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A model for temperature programmed desorption from porous catalysts is analyzed to determine 
when concentration gradients are present, when lag time due to diffusion or sample-cell detection is 
important, and when readsorption affects the spectrum. Dimensionless groups of catalyst parame- 
ters were determined which allow a priori calculation of which effects are important and show how 
to change the experiment to avoid difficulties in interpretation. Concentration gradients are shown 
to be due mainly to carrier-gas flow rates and may be difficult to avoid. Readsorption can easily 
change the desorption temperature by several hundred K and cannot be eliminated by increasing 
the carrier-gas Row rate. Lag times due to pressure build up in the catalyst and to sample-cell 
detection are shown to be particularly serious since they can affect the heat of adsorption calculated 
using variable heating rate methods. The analysis shows that great care should be taken in 
interpreting temperature programmed desorption results and, in many cases, only qualitative 
features can be obtained. 

INTRODUCTION 

Temperature programmed desorption 
(TPD) on supported catalysts is often used 
to characterize adsorbate systems. How- 
ever, because the shape and position of the 
TPD spectra can be affected by diffusional 
resistances, readsorption, and flow rates of 
the carrier gas, as well as desorption ki- 
netics, the interpretation is often difficult. 
Different methods have been suggested for 
separating these effects by observing the 
resulting spectra but no method of predict- 
ing which rate process is limiting has been 
developed. Methods that have been devel- 
oped are often difficult to use; and, as we 
will show later, they sometimes do not give 
the correct answer. For example, Cve- 
tanovic and Amenomiya have suggested 
that varying the flow rate of the carrier gas 
will determine when the readsorption is im- 
portant (I). Not only is this experimentally 
difficult in many cases, but we will show 
that it is not informative. Others have sug- 
gested that shape analysis of the desorption 
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spectra will determine the desorption or 
equilibrium kinetics (2, 3). However, even 
neglecting the effects of diffusion (4), back- 
mixing of the carrier gas, and desorption 
from different size particles and crystal 
planes, one has the problem that desorption 
spectra on single crystals rarely have the 
classical first- or second-order shape sug- 
gested by Redhead (5). Even for nondisso- 
ciative adsorption with noninteracting mol- 
ecules, King (6) and Gorte and Schmidt (7) 
have shown that desorption kinetics may 
not be well described by a simple &h-order 
process. Therefore shape analysis can lead 
to erroneous conclusions when used to de- 
termine which process is rate limiting. 

In this work, we have examined a very 
general model of a porous catalyst, taking 
into account diffusion, readsorption, and 
carrier-gas flow rates. By nondimensional- 
izing this model, we show which parame- 
ters are important for giving the different 
limiting cases and show the solutions of 
these different cases. This allows a priori 
prediction of which rate processes will be 
important in the desorption spectrum and 
shows how to design the experiment for 
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easiest interpretation. An important conclu- 
sion is that readsorption must often be con- 
sidered, even for desorption into a vacuum. 

THE MODEL 

The model we present is similar to that of 
Herz et al. (8). For simplicity, we consider 
only first-order desorption and we picture 
the catalyst as a slab of thickness 1 with 
uniform porosity, E. The surface area capa- 
ble of adsorbing gas per volume of catalyst 
is cup, the external surface area of the sam- 
ple is A, and the effective diffusivity is D. 
The experimental system is pictured in Fig. 
1. We neglect lag times due to detector and 
thermocouple response since these have 
been shown to be easily avoided (9). Other 
parameters are defined in the Appendix. 

The differential mole balance on the gas 
and surface concentrations, c and n, give 
Eqs. (1) and (2). 

ac D a2c -=-- cup sFc 
at E ax + 7 kdn - ~ E ’ (1) 

*= -kn+sFc at d . (2) 

The sticking coefficient, S, may be a func- 
tion of temperature or coverage; therefore, 
the adsorption rate expression, sFc, is com- 
pletely general. The following boundary 
and initial conditions must also be satisfied: 

at t = 0, c = 0 and II = n,, (3) 

at x = 0, ac 
- = 0, ax (4) 

1 atx=- 
2’ 

Vag= -&+A (5) 

Equation (5) is the boundary condition as- 
suming that the sample chamber can be 
modeled as a stirred tank (10). If we define 
rd and ra as the desorption and adsorption 
rates averaged over the entire surface, then 

A(-D g) /r=l,Z = o@f(rd - r3. 

v 

FIG. 1. Schematic representation of the sample cell 
with a porous catalyst slab. The sample cell is pictured 
as a well-stirred tank of volume V being pumped at a 
rate Q. 

