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Experimental data are presented for the temperature-programmed desorption (TPD) of CO from 
porous Pt/AilOs into a vacuum. Most of the preadsorbed CO desorbs in a peak between 380 and 
550 K. Other workers have measured desorption at substantially higher temperatures during TPD 
of CO into a carrier gas rather than a vacuum. A comparison of the experimental conditions 
suggests that the competition of CO adsorption with CO desorption may contribute to the differ- 
ences between the TPD results. To investigate the effects of CO adsorption, we develop a 
mathematical model and use it to compute desorption spectra for the TPD of CO from Pt dispersed 
over a porous support into (a) an inert carrier gas and (b) a vacuum. Over the realistic parameter 
range considered, our model predicts that adsorption effects, caused by high concentrations of 
gaseous CO in the system, are always an important feature, broadening the desorption peaks and 
shifting them to higher temperatures. Indeed, we find that adsorption competes with desorption to 
the extent that adsorption equilibrium is always approached closely within the porous supported Pt 
samples. For desorption into a carrier gas, the adsorption effects result from limitations to the flow 
of CO from the sample cell, whereas for desorption into a vacuum, the adsorption effects result 
from limitations to the diffusion of CO from the porous sample. Our results suggest that significant 
adsorption effects will also be present during the TPD of CO from other Group VIII precious metals 
dispersed over porous supports. 

1. INTRODUCTION 

Measurements of the temperature-pro- 
grammed desorption (TPD) of CO from 
supported metal catalysts can provide in- 
formation about the strength of interaction 
of CO with the catalysts. This information 
contributes to an understanding of such im- 
portant catalytic processes as CO oxida- 
tion, water-gas shift, CO methanation, and 
the Fischer-Tropsch synthesis. Results 
have been reported by others for the de- 
sorption of CO from Pt (l-5), Ni (6, 7), and 
Ru (8, 9) dispersed over porous supports. 
These results are complex and the desorp- 
tion rates have been analyzed only qualita- 
tively. We are studying the TPD of CO 
from supported Pt and wish to obtain data 
that can be analyzed quantitatively. 

At the start of our investigation we asked 
the following question: To what extent will 
CO adsorption (or “readsorption”) during 
TPD affect our experimental results? The 

possible presence of adsorption effects has 
been ignored in previous studies of CO de- 
sorption from supported metals with one 
exception. Low and Bell (8) determined 
that adsorption effects were present during 
TPD of CO from supported Ru; however, 
they did not account for these effects when 
analyzing their data. This somewhat sur- 
prising neglect of CO adsorption during 
TPD from supported metals is probably due 
to the complexity of this experimental sys- 
tem. Below, we introduce the problems in- 
volved in the quantitative analysis of CO 
desorption from supported Pt and, thus, the 
problems involved in answering the ques- 
tion posed above. First, however, we pro- 
vide perspective by considering the TPD 
(or “thermal desorption”) of CO from Pt 
single crystals. 

Results for the TPD of CO from Pt single 
crystals can be analyzed quantitatively be- 
cause of the relative simplicity of this ex- 
perimental system. Since CO is adsorbed 
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on only one crystal plane before an experi- 
ment, the resulting TPD “spectrum” will 
consist of one peak, or a few peaks, corre- 
sponding to CO desorption from the limited 
number of adsorption sites on the crystal 
plane. In addition, the high gas pumping 
speed from the UHV sample chamber 
maintains the CO pressure over the Pt at 
low values such that the CO adsorption rate 
during the TPD experiment is negligible 
with respect to the desorption rate. This 
feature simplifies considerably the quantita- 
tive analysis of the TPD spectrum. 

In contrast to the relatively simple CO 
desorption spectra obtained with Pt crys- 
tals (ZO), those obtained for CO desorption 
from supported Pt (I -5) are complex. The 
TPD spectrum represented by the dashed 
line in Fig. 1 was obtained by Foger and 
Anderson (1) for the desorption of CO from 
Pt/A1209 into flowing He. Foger and An- 
derson attributed the breadth of the desorp- 
tion band to the presence in the sample of a 
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FIG. 1. Dashed curve: data of (I) for TPD of CO into 
flowing He from 0.9 wt% Pt on porous y-A&O,. 
Solid curve: TPD of CO into vacuum from 1.0 wt% Pt 
on porous y-Altos. The sample was a 0.015-g, 380-pm 
thick wafer with a 5C+m chromel-alumel thermocou- 
ple embedded at its center. After extensive degassing 
in vacuum at 850 K, the Pt was saturated with pulses 
of CO in flowing He at 300 K. Radiant heating in 
vacuum was linear at 1.1 K s-l from 320 to 850 K. We 
estimate that temperature gradients within the sam- 
ple during heating were negligible. Signals at the 
mass/charge ratios 2, 15, 16, 18, 28, and 44 were 
measured with a computer-controlled mass spectrom- 
eter. The amount of CO% that desorbed was about 5% 
of the amount of CO that desorbed. No significant 
desorption of Hz, CH,, or HI0 was detected. 

