(4) describes the rate of desorption from oc- 
cupied sites. Notice that the equation is 
written for general nth order desorption ki- 
netics. The rate coefficients k, and kd are 
functions of temperature and are repre- 
sented by Eqs. (7) and (8) 

(7) 

kd = kdo exp( -EdlRT) (8) 

The second mass balance is one written 
for a differentially thick spherical shell lo- 
cated within an individual catalyst particle. 
This is given by 

The first term on the right-hand side of Eq. The model outlined in the preceding sec- 
(9) describes the radial gradient in the diffu- tion was used to simulate the temperature- 
sive flux, whereas the second term de- programmed desorption of CO and Hz from 
scribes the net rate of desorption from sites a supported metal catalyst. The rate param- 
located at radial position Y inside a given eters used to describe the adsorption and 
particle. The effective diffusivity D, is desorption of both gases are given in Table 
taken to be representative of Knudsen dif- 1 and are representative of values reported 
fusion and is given by in the surface science literature for Group 

D, = Dpp2 

“2 
G%* (10) 

The initial condition for Eq. (9) is 

Cp,i = 0 for all Y (11) 

and the boundary conditions for Eq. (9) are 

8Cpi _ 
--i-o 

ar forr = 0 (12) 

and 

cp,i = Cb,i for r = R, (13) 

The third mass balance is that written for 
an individual CSTR and is represented by 

dcbi A = $!$ $ (Cb,j-1 - cb,i) at 

I FK, (14) 

The first term on the right-hand side of this 
equation represents the net rate of removal 
of adsorbate by convection. The second 
term on the right-hand side describes the 
rate at which the adsorbate leaves the exte- 
rior surface of the catalyst particles. The 
initial condition for Eq. (14) is given by 

cb,i = cb” (15) 

Equations (6), (9), and (14), together with 
the associated initial and boundary condi- 
tions, were solved numerically using a finite 
element, collocation technique developed 
for the solution of sets of partial differential 
equations. A description of the technique 
and the algorithm (PDECOL) may be found 
in Ref. (8). 

RESULTS AND DISCUSSION 
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TABLE 1 

Parameter Values Used to Compute 
TPD Spectra 

DP 

t 
PE 
CT 
EP 

Eb 

PP 
so for Hz 
/cd0 for Hz 
Ed for H2 
so for CO 
/cd0 for CO 
Ed for CO 

0.04-0.4 cm 
12-108 mg 

10e6 cm 
9.77 X 10ms mol/cm3 
4.03 X 108 cm*/mol 

0.70 
0.40 

0.063 g/cm3 
0.5 

10’3 s-1 
18 .O kcal/mol 

0.5 
10’5 s-1 

30.0 kcaYmo1 

VIII metals (9). Also listed in Table 1 are 
the ranges examined for catalyst particle 
diameter, catalyst bed mass, and carrier gas 
flow rate. The values given are typical of 
those reported in a variety of experimental 
studies (6). The intraparticle and interparti- 
cle void fractions were also chosen to be 
representative but were maintained as fixed 
parameters. The diameter of the catalyst 
bed was chosen to be 1.0 cm and is charac- 
teristic of the internal diameter of many of 
the microreactors used in experimental 
studies of TPD (6). For an assumed particle 
diameter of 0.04 cm and a bed void fraction 
of 0.4, one particle layer corresponds to 12 
mg of catalyst. 

First-Order Kinetics 

A series of calculations were performed 
using the rate parameters for CO given in 
Table 1, to assess the influence of readsorp- 
tion and mass transfer effects on the posi- 
tion and shape of a TPD peak characteristic 
of a first-order desorption process. The cat- 
alyst mass was taken to be 25 mg, and the 
catalyst bed was treated as a single CSTR. 
For a particle diameter of 0.04 cm, a carrier 
gas flow rate of 1 cm3/s, an initial uniform 
coverage of 1 .O, and assuming no readsorp- 
tion, the peak temperature and maximum 
desorption rate are 410 K and 2.64 x 1O-2 

s-l, respectively. The ratio of the adsorbate 
concentration at the center to that at the 
surface of the particles, C&0)/C&,), is 
equal to 1.14. Increasing the particle diame- 
ter to 0.4 cm and the carrier flow rate to 5.0 
cm3/s increases this ratio to 69.3; however, 
the peak temperature and maximum rate of 
desorption remain the same as those deter- 
mined for the smaller radius and flow rate. 
These calculations show that in the absence 
of readsorption, the presence of very strong 
gradients in adsorbate concentration within 
the particles does not influence the charac- 
teristics of the TPD peak. 