For small V, Eq. (5) reduces to the equation 
used by Cvetanovic and Amenomiya (I) 

(6) 

It is important to notice that the sample-cell 
concentration, clZ+, is the parameter that 
is measured in TPD. The rates rd and ra will 
be independent of position in the sample 
only if de/ax is small enough so that the 
concentration is constant throughout the 
pellet or if readsorption is negligible. 

Another way of looking at this desorption 
system is as desorption from uniform pores 
of radius r and length 1. The equations de- 
scribing this system will be identical except 
QP/E will be replaced by 2/r and s will be 
decreased by the fraction of surface that is 
active, to take into account that collisions 
with inactive surface will not lead to read- 
sorption. This way of looking at the system 
has the advantage of being easier to picture 
physically and all results will be identical in 
form. 

We now introduce the dimensionless pa- 
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rameters: 

y = CT - TcJ/(Tf - To), 

e = n/n,, 

v = Fc/kdpn,,, 

and 

g = x/l. 

That these parameters are scaled properly 
is obvious for all except v. We note that v is 
dimensionless and that all scaling factors 
for v will cancel when we normalize the 
TPD spectra. The value of kdp is constant 
and will in no way affect our results since it 
will cancel out later. 

Substituting these parameters into Eqs. 
(l)-(5) along with the heating schedule T = 
To + j3t gives Eqs. (7)~( 11) 

pl% au a% -=- 
(Tf - T,)D t3Y 3g2 

(Tf f To) &- = -he + k,,w (8) 

atY= 0, v = Oand8= 1, (9) 

at g =O, tlV - = 0, 
ag 

(10) 

at g = 0.5, 

It is now possible to determine the size of 
the dimensionless groups that will give dif- 
ferent limiting cases and to determine when 
carrier-gas flow rates, diffusional limita- 
tions, and readsorption are important. 

SUMMARY 

Equations (7)-( 1 la) have analytical solu- 
tions depending on the size of the various 
dimensionless parameters. The magnitudes 
of the dimensionless groups which lead to 
concentration gradients, pressure buildup in 
the catalyst, sample-cell lag, and readsorp- 
tion are summarized in Table 1. The manner 

TABLE 1 

Summary of Catalyst Parameters and Their Effect 

Parameter Physical description Comments Significance 

Average residence time 
for the sample cell 

Accumulation of gas in 
the catalyst pore 

Ql a - 
DA 

Effect of carrier-gas 
flow rate 

apsFP a 
?PD 

Ratio of adsorption to 
diffusion rates for 
infinite carrier-gas 
flow rates 

Lag time for sample 
measurement 

Lag time for gas to 
diffuse out of the 
pore 

Determines when 
concentration 
gradients are 
present 

Determines when When > 1, readsorption is 
readsorption is important, even at high 
important carrier-gas flow rates 

Should be kept less than 
0.01 for cell concentration 
to follow net rate of 
desorption 

Should be kept less than 
0.01 for cell concentration 
to follow net rate of 
desorption 

When <O. 1, concentration 
gradients are negligible. 
When >20, flow rate is 
essentially infinite and the 
concentration at the 
catalyst edge is effectively 
zero 

a For spherical catalyst pellets, replace 1 by R. 
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in which each of these limits was deter- 
mined is given in the Calculations section. 

The lag time for the sample cell, 
WlQ( Tf - To), is caused by pressure 
buildup in the cell. This is the dimension- 
less space time of the CSTR sample cell: 
and, if it is large, there will be broadening of 
sharp desorption peaks and an apparent 
shift upward in the desorption temperature. 
Also, the area under the desorption curve 
will not be proportional to coverage if this is 
large. This can be easily avoided experi- 
mentally by decreasing the volume of the 
cell or increasing the carrier gas flow rate. 