distribution of adsorption sites with differ- 
ent CO binding energies. Their explanation 
is reasonable in view of the complex sur- 
face structure of supported metal particles 
and the possible influence of the oxide sup- 
port on small metal particles. However, 
when we (a) used the desorption rate ex- 
pression obtained by McCabe and Schmidt 
(10) for the most tightly bound state of CO 
on the crystal planes they studied (their &., 
state on the Pt(210) surface), (b) used the 
0.58 K s-l heating rate of (Z), and (c) as- 
sumed that the rate of CO adsorption dur- 
ing TPD is negligible (i.e., that no “read- 
sorption” occurs) to compute a TPD 
spectrum, we obtained a peak at 510 K. 
Thus, we suspect that some of the desorp 
tion that occurred above 510 K in the 
dashed spectra may have been related to 
competition between adsorption and de- 
sorption caused by the presence of 
significant CO pressures over the Pt during 
the experiment.’ For TPD experiments in 
general, an increase in the adsorbate pres- 
sure at a specified surface coverage and 
temperature results in an increase in the 
adsorption rate and, thus, a decrease in the 
net desorption rate (the rate of decrease of 
surface coverage). This suppression of net 
desorption rates by increased adsorbate 
pressures and adsorption rates tends to 
broaden TPD peaks and shift the peaks to 
higher temperatures (12). 

We have attemped to minimize adsorption 
effects in our experiments by using rela- 
tively small amounts of sample and by de- 
sorbing CO into a vacuum rather than a 
carrier gas. The solid curve in Fig. 1 is a 
typical result. Using the CO capacity of 
our sample (50 pmol g-l) and the estimated 
flow rate from the sample cell (800 cm3 s-l), 

1 As is currently customary in TPD experiments, CO 
partial pressures were reported on an arbitrary scale in 
(I). We estimate a maximum partial pressure of 1 Torr 
(1000 ppm) for the dashed spectra in Fig. 1 using the Pt 
loading (0.9 wt%), Pt dispersion (42%), sample weight 
(0.5 g), heating rate (0.58 K s-l), and He flow rate, 
which was not reported in (I) but ranged between 0.17 
and 0.42 ems s-l in (II). 
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we calculate that the maximum CO pres- 
sure over the external surface of the sample 
was 2 x 10m4 Tot-r-over three orders of 
magnitude lower than we estimate was the 
case for the dashed curve. Although our 
sample may have had a distribution of CO 
adsorption sites different from that of the 
sample used to obtain the dashed spectra, 
the result that a smaller fraction of CO de- 
sorbed above 510 K suggested to us that 
adsorption effects may have influenced the 
results of Foger and Anderson. Simple cal- 
culations indicated, however, that sig- 
nificant CO pressures may have built up 
within our sample as a result of the limited 
rate of diffusion of CO molecules out of the 
porous support and, thus, that adsorption 
effects may have influenced our results, to 
some extent, as well. Further analysis of 
the extent to which CO adsorption may af- 
fect TPD experiments required the use of a 
mathematical model. 

In this paper we formulate a mathemati- 
cal model of the TPD of CO from supported 
Pt and use it to simulate two types of sys- 
tems: desorption into a carrier gas and de- 
sorption into a vacuum. We consider de- 
sorption from one adsorption state and do 
not attempt to fit experimental data. The 
major question we address is: To what ex- 
tent does adsorption compete with desorp- 
tion during TPD of CO from Pt dispersed 
over a porous support? Our simulation 
results indicate that adsorption equilibrium 
is closely approached over a wide range of 
conditions. We feel that this result is 
significant and should be considered in the 
design, analysis, and reporting of future 
TPD and temperature-programmed reac- 
tion studies of the interaction of CO with 
supported Pt and other Group VIII pre- 
cious metals. 