When readsorption is taken into account, 
the peak shifts to significantly higher tem- 
peratures and the maximum desorption rate 
decreases. Thus, for a particle diameter of 
0.04 cm and a carrier flow rate of 1 .O cm3/s, 
the peak maximum appears at 653 K and 
the maximum desorption rate is 8.8 x 10m3 
s-i. The extent to which readsorption influ- 
ences the peak position and shape is com- 
parable to that reported previously (3-5). It 
is noted further that, in contrast to what is 
observed in the absence of readsorption, 
the peak maximum temperature shifts from 
653 to 673K as the initial CO coverage is 
decreased from 1 .O to 0.25. Shifts of a com- 
parable magnitude have recently been re- 
ported by Jones and Griffin (5) for a first- 
order desorption process occurring in the 
presence of readsorption and intraparticle 
mass transfer. 

Figure 3 shows a series of spectra deter- 
mined for a 25 mg bed of catalyst consisting 
of particles with a diameter of 0.04 cm. As 
the carrier flow rate increases from 0.5 to 5 
cm3/s, the peak shifts to lower temperatures 
and becomes sharper. Table 2 shows that 
the gas concentrations at the center of the 
particles, C,(O), evaluated at the peak maxi- 
mum temperature, decreases with increas- 
ing carrier flow rate but that C,(O)IC,,(Z?,) 
increases. The observed trends can be ex- 
plained in the following manner. With in- 
creasing carrier flow rate, the concentration 
of adsorbate in the voids between the parti- 
cles, Cb, decreases. This causes C,(O) to de- 
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T (K) 

FIG. 3. Effect of carrier gas flow rate on TPD spectra 
for CO desorption: D, = 0.04 cm; m = 25 mg. 

crease and the gradient in C, to increase. 
The decrease in the average value of C, ac- 
celerates the net rate of desorption due to a 
suppression in the rate of adsorption, and is 
directly responsible for the shift in peak 
maximum temperature to lower values. It is 
significant to note that for all of the calcula- 
tions presented in Fig. 3, the value of a0ilat 
is many orders of magnitude smaller than 
the absolute rates of adsorption and desorp- 
tion. This means that adsorption equilib- 
rium is maintained throughout the course of 
TPD. Similar observations were also made 
for the other cases considered in this paper. 
Thus, consistent with the results reported 
by Herz et al. (3) and Gorte (4), equilibrium 
readsorption prevails under circumstances 
where a carrier gas is used to sweep away 
the desorbing adsorbate. 

The effect of flow rate on the spectra for 
a 25 mg bed of catalyst consisting of 0.2- 
cm-diameter particles is shown in Fig. 4. 
The shift in peak temperature with carrier 
flow rate is less than that for the smaller 
particles, and the peak height passes 
through a maximum. The influence of flow 
rate on C,(O) and C,(O)IC,,(R,) is given in 
Table 2. Here again, it is observed that the 
gas concentration within the particles de- 
creases with increasing carrier flow rate. 
The principal difference with respect to the 
smaller particles (Dp = 0.04 cm) is that the 
decrease in the concentration at the center 
of the particles is significantly less than at 

550 650 750 850 

T (K) 

FIG. 4. Effect of carrier gas flow rate on TPD spectra 
for CO desorption: D, = 0.20 cm; m = 25 mg. 

the particle surface. If the carrier flow rate 
were increased to even higher levels (>5 
cm3/s), a point would be attained where the 
position and shape of the TPD peak would 
no longer be sensitive to the flow rate. Un- 
der such circumstances, the removal of ma- 
terial from the catalyst particles would be 
completely dominated by intraparticle mass 
transfer. The appearance of a maximum in 
the peak height with increasing flow rate is 
due to the fact that the gas concentration in 
the pores reaches a maximum value at a 
temperature higher than that at which the 
bulk concentration in the carrier gas 
reaches its maximum. At high carrier flow 
rates, this effect causes an extension of the 
peak tail and a decrease in the peak height. 