The lag due to accumulation of gas in the 
sample, p/Q/( T, - To) D, is caused by de- 
sorption being greater than diffusion out of 
the sample. This results in a pressure 
buildup inside the catalyst which can cause 
a lag in the detection of the desorbing gas. 
This has been shown by others to be unim- 
portant in most cases (2). This, along with 
the sample-cell lag, can be reduced by judi- 
cious choice of experimental parameters. If 
they are not eliminated, these lags are se- 
rious since they can cause errors when one 
tries to calculate heats of adsorption by 
plotting In p/TP2 versus l/T, (I). 

Concentration gradients in the sample are 
controlled by the ratio of the carrier-gas 
flow rate to the diffusivity, Q//AD. For 
large flow rates, the concentration will vary 
significantly over the width of the catalyst. 
One cannot assume that high flow rates will 
make concentrations low enough to allow one 
to neglect readsorption since flow out of the 
catalyst will be limited by diffusion. Low flow 
rates can be used to eliminate concentration 
gradients but readsorption will become even 
more important when this is done. Working in 
intermediate regimes between these two lim- 
iting cases should probably be avoided. 

When the sticking coefficient is consid- 
ered independent of 8, the equations can be 
solved analytically to obtain a criterion for 
when readsorption is important. This crite- 
rion is for infinite carrier-gas flow rate and 
therefore represents the maximum value for 
s for which readsorption can be neglected. 

Lower flow rates will make readsorption 
more important. The criterion allows s to 
have a temperature dependence. Therefore, 
if s is known as a function of temperature, 
the criterion can be used to determine the 
temperature region where readsorption be- 
comes important. Comparison of numerical 
solutions of curves with s = s,, and s = s,, 
(1 - 0) shows that this criterion is also 
good for (1 - 0) adsorption kinetics. 

While the model in this paper is for a 
rectangular geometry, we have also solved 
the problem for a spherical catalyst pellet to 
see the effect this geometry would have on 
the results. The results in Table 1 were 
identical if we replace 1 by R, the radius of 
the spherical pellet. Therefore, the groups 
presented in Table 1 can be used for spheri- 
cal geometry as well as rectangular. 

CALCULATIONS 

In this section, we develop the criteria 
presented in Table I. 

Sample Cell, Lag Time 

In TPD, we wish to measure the net rate 
of desorption. By comparing Eqs. (6) and 
(1 l), we see that this is proportional to 
(av/ag)lS=,,5. With the sample cell modeled 
as a stirred tank, the term 

Q(T;! To) % 

in Eq. (11) gives a lag time in the concentra- 
tion measurements. The average residence 
time of the sample cell is the lag time con- 
stant and is given by 

QU? To)’ 

We stipulate that a temperature lag of 5 K 
or less will be unimportant. Therefore, for a 
typical 500 K scan (Tf - To = 500 K), the 
lag time will be important if 

Q(T~!! T,) ’ O-01. 

If relation I holds, the concentration in the 
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cell will not accurately follow the net rate of 
desorption. As mentioned earlier, experi- 
menters should take care to avoid the situa- 
tion where relation I is true and we will not 
consider this case further. With this term 
negligible, the cell concentration will be 
proportional to the net rate of desorption 
and Eq. (lla) reduces to 

at g = 0.5, 

Concentration Gradients 

If @/AD is small, - (( l/v)(av/ag)),,, 
is also small. Since (av/ag)(,,o is always 
zero from our boundary condition, this is 
the case where there are no significant gas 
phase concentration gradients in the pellet. 
Physically, we know that the concentration 
is maximized at the center of the slab (g = 
0) and minimized at the edge (g = 0.5). The 
concentration gradient, on the other hand, 
is zero in the center and a maximum at the 
edge. If @/AD = 0.1, we see that, even if 
the concentration gradient were at its maxi- 
mum throughout the pellet, the concentra- 
tion would vary by only 5% from the center 
to the edge. Therefore, there will be no 
significant concentration gradients for 

Ql - 
AD 

+=I 0.1. 