In a subsequent paper we will report ex- 
periments designed and analyzed with the 
aid of the mathematical model presented 
here. 

2. THE TPD SYSTEM MODEL 

Figure 2 shows a schematic of the de- 
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FIG. 2. Schematic representation of a TPD system 
which contains a porous Pt/AIZOs sample. 

sorption system which we intend to model. 
The slab geometry depicted and the as- 
sumed symmetry about the centerline (x = 
0) reflect our experimental setup. 

We assume that the gas phase in the de- 
sorption cell’s void volume is well mixed. 
We neglect CO desorption from the support 
and specify that CO undergoes only adsorp- 
tion and desorption over the Pt. If, how- 
ever, a sample has not been completely de- 
hydrated we find, in agreement with Foger 
and Anderson (I), that significant amounts 
of CO will desorb as CO,. 

Using these assumptions, we write the 
following conservation equations for the 
TPD system: 

- A+ % (L/2, t), t > 0, 

(b) !?$? = ; ?.$’ - 7 {r, - rd}, 

t > 0, 0 < x < L/2, 

(c) % = r, - r,, 

I > 0, 0 -=z x < L/2. (2.1) 

Here, G-j’(t) is the concentration of CO 
(mol cme3) in the cell’s void volume at time 
t, and Cco(x, t) is the concentration of CO in 
the void space of the porous support at the 
position x. The variable t&(x, t) is the di- 
mensionless surface concentration of CO 
and is defined as the ratio of adsorbed CO 
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molecules to surface Pt atoms (Z3). We as- 
sume that the maximum value of &-, is 1 .O 
for supported Pt. The remaining problem 
parameters are defined in the Appendix. 

The boundary conditions for Eq. (2.lb) 
are statements of symmetry at the sample 
centerline and continuity of gas phase CO 
concentrations at the sample-void volume 
interface. These are 

%(O, t) = 0, t > 0, 

Gw2, t) = W(t), 1 
Appropriate initial conditions 
(2.1) are 

c@(O) = 0, 

Cc&, 0) = 0, o<x< 

&0(x, 0) = 1, o<x< 

3 0. (2.2) 

for system 

L/2, 

L/2. (2.3) 

In each application that follows, the tem- 
perature of the sample and desorption cell 
is specified to increase linearly according to 
the equation 

no = Tll + p, where To = 300 K, 
and /3 = 1.0 K s-l. (2.4) 

The rates of adsorption ( ra) and desorption 
(rd) are given by 

ra = F,o~c,(l - &cd, (2.5) 

rd = kd exp(-E,/RT) eco. (2.6) 

In (2.9, SC0 is the initial sticking coefficient 
of CO on Pt and F,, is the collision fre- 
quency of CO molecules with a Pt atom: 

F co = (RT/2?rM&‘* a&,. (2.7) 

Here, R is the ideal gas constant, M,, is the 
molecular weight of CO, and u is the area 
occupied by one mole of surface Pt atoms 
(4.03 x 1oB cm2 mol-9. 

There is clearly some uncertainty associ- 
ated with the specification of expressions 
(2.5)-(2.7), and with the selection of the pa- 
rameters Scot kd, and Ed. Since our purpose 
here is to investigate the effects of CO ad- 
sorption on TPD results rather than to pre- 

dict actual results, we have used simple 
rate expressions and rounded values of the 
rate parameters (Table 1) to compute the 
results presented below. Our previous ki- 
netic study (13) and experimental TPD 
results indicate that our choices are 
sufficiently realistic for the present pur- 
pose. As we discuss at the end of Section 3, 
the conclusions of this work hold over a 
wide range of Sco, kd, Ed, and /3. While we 
specifically consider Pt here, we note that 
all of the Group VIII precious metals have 
similar CO sticking coefficients and adsorp- 
tion energies (14). 