With increasing catalyst mass, and hence 

TABLE 2 

Values of C,(O) and C,(O)&,(R,) 

Gas 

co 
co 
co 
co 
co 
co 
co 
co 
co 
co 
H2 
H2 

4 
(cm) 

0.04 
0.04 
0.04 
0.20 
0.20 
0.20 
0.20 
0.04 
0.04 
0.20 
0.04 
0.04 

& 
25 
25 
25 
25 
2s 
2s 
25 
12 
12 
12 
12 
12 

QO 
(cm3/s) 

0.5 
1.0 
5.0 
0.1 
0.5 
1.0 
5.0 
1.0 
5.0 
5.0 
1.0 
5.0 

C,(O) 
(mollcm~) 

C,(OYC,W,) 

1.00 x 10-g 
5.66 x lo-‘0 
1.72 x lo-l0 
4.81 x lOmy 
1.90 x 10-g 
1.47 x 10-q 
1.07 x 10-g 
3.16 x lo-‘” 
1.15 x 10-I” 
1.23 x 10m9 
1.77 x 10-g 
6.31 x 10 ‘” 

1.04 
1.08 
1.41 
1.22 
1.08 
3.12 

11.45 
1.17 
1.85 

22.81 
1.15 
1.70 
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bed depth, axial gradients in Ct, can develop 
along the bed. The extent to which this is 
important is governed by the value of ScRe. 
When a significant axial concentration gra- 
dient is anticipated, it is no longer appropri- 
ate to model the bed as a single CSTR, and 
use of the multiple CSTR model is required. 
Table 3 illustrates how the value of N 
changes with catalyst mass and carrier gas 
composition, and Fig. 5 shows how these 
variables influence the TPD spectrum for 
co. 

For a catalyst mass of 12 mg, the spectra 
are the same regardless of carrier gas com- 
position. The reason is that, as indicated in 
Table 3, N = 1 in both cases. When the 
catalyst mass is increased to 108 mg, N 
continues to be 1.0 if the carrier is helium, 
but increases to 9.0 if the carrier is argon. 
Figure 5 shows that in this instance the car- 
rier gas composition does have an influence 
on both the position and shape of the spec- 
trum. It is also significant to note that in 
both cases, the peak maximum is shifted to 
higher temperatures relative to the peak 
maximum observed when 12 mg of catalyst 
are used. The observed upscale shift in 
peak position is due to the increase in the 
average value of Ct., in the bed. 

The axial distribution of gas through the 
bed for Case B in Fig. 5 is shown in Fig. 6. 
For the sake of clarity, the points repre- 
senting the gas composition at the exit from 
each CSTR have been connecting by 
straight line segments. As can be seen, the 
concentration profile changes radically as 

TABLE 3 

Effects of Experimental Conditions on the Number 
of CSTR’s Required to Model the Catalyst Bed 

Carrier Q. D, m Lb AZ N 
gas b-d/s) (cm) (mid 0, 0, 

He 2 0.04 12 1 12.29 1 
Ar 2 0.04 12 1 0.90 1 
He 2 0.04 108 9 12.29 1 
Ar 2 0.04 108 9 0.90 9 

7 
d 

“0 
x 
P 

T (Kl 

FIG. 5. Effect of catalyst mass and carrier gas com- 
position on TPD spectra for CO desorption: D, = 0.04 
cm; Q, = 2.0 cm3/s. 

desorption proceeds. For temperatures be- 
low 660 K, the profile is convex, but above 
660 K, the profiles becomes concave. It is 
also apparent that the maximum in the local 
value of Ct, with increasing temperature de- 
pends on the axial position in the bed. 

For a gas such as CO, the initial sticking 
coefficient and the binding energy are high 
enough that adsorption at ambient tempera- 
tures will occur as a chromatographic front 
which gradually penetrates into the interior 
of each catalyst particle. If the bed is sev- 
eral particle-diameters deep, then the prop- 
agation of a front in the axial direction of 

0 
0123456789 

FIG. 6. Gas phase concentration in each particle 
layer for different bed temperatures: D, = 0.04 cm; m 
= 108 mg; Qo = 2.0 cmYs. 
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FIG. 7. Comparison of TPD spectra for uniform and 
nonuniform initial adsorption of CO: D, = 0.04 cm; m 
= 12 mg; Q0 = 1.0 cm%. 

the bed is also expected. Figures 7 and 8 
present results for two cases. In the first, it 
is assumed that a uniform initial coverage 
of 0.58 prevails across the radius of all par- 
ticles contained in a 12-mg bed. In the sec- 
ond case, it is assumed that the average ini- 
tial loading of CO is the same but that the 
distribution is such that adsorption sites 
contained in the outer 25% of the particle 
radius are nearly saturated while those in 
the interior 75% of the particle radius are 
almost totally vacant. Figure 7 shows that 
the TPD spectra for the two cases are quite 
similar. The only differences are that the 
spectrum for the case of nonuniform initial 
distribution begins at somewhat lower tem- 