With no concentration gradients present, 
the rates of adsorption and desorption will 
not be a function of position inside the pore 
and the operational equation will be Eq. (6). 
In this case, the analysis by Cvetanovic 
and Amenomiya (1) is applicable. We shall 
show in the next two sections that, except 
for low sticking coefficients, adsorption-de- 
sorption equilibrium is reached even for de- 
sorption in a vacuum. It is, therefore, usu- 
ally reached in this low flow rate limit. This 
case is treated by Cvetanovic and Ameno- 
miya (I) for a Langmuir isotherm with neg- 
ligible sample-cell lag to give 

dn -=- 
dt 

Q Kn 
crpA1 n,-n (12) 

for an equilibrium constant, K. In this case, 
measurement of the peak temperatures as a 
function of /3 will allow one to determine a 
heat of adsorption, but preexponentials 
should not be assumed. Also, in this limit, 
the peak temperature will be a function of 
the carrier-gas flow rate, although not a 
very strong function (8). 

Before considering the high carrier-gas 
flow rate limit, we note that there can be a 
problem with keeping the flow rate low 
enough so that relation II is followed. A is 
the external area of the sample and will 
typically be about 1 cm2. Letting D be 0.01 
cm2/sec, and 1 be 0.01 cm, Q needs to be 
less than 0.1 cm3/sec for relation II to hold. 
For flow rates greater than this, concentra- 
tion gradients begin to be important. Since 
this is a very low flow, it may be difficult to 
avoid gradients in some cases. 

High Carrier-Gas Flow Rates 

With high carrier-gas flow rates or when 
desorption is into a vacuum, Eq. (11) re- 
duces to 

at g = 0.5, V= 0. (llc) 

Now we anticipate that, if readsorption is 
important, concentration gradients will be 
present in the pore and the analysis by Cve- 
tanovic and Amenomiya (I) is no longer 
applicable. We will still assume that the net 
desorption rate from the catalyst is propor- 
tional to the concentration as in Eq. (6); 
however, now adsorption and desorption 
rates may be different in different parts of 
the sample. Assuming that the sticking 
coefficient is independent of coverage, Eqs. 
(7)-(llb) have an analytical solution. The 
high flow rate limit given by Eq. (1 lc) is 
approached closely for 

g 
AD 

> 20. 

For flow rates above that given by this rela- 
tion, the shape of the TPD spectra and the 
peak temperature are unaffected by further 
increases in the carrier-gas flow rate. We 
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will now look more closely at this analytical 
solution, using Eq. (11~) as the boundary 
condition in place of Eq. (1 la), to determine 
the effects of readsorption and concentra- 
tion gradients. 

Readsorption at High Carrier-Gas Flow 
Rates 

Two assumptions must be made to obtain 
a closed-form, analytical solution. First, we 
assume the sticking coefficient is indepen- 
dent of surface coverage. (The effect of (1 - 
13) kinetics is shown later.) The (1 - 0) 
dependence of Langmuir kinetics and the 
exp(-ye) dependence of the Elovich equa- 
tion both reduce to one at low coverages. 
Therefore, our approximate solution will be 
identical to the solutions for these other 
cases at low coverages. Also, for many ex- 
perimental cases, such as CO on Pt, s does 
appear to be almost independent of cover- 
age (I 1). We do not make any assumptions 
about the temperature dependence of s and 
we do not exclude the possibility of acti- 
vated adsorption. 

The second approximation is to neglect 
the term 

p l% dv 
-7 ( Tf - TJD aY 

the left-hand side of Eq. (7) (this assump- 
tion is unnecessary for the validity of rela- 
tion (III)). This term represents the pres- 
sure buildup inside the catalyst pellet and 
will be negligible for 

(The number 0.01 was determined in a simi- 
lar manner as in relation I.) This require- 
ment is essentially that given by Ibok and 
Ollis (2) for limiting diffusional effects. We 
note that concentration gradients can occur 
independent of the value of this group. We 
use the term pressure buildup as a better 
expression for what this term represents. 
For catalyst widths of 1 mm and heating 
rates of 1 Wsec, this dimensionless group 

will typically be 0.001. Therefore, pressure 
buildup will usually be negligible and 
should, in any case, be avoided since the 
desorption spectrum would then be a func- 
tion of the response time of the catalyst 
particle. This approximation does not in 
any way assume that the concentration is 
independent of time. 