For our calculations, the values used for 
cell volume, carrier gas flow rate, vacuum 
pumping speed, sample dimensions, Pt 
loading, and sample weight are within the 
ranges reported in published TPD studies. 
Mercury porosimetry measurements on our 
TPD samples were used to obtain p (den- 
sity), 4 (void fraction), and the macropore 
and micropore radii and volumes. These 
radius and volume measurements were 
used to estimate the effective diffusion 

TABLE 1 

Parameter Values Used to Compute TPD 
Spectra 

A (cm2) varied” 
DW (cmP s-l) carrier gas: 0.040 

vacuum: 0.066 
L (cm) varied* 
Qaa, (cm* S-V varied* 
V (cma) 5.0 
a 0.8 
E 0.58 
P Cm01 s-l) 4 x lo-*= 
p (g cm-9 1.25 
To(K) 300 
fl (K s-9 1.0 
E, (kcal mol-I) 306 
Iid (S') IO'* 
s co 0.5 

0 Selected to keep the sample weight at 0.2 g 
for desorption into a carrier gas and 0.01 g for 
desorption into a vacuum. 

*Values given in captions of Figs. 3 and 4. 
c Equivalent to 1 wt% Pt. 
d 126 kJ mol-‘. 
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coefficient D by means of a random pore 
model (15). In our estimation of D for de- 
sorption into a carrier gas we assumed that 
binary diffusion of CO in He at 1 atm occurs 
in the sample’s macropores, whereas for 
desorption into a vacuum we assumed that 
Knudsen diffusion of CO occurs in the mac- 
ropores. Numerical solutions of the system 
(2.1)~(2.3) were obtained using software 
developed by Madsen and Sincovec (16). 

3. MODEL APPLICATIONS 

A. Desorption into an Inert Carrier Gas 

For TPD into a carrier gas we assume 
that the volumetric flow rate, Q, from the 
cell, increases with temperature according 
to 

Q = Q&g&~, (3.1) 

where Q3,,,, is the flow rate at the initial 
temperature of 300 K. For our TPD sam- 
ples the temperature dependence of the ef- 
fective diffusion coefficient is given by 

(3.2) 

Using the parameter values shown in Table 
1, Eqs. (2.1)~(2.3) were solved to give 
C#(t>, C&x, t), and &6(x, t). Our plots, 
however, display the reference concentra- 
tion CF$(t), the concentration of CO in the 
carrier gas at the inlet to the detector (often 
a mass spectrometer). We specify that the 
temperature of the gas at the detector inlet 
is 300 K and neglect the time required for 
flow from the cell outlet to the detector 
inlet. C’Ei(t) isobtainedfromC#(t) accord- 
ing to 

cg(t> = c@(t) (&)* (3.3) 

Plots of CF$(t) vs T(t) are shown in Fig. 3 
for the six cases defined in the figure cap- 
tion. In addition to a scale with units of 
(mol cme3), the graph also contains the 
scale of the mole fraction of CO in the car- 
rier gas, XcO, with units (ppm). 
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FIG. 3. Numerical simulation of the TPD of CO from 
porous Pt/A1,09 into an inert carrier gas. The dashed 
peak is on an arbitrary scale and represents the hypo- 
thetical result that would be obtained if the rate of 
adsorption of CO (v,) were zero. The solid curves 
were computed using the parameter values listed in 
Table 1 and below. (A) L = 20 pm, Q = 1 cm3 s-r; (B) 
L = 200pm,Q = 1cm5s-‘;(C)L = 20pm,Q = 3cm3 
s-r;(D)L = 2OOpm,Q = 3cm3s-‘;(E)L = 20Fm,Q 
= 10cm5s-‘:(F)L = 2OOpm,Q = 10cmSs-r. 

Our first remarks about the cases shown 
in Fig. 3 concern the degree to which ad- 
sorption competed with desorption during 
these simulated TPD experiments. We 
found, when we varied both S,, and k, 
while keeping their ratio constant, that 
the desorption spectra did not change 
significantly. This observation remained 
valid when SC0 and kd were both multiplied 
or divided by as much as 5. Thus, over the 
parameter range considered (cases A 
through F in Fig. 3), adsorption competed 
with desorption to the extent that adsorp- 
tion equilibrium was closely approached for 
all t > 0. This means that the results of 
experiments performed under similar con- 
ditions can be used to determine only the 
CO adsorption equilibrium “constant” and 
heat of adsorption (e.g., by the method de- 
scribed by Cvetanovic and Amenomiya 
(12)) but not the separate adsorption and 
desorption rate parameters. For CO on Pt, 
however, the heat of adsorption may 
closely approximate E, since the adsorp- 
tion of CO on Pt apparently is not activated 
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(17, 18). This relationship between the heat 
of adsorption and Ed may also hold for 
many other adsorption systems. 