FIG. 8. Coverage profiles for different temperatures 
during TPD for an initially nonuniform adsorption of 
CO: D, = 0.04 cm; m = 12 mg; Q0 = 1 cm3/s. 

peratures and exhibits a somewhat smaller 
peak. The areas under the two curves, how- 
ever, are the same, since the initial adsor- 
bate loading is the same. The change in the 
distribution of adsorbate surface coverage 
with temperature is shown in Fig. 8 for the 
case of nonuniform initial adsorption. It is 
apparent that as the temperature increases 
the nonuniformity in the profile is rapidly 
smoothed out. Comparison of Figs. 7 and 8 
shows that a nearly uniform distribution is 
achieved by 600 K, a temperature well be- 
low that for which a significant fraction of 
the initial adsorbate has been removed. It is 
significant to observe that for particles 
much larger than 0.04 cm in diameter, a sig- 
nificantly greater fraction of the initially ad- 
sorbed gas would be lost before a uniform 
distribution was achieved. This would con- 
tribute to a greater difference in the shapes 
of the TPD spectra for uniform and nonuni- 
form adsorbate distribution, than that seen 
in Fig. 7. A greater effect of nonuniform 
initial adsorbate distribution would also be 
expected for high carrier gas flow rates. 
Under such conditions, the diffusion of ad- 
sorbate from the portions of the particles 
near the outer surface of the particles will 
be very rapid. This will cause a substantial 
amount of adsorbate to be depleted from 
the interior of the particle before the initial 
nonuniformity can be annealed by intrapar- 
title diffusion. 

Second-Order Desorption Kinetics 

A series of calculations were also per- 
formed for an adsorption-desorption pro- 
cess obeying second-order kinetics. The 
rate parameters used for these calculations 
are given in Table 1 and were selected to be 
representative of those for the adsorption 
and desorption of Hz from Group VIII 
metals (9). Figure 8 illustrates the effect of 
changes in the initial coverage on the TPD 
spectra, under the assumption that the cov- 
erage is uniformly distributed from the out- 
set. As would be expected for second-order 
desorption kinetics, the peak temperature 
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shifts to higher values as the initial cover- 
age decreases. 

Figure 9 illustrates the effects of flow rate 
on the TPD spectra calculated for a bed of 
particles 0.04 cm in diameter. Increasing 
the carrier flow rate from 1.0 to 5.0 (STP) 
cm3/s causes a 25 K downscale shift in the 
peak maximum temperature. The reasons 
for this are identical to those presented in 
the discussion concerning the calculations 
for first-order desorption kinetics. Table 2 
again shows that with increasing carrier 
flow rate, the gas phase concentration of 
adsorbate in the particle pores decreases, 
thereby reducing the rate of readsorption. 

The effects of a nonuniform initial adsor- 
bate coverage is shown in Fig. 10. The 
results are essentially the same as those for 
the first-order process, except that for sec- 
ond-order desorption kinetics, the peak lo- 
cation shifts to slightly higher temperatures 
as a consequence of nonuniformities in 
the initial adsorbate coverage. While not 
shown, it was observed that the distribution 
of surface coverage becomes uniform be- 
fore an appreciable amount of adsorbate 
desorbs. 

Determination of Rate Parameters from 
TPD Spectra 

In the absence of mass transfer effects, 
and assuming equilibrium adsorption, the 
heat of adsorption, AH, and the ratio of 

T (K) 

FIG. 9. Effect of initial coverage on TPD spectra for 
HZ desorption: D, = 0.04 cm; m = 12 mg; Q,, = 1.0 
cm%. 

T (K) 

FIG. 10. Effect of carrier gas flow rate on TPD spec- 
tra for H2 desorption: D, = 0.04 cm; m = 12 mg; Q0 = 
1 .O cm%. 

preexponential factors for adsorption and 
desorption, A, can be determined from the 
expression (1, 2) 

In [ 
em-l TID2 

(1 - em)n+lp I 

Variations in T,,, and B,,, are usually 
achieved by varying the heating rate, p, 
and/or the initial coverage of adsorbate. A 
straight line is obtained by plotting the left- 
hand side of Eq. (16) versus T,-‘. Values 
for AH and A can then be determined from 
the slope and intercept of this line. Under 
the assumption that adsorption is not acti- 
vated, Ed = AH, and the preexponential 
factor for desorption is given by k,J’ = k,/A. 