To solve Eqs. (7)-( ll), the concentra- 
tions are expanded in a Fourier transform. 

v = 2 Ym(Y)2%os{(2m + 1)7rg}, 
m=o 

8 = 2 Zm(Y)21’~cos{(2m + 1)7rg}. 
m=o 

Substituting these into Eqs. (7) and (8) and 
integrating with cos((2m + 1) rg} gives 

0 = -{(2m + l)?r}ZY, 

+ cxpkd FP Z _ apsF12 -- 
k dp D m 

7 Ym (13) 

and 

(Tf t To) $+ = -kdZm + kdpSYm. (14) 

Rearranging Eq. (13) gives 

(d’6/D(k,/kd%, 
ym = {[(2m + l)~]~ + crpsFP/D} (15) 

and 

(T*! T~)~$- - - -kd 
(apsF12/D)kd 

+ {[(2m + 1)7~]~ + apsFP/D} zm 

= -k,*Z,,,. (16) 

The solution for Eq. (16) is readily ob- 
tained, subject to the initial condition in Eq. 
(9), to give 

zm(r) = (-lP81’2 
7r(2m + 1) 

x exp{ -(Tr - To) ’ k ,pr) (17) 
p I oe . 

Notice that no assumptions have been made 
about the temperature dependence of any 



170 RAYMOND J. GORTE 

of the parameters. The quantity of adsor- 
bate on the catalyst surface at any time is 
given by 

2apAln,, loo” i3dg 

= apAlno 2 
8 

m=O +w + 1Y 

x exp{- (Tf - To) 
P I oy k,l&. (18) 

(It is necessary to integrate over the pore 
length because concentration gradients can 
make the coverage a function of position in 
the pore.) The derivative with respect to 
time of Eq. (18) is the net rate of desorption 
that is observed in TPD spectra according 
to Eqs. (6) and (llb). We will work with the 
integrated coverage for computational sim- 
plicity. Since 

$, .n2(2m8 + 1)2 = l5 

duces to 

2.1,“.” edg = 2 a 
m=O r2w7J + II2 

x exp{- (*’ - *‘) [(2m + l),rr12 
P 

x D I y SJ dY}. (20) 
apF12 o s 

(We have used the fact that l/( 1 + x) = 1 - 
x for small x.) Considering only the first 
term since this accounts for 81% of the 
desorption area, 

2 I,“‘” edg z exp{- (Tf i *O) 

,rr2D 
I 

y k 
’ apFF 

$ dY}. (21) 

The effective desorption rate constant for 
the case of readsorption is approximately 
given by 

(22) 
Eq. ( 18) gives the proper limiting case for Y 
= 0. This also shows that the m = 0 term 
accounts for 81% of the initially adsorbed 
gas. Therefore, consideration of only the 
first term will give a good indication of the 
character of the solution. 

A closer examination of Eq. (16) shows 
that there are two limiting cases. For 

apsFP 
D 

-e rr2, 

k eff = kd and we have the case where there 
is no readsorption. This situation was ana- 
lyzed by Redhead (5) to give, by direct 
integration, 

2 I o’5 edg 
0 

* 
(19) 

Even in this case, a preexponential of lOI3 
set-’ should not be assumed (15). For 

readsorption is important and Eq. (18) re- 

This effective desorption rate constant with 
readsorption is proportional to k,/sF, or the 
desorption rate constant divided by the ad- 
sorption rate constant. This is the equilib- 
rium constant and shows that equilibrium 
between adsorption and desorption is estab- 
lished on this surface. Also, if s is indepen- 
dent of temperature, the effect of readsorp- 
tion is to change the preexponential of the 
observed rate constant by a factor of 
,rr2D/apsFP, which we have already as- 
sumed is less than one. Therefore, the pre- 
dicted rate constant will have a low preex- 
ponential. 