The extent to which adsorption, in com- 
petition with desorption, affected the 
shapes and locations of the peaks can be 
seen by comparing the solid curves in Fig. 3 
with the dashed curve (which is shown on a 
different, arbitrary scale). The dashed 
curve is proportional to the limiting result 
that would be obtained if the concentration 
of gaseous CO is maintained at very low 
levels such that the adsorption rate remains 
negligibly small with respect to the desorp- 
tion rate. This curve was computed simply 
by setting I-, to zero. Since we determined 
that there are no significant time lags in this 
system due to the rate of accumulation of 
gaseous CO within the cell and sample, the 
temperature corresponding to the maxi- 
mum of the dashed peak is the same as that 
calculated from /?, kd, and Ed using Red- 
head’s method (19). 

Our next remarks concern the effects of 
sample thickness and flow rate variation. 
The influence of internal mass transfer by 
diffusion was assessed by varying sample 
thickness while maintaining constant sam- 
ple weight. Two sample thicknesses were 
chosen and desorption spectra were ob- 
tained at different flow rates. The almost 
identical results obtained with the two 
thicknesses demonstrate that internal mass 
transfer effects were not significant for the 
cases considered here. Centerline concen- 
trations, f&(0, t), differed by only a few 
percent from the concentrations at the sam- 
ple face, C&42, t). The largest difference 
at a peak maximum occurred in case F 
where the difference was about 5%. 

As the flow rate was increased (e.g., in 
the sequence A, C, E in Fig. 3), the concen- 
tration of gaseous CO over the Pt in the 
sample decreased and the peaks shifted to 
lower temperatures. Similar effects were 
observed when the amount of Pt in the sys- 
tem was decreased while the flow rate was 
held constant. Thus, the results of these 
simulated experiments were controlled by 

the relatively high levels of gaseous CO in 
the cell established as a result of the rela- 
tively low flow rates and large sample 
amounts used. 

We note, as did Cvetanovic and Ameno- 
miya (12), that peak positions exhibit only 
minor sensitivity to flow rate variations. If, 
as is commonly done, flow rate variations 
are used to test for the presence of 
significant adsorption effects, then one 
must ensure that a sufficiently wide range of 
flow rates is used. 

Attempts to eliminate significant adsorp- 
tion effects in this setting by increasing the 
flow rate and decreasing the amount of Pt in 
the system will be limited by the sensitivity 
of the detector. For example, we have esti- 
mated for mass spectrometric analysis that 
the practical limit of detectability of CO 
(when M,, = 28) in an inert gas at 1 atm is 
about 25 ppm. Because of this limitation it 
is unlikely that adsorption effects can be 
made negligible for TPD into a carrier gas. 

B. Desorption into a Vacuum 

In this case we specify that the volumet- 
ric flow rate from the cell, Q, and the dilfu- 
sion coefficient, D, are temperature-depen- 
dent according to the following equations 

Q = Qmo(&)““~ (3.4) 

D = Daw & * 
.( 1 

l/2 

(3.5) 

This temperature dependence is explained 
by the fact that, in vacuum, free molecular 
flow occurs in the cell and in both the mac- 
ropores and micropores of the sample (i.e., 
Knudsen diffusion occurs exclusively 
within the sample). 

This case applies to an experimental sys- 
tem which differs somewhat from the sys- 
tem represented by Fig. 2. For desorption 
into a vacuum, there is no inlet flow and the 
sample cell is connected to and pumped by 
a vacuum chamber that contains. the detec- 
tor, a mass spectrometer, and is at ambient 
temperature (300 K). 
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We will plot a reference concentration, 
C FJ, which is proportional to the mass 
spectrometer signal, C pdo”, but which is inde- 
pendent of the flow rate from the mass 
spectrometer chamber, Qi$. This reference 
concentration is obtained by multiplying 
C$$ by the ratio of the flow rate from the 
mass spectrometer chamber to the flow rate 
from the cell at 300 K. We have 

@A = C$$(Q&$/ Q$$‘). (3.6) 

To relate C Es to the computed quantity C ‘$‘, 
we note that, since 

Cp; = C# (Qell/Q$$,) 

= C’# (Qr$/Q&j)(T/300 K)1’2* (3.7) 

Eq. (3.6) is equivalent to 

T ( 3 l/2 

cg = cg 3oo . (3.8) 

Again, we neglect the time required for flow 
from the cell through the mass spectrome- 
ter chamber. 