For all of the cases considered here, 
equilibrium adsorption was very closely ap- 
proximated throughout the course of TPD. 
This observation motivated an assessment 
of the applicability of Eq. (16) for determin- 
ing Ed and kdo in the presence of significant 
mass transfer effects. Figure 11 and Table 4 
show the results obtained for the first-order 
desorption of CO. Three cases are consid- 
ered. In Case la, there are no radial con- 
centration gradients in the catalyst particles 
and the bed is small enough for there to be 
no axial concentration gradients. Case 2a 
corresponds to a situation in which signifi- 
cant radial concentration gradients will oc- 
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T(K) 

FIG. 1 I. Comparison of TPD spectra for uniform and 
nonuniform initial adsorption of H,: D, = 0.04 cm; m 
= 12 mg; Q,, = 1.0 cm%. 

cur within the catalyst particles but none in 
the axial direction. In Case 3a, there are 
severe axial gradients but no radial gradi- 
ents within the particles. The presence or 
absence of axial gradients depends on the 
carrier gas composition. If the carrier gas is 
helium, then there is no axial gradient, but 
if the carrier gas is argon, a significant axial 
gradient will be present (see Fig. 6). Figure 
11 shows that in each case a plot of Eq. (16) 
produces a straight line. For Case la, Table 
4 shows that the activation energy for de- 
sorption determined from the slope of Eq. 
(16) differs from 30 kcal/mol by only 1.3%. 
The preexponential factor for desorption, 
however, differs from lOi s-l by 200%. In 
Case 2a, the error in the estimated value of 
Ed increases to 3.3% and that in kdO to 30%. 

TABLE 4 

Values of kdo and Ed Determined from Eq. (16) 

Cast7 Adsor- D, m QO 
bate (cm) hg) (cm’:r) 

hp Ldd 
(SK’) (kcalimol) 

Ia CO Il.04 I? 1.0 3 x IO” 30.4 
2a co 0.20 12 5.0 7 x IO’” 31.0 
3a CO 0.04 IO8 2.0” 5 x IO” 31.0 
3a co 0.W 108 2.Oh 9 x IP 33 0 
lb h 0.04 I2 I.0 3 x IO” 18.5 
2b H1 0.04 I? S.0 2 x IO’? IX.4 

* Assummg that the carrier gar IS helium: N = I. 
h Assuming that the carrier gas is argon; N = 9. 
’ The correct value for h,j’ is IO” s-’ for CO and IO” s-l for Hz 
J The correct value for Ed is 30 kcalimol for CO and I8 kcallmol for Hz. 

16.0 - 

150 160 17.0 

T; x IO4 (K-‘1 

FIG. 12. Plot of In[T,‘/( I - fI,)‘p] versus T,-’ for CO 
desorption. 

If helium is the carrier gas for Case 3a, 
then the error in Ed is 3.3% and that in kdo 
is 400%, but if the carrier gas is argon, the 
error in Ed rises to 10.0% and that in kdo to 
8900%. 

Estimates of Ed and kdo using Eq. (16) 
were also carried out for desorption of Hz. 
Table 4 shows that for Case lb, in which 
there are no radial or axial concentration 
gradients, the error in the estimate of Ed is 
2.8% and the error in the estimate of kdO is 
300%. In Case Zb, strong gradients occur 
across the radius of each particle, but none 
in the axial direction of the bed. Table 4 
shows that in this instance the error in the 
estimate of Ed decreases to 2.2% and the 
error in the estimate of kdo decreases to 
200%. 

Criteria for the Absence of Intraparticle 
Mass Transfer Effects 

Two attempts have recently been made 
to define criteria for the absence of intra- 
particle mass transfer effects during TPD in 
the presence of readsorption. Ibok and Ol- 
lis (10) have proposed that these effects will 
be negligible provided the following in- 
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equality is satisfied 

This relationship was derived by ad hoc 
modification of the Weisz-Prater (1 I) crite- 
rion for the absence of intraparticle mass- 
transfer effects during steady-state reac- 
tion. Evaluation of Eq. (17) for the 
conditions of Case la in Table 4 gives R, < 
5.7 x 10e4. Since C,(O)1C,(R,) = 1.04 for 
this case, where R, = 0.02 cm, it is appar- 
ent that the criterion given by Eq. (17) is 
more stringent than necessary. 