Before addressing the question of 
whether readsorption actually occurs in re- 
ality, several points should be made. First, 
the activation energy for the rate constant 
in Eq. (22) is still the heat of adsorption. 
The equation developed by Redhead (5) for 
the peak temperature is still valid, 

(-AH)/3 _ r2Dv 
RT,2 -G&iv 

x exp{-(-AH)/RT,,}. (23) 
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The peak temperature is now a function of 
the catalyst width and surface area; how- 
ever, a plot of ln(P/Tp2) versus l/T,, as 
proposed by Cvetanovic and Amenomiya 
(I), is capable of determining the heat of 
adsorption, even though concentration gra- 
dients are present. Also, the peak tempera- 
ture from Eq. (23) is independent of carrier- 
gas flow rate, even though readsorption is 
important, showing that varying the flow 
rate will not help in determining whether 
readsorption is important. Finally, the ef- 
fective preexponential for desorption will 
be low. 

Effect of (I - 0) Adsorption Kinetics 

That readsorption can make a dramatic 
change in the TPD spectrum has already 
been shown by Herz et al. (8) and the result 
of one of their calculations with s = 0.5 (1 - 
6) is reproduced in Fig. 2. For comparison, 
the analytical solution with s = 0.5 is also 
shown. Herz et al. included the lag and flow 
rate effects in their calculations. However, 
for the parameters they used in the particu- 
lar calculation shown here, the lag effects 
are negligible and an infinite flow rate can 
be assumed. The s = 0.5 curve has a peak 

300 400 500 600 700 800 900 
T(K) 

FIG. 2. Calculated TPD spectra for desorption from a porous catalyst. The curves show the effect of 
different expressions for the sticking coefficient. The s = 0.5 (1 - 0) curve is taken from a computer 
calculation by Herz ef al. (8) and includes both lag times and the pumping speed effect. The other 
curves assume infinite pumping speed and no lag effects and were calculated using Eq. (20). In all 
cases, the TPD spectra were normalized and the initial coverage was one. Other parameters were as 
follows: 

Q = 2000 cm%ec, p = I Wsec, 
F = (RT/2rrM)"2, V = 5 cma, 
k, = 1Ol3 exp{-30 kcaVmole/RT}, M = 28 gimole, 
ap = 1.6 m2/cm3, 
D = 0.066 (T/300)1'2 cm*/sec, 
t = 0.02 cm, 

A = 0.8 cm*, 
E = 0.58. 
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temperature of 675 K while the s = 0.5 (1 - 
0) curve has a maximum at 636 K. This 
lower peak temperature is expected since 
the (1 - 0) term will lower the readsorption 
rate; however, the difference is not very 
large. If one replaces (1 - 0) by 0.5 to take 
into account that the coverage in the peak 
region is about 0.5, the peak temperature 
for s = 0.25, predicted by Eq. (23), would 
be 655 K, which is quite close to the s = 0.5 
(1 - 0) result. This shows that the assump- 
tion of a constant sticking coefficient is 
quite good for calculating the effect that 
readsorption has on the peak temperature, 
even when (1 - 0) kinetics would be more 
accurate. One should remember, however, 
that the observed sticking coefficients often 
do not have a (1 - (3) dependence and there 
may be no particular reason to add this 
complication. 

The dashed line in Fig. 2 shows a plot of 
the first term in the series solution, Eq. (21). 
The result is to neglect a leading tail on the 
curve, but the region around the peak tem- 
perature is unaffected. This shows that de- 
sorption will be described very well by an 
effective desorption rate constant as in Eq. 
(22) and proves the validity of Eq. (23). 

Evaluation of the Sticking Coeficient 

Relation VI gives the parameter region 
for which readsorption is important when 
high carrier-gas flow rates are used or de- 
sorption is into a vacuum. For very con- 
servative properties such as given in Fig. 2, 
cwpFPs/+D is (1.2 x 105)s. Therefore, 
readsorption will be important for sticking 
probabilities greater than 10w5. In the case 
where readsorption is into a carrier gas at 
lower flow rates and higher partial pres- 
sures, quick calculations using Eq. (lib) 
with @/AD < 0.1 indicate that s needs to 
be about two orders of magnitude lower for 
readsorption to be negligible. While we 
have an expression for when adsorption is 
important, a priori determination of s is 
dithcult. For ultrahigh vacuum studies, 
sticking coefficients must be greater than 
- 10m3 in order for a surface to be populated 

in reasonable time scales, showing that high 
sticking coefficients are not uncommon. 
This leads to the conclusion that readsorp- 
tion is important in very many cases. 

An estimation of s may sometimes be 
difficult to obtain. Halpern and Germain 
(12), using different arguments, developed 
a criterion essentially identical to relation 
VI for determining if readsorption is impor- 
tant. Their derivation also implicitly as- 
sumed desorption into a vacuum. However, 
they used a theoretical formula derived 
from statistical mechanics (13) to deter- 
mine s, and they concluded that readsorp- 
tion was not important for their system. 
While this may have been true for their 
system, we feel that theoretical relations for 
sticking coefficients should not be used to 
estimate these values since our understand- 
ing of adsorption processes is still limited. 
A better way to guess sticking coefficients is 
to assume that s is independent of tempera- 
ture and observe how long it takes to begin 
to populate desorption states. 

For example, ifs = lo-lo, it will be neces- 
sary to expose the surface to about lo4 Torr 
set (an exposure of 100 Torr for 100 set). 
Adsorption may also give concentration 
gradients and s may be a function of tem- 
perature; therefore, values of s determined 
in this way should be considered minimum 
values. We note that exposures greater than 
lo4 Tot-r set may take prohibitively long 
times. Therefore, there will be a fairly nar- 
row range of values for which the sticking 
coefficient is small enough for readsorption 
to be negligible and large enough for easy 
adsorption. 

Temperature Programmed Reaction 

That readsorption is often important has 
interesting implications for molecules that 
can react upon desorption. On the average, 
each molecule will have to desorb 
crpsF12/7PD times, even when the carrier- 
gas flow rate is infinite. If s is moderately 
large, each molecule will undergo many de- 
sorption and adsorption processes and TPD 
with reaction will not be much different 
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from running a reaction at the instanta- 
neous pressure and temperature of the de- 
sorption. Since this is the case, the experi- 
menter should be careful to address very 
specific questions about the reaction, which 
cannot be answered by reactor studies, be- 
fore using TPD. In many cases, it will be 
much easier to use reactor studies since the 
temperature and pressure can be varied in- 
dependently. Because readsorption is im- 
portant in many cases, analysis similar to 
that used on low surface area catalysts 
should not be used (14). 

CONCLUSIONS 

We have shown that various groups of 
catalyst parameters can have a large effect 
in the observed TPD spectrum from porous 
catalysts. The experimenter should be con- 
scious of these effects and design his exper- 
iment to avoid the possible complications. 
In particular, lag times in the sample cell 
and in the pore can usually be made negligi- 
ble. Readsorption, on the other hand, is 
intrinsic to the adsorption system being 
studied and often cannot be eliminated by 
changing experimental parameters. The 
possibility of readsorption in TPD from po- 
rous samples should always be considered 
since it can raise peak temperatures by sev- 
eral hundred degrees. This should be con- 
sidered especially when reaction is occur- 
ring along with desorption. Finally, our 
results show that heats of adsorption can be 
calculated when TPD spectra are taken at 
different heating rates; however, lag times 
should be checked to see that they will not 
interfere with the results and preexponen- 
tials should not be assumed. 

APPENDIX: NOMENCLATURE 

c = gas phase concentration (molecules/ 
cm3> 

n = surface concentration (molecules/ 
cm2) 

no = initial surface concentration 
/3 = heating rate (Wsec) 
To = initial temperature 
Tf = final temperature 

TP = temperature at maximum desorption 
kd = desorption rate constant (set-I) 

= v exp(-E/RT) 
k,, = desorption rate constant evaluated 

at (To + G)/2 
Fc = flux of gas to the surface (F = 

(RT/2rM)““) 
s = the sticking coefficient, the probabil- 

ity that a gas molecule striking the 
surface will adsorb 

= So exp(-Ea/RT) f(d) 
AH = heat of adsorption (AH = Ea - E) 

Q = flow rate of the carrier gas (cm3/sec) 
V = volume of the sample chamber (cm3) 
E = porosity (cm3/cm3) 
(Y = active surface area (cm’ig) 
p = apparent catalyst density (g/cm3) 
A = external surface area (cm2) 
D = effective diffusivity (cm2/sec) 
1 = width of catalyst slab 

R = radius of spherical catalyst pellet 
Y = average radius of catalyst pore 

= Uap if all the surface is active 
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