Gorte (4) has proposed that intraparticle 
concentration gradients are negligible pro- 
vided the following inequality is satisfied 

(18) 

This criterion was obtained by nondimen- 
sionalization of the differential equations 
governing mass transfer during TPD. In ap- 
plying Eq. (18), it must be assumed that the 
average residence time of gas in the TPD 
reactor is much smaller than the time re- 
quired to heat the reactor from its initial to 
final temperature. This condition is easily 
satisfied in most experimental situations 
(4), including that described in the present 
paper. Application of Gorte’s criterion to 
two of the cases considered here gives the 
following results. For CO desorption from a 
25mg catalyst bed made up of 0.04~cm- 
diameter particles, and assuming a carrier 
flow rate of 0.5 cm3/s, the value of the group 
on the left-hand side of Eq. 18 is 0.3. Table 
2 shows that for these conditions C,(O)/ 
C,(R,) = 1.04 and, hence, that the intrapar- 
title concentration gradient is small. When 
R, = 0.1 cm and Q = 5 cm31s, the left-hand 
side of Eq. (18) becomes 80. The value of 
C,(O)IC,(R,) in this case is 11 S, indicating 
the presence of a strong intraparticle con- 
centration gradient. These calculations 
demonstrate that the criterion proposed by 
Gorte (4) provides a sound basis for pre- 
dicting the onset of severe intraparticle 
mass transfer effects. This result is perhaps 

not surprising given that Gorte’s criterion 
was derived by proper dimensional analysis 
of the physical problem. 

CONCLUSIONS 

The results of the analysis presented here 
demonstrate that the position and shape of 
TPD spectra obtained from porous cata- 
lysts are sensitive functions of catalyst par- 
ticle size, catalyst bed depth, carrier flow 
rate, and carrier gas composition. Similar 
effects are observed for first- and second- 
order adsorption-desorption kinetics. Ex- 
tensive readsorption of gas occurs within 
the catalyst particles and the local adsor- 
bate coverage is governed by equilibrium 
adsorption. Intraparticle concentration gra- 
dients can be minimized by reducing cata- 
lyst particle size and carrier flow rate. The 
criterion for negligible intraparticle concen- 
tration gradients proposed by Gorte (4) is 
found to be valid. Axial gradients in the gas 
phase concentration of adsorbate can be 
minimized by the use of very shallow cata- 
lyst beds. The bed depth over which the gas 
composition may be regarded as uniform is 
a function of ScRe. For small particles 
(e.g., D, = 0.04 cm), nonuniform initial ad- 
sorption profiles are rapidly annealed upon 
heating of the catalyst, prior to significant 
loss of adsorbate from the particles. As a 
consequence, the TPD spectra for nonuni- 
form initial adsorption and uniform initial 
adsorption are quite similar. Reasonably 
accurate estimates of the enthalpy of ad- 
sorption can be obtained using a theoretical 
relationship based on the assumption of 
equilibrium adsorption in the absence of in- 
traparticle or interparticle gradients in ad- 
sorbate concentration. Use of this relation- 
ship to determine the preexponential factor 
for desorption produces large errors when 
significant mass transfer effects are 
present. 

APPENDIX: NOMENCLATURE 

A ratio of preexponential factors for ad- 
sorption and desorption (mol/cm3) 
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n 
Pe 
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QO 

R 
Rt, 
Re 
RP 
r 
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SC 

SO 

T 
Till 
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t 
ti 

gas phase concentration of adsorbate 
in the ith CSTR (mol/cm3) 
initial value of gas phase concentra- 
tion of adsorbate (mollcm3) 
gas phase concentration of adsorbate 
in the pores of particles in the ith 
CSTR (mol/cm3) 
molecular diffusion coefficient (cm2/s) 
effective diffusion coefficient (cm2/s) 
Knudsen diffusion coefficient (cm2/s) 
particle diameter (cm) 
average pore diameter (cm) 
activation energy for desorption (kcal/ 
mol) 
heat of adsorption (kcallmol) 
adsorption equilibrium constant 
rate coefficient for adsorption (cm3/ 
mol * s) 

V 
V, 

&b 

EP 

ki 

P&! 

PP 

PS 

total volume of catalyst (cm3) 
total volume of adsorption sites (mol) 

cp(o)/cb 

heating rate (K/s) 
catalyst bed void fraction 
catalyst particle void fraction 
gas viscosity (g/cm * s) 
gas density (g/cm3) 
catalyst density (g/cm3) 
concentration of adsorption sites in a 
catalyst particle (mol/cm3) 
area of adsorption sites (cm2/mol) 
fractional coverage of adsorption sites 
in the ith CSTR 
fractional coverage of adsorption sites 
at T, 
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