Simulation results displayed in Fig. 4 use 
the parameter values listed in Table 1 and in 
the figure caption. The plots of C?$ (t) vs 
T(t) in Fig. 4 are shown relative to two 
scales: one giving CF? in units (mol cmm3) 
and the other giving equivalent partial pres- 
sures (I’??) in units (Tot-r). 

Before examining the simulation results 
we remark that eliminating the carrier gas 
by desorbing into a vacuum allows lower 
CO concentrations to be measured with a 
mass spectrometer. Eliminating the carrier 
gas, however, introduces new experimental 
problems. The carrier gas serves as a heat 
transfer agent and its absence makes tem- 
perature measurement and uniform heating 
of the porous insulating support material 
difficult. Fortunately these problems can be 
solved by careful experimental design, for 
example, by embedding a thermocouple in 
the adsorbent sample and heating the sam- 
ple radiantly (20). 

An examination of the plots in Fig. 4 
reveals first that, although the flow rates are 
much higher and the sample weight much 
lower than for TPD into a carrier gas, there 

FIG. 4. Numerical simulation of the TPD of CO from 
porous Pt/A1,03 into a vacuum. The dashed peak is on 
an arbitrary scale and represents the hypothetical 
result that would be obtained if the rate of adsorption 
of CO (r.) were zero. The solid curves were computed 
using the parameter values listed in Table 1 and below. 
(A)L=20~m,Q=500cmas-‘;(B)L=2OO~m,Q= 
500cma0;(C)L = 20pm,Q = 2000cmSs-1;(D)L = 
200 pm, Q = 2000 cm3 s-l. 

are still large adsorption effects. These ef- 
fects result primarily from the accumulation 
of gaseous CO within the sample caused by 
the limited rate of diffusion of CO out of the 
sample. These diffusion effects are illus- 
trated by the shift of the peaks to lower 
temperatures as the sample thickness was 
decreased. They are also illustrated by 
comparing the concentrations at the cen- 
terline (x = 0) to those at the sample face 
(x = L/2). We list these values in Table 2 at 
the temperatures TM corresponding to the 
peak maxima. 

Variation of SC0 and kd again demon- 
strated that local adsorption equilibrium 
was closely approached for the cases 
shown in Fig. 4. This was true even though 
there were large concentration gradients 
present within the sample, and the behavior 
persisted when SC0 and kd were multiplied or 
divided by as much as 10. Cvetanovic and 
Amenomiya (12) have analyzed a similar 
TPD system in which internal diffusion con- 
trol, adsorption equilibrium, and a linear 
adsorption isotherm were specified. They 
found that the heat of adsorption can be 
determined by varying the heating rate, as 
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TABLE 2 

Concentrations and Temperatures at the Peak 
Maxima for the Cases of Fig. 4 

CaSe cco(o, TM) Gow2, TM) 
(mol cmea) (13101 cm-*) (‘KS 

A 7.2 x 10-u 4.9 x lo-‘* 573 
B 1.7 x 10-10 3.3 x 10-l* 639 
C 3.8 x lo-” 1.3 x lo-” 555 
D 1.5 x lo-” 0.8 x 10-l* 636 

in the case of desorption with negligible 
diffusional effects. Although the adsorption 
isotherm considered here is nonlinear, the 
slope of .a plot of ln( 2’,“//3) vs (1 /TJ is 
@JR), where TM were obtained from spec- 
tra computed for /3 between 0.2 and 1.0 K 
s-1. 

Close, local approach to adsorption equi- 
librium during TPD also was obtained for 
case C in Fig. 4 (and, thus, would be ob- 
tained for all other cases in Figs. 3 and 4) 
for a wide range of parameter values: SC0 = 
0.1 to 1 .O, kd = 10ls to 10ls s-l, Ed = 19 to 30 
kcal mol-l, and jI = 0.1 to 1.0 s-l. In addi- 
tion, this result was obtained when we used 
the initial sticking coefficients and cover- 
age-dependent desorption rate expressions 
reported by McCabe and-Schmidt (IO) for 
the (111) and (110) planes of Pt crystals. CO 
is held less strongly on these crystal planes 
than on the other planes studied in (10). 

As in Fig. 3, the dashed curve in Fig. 4 
(which again is on an arbitrary scale) is the 
result that would be obtained if the concen- 
tration of gaseous CO is maintained at very 
low levels such that the adsorption rate re- 
mains negligibly small with respect to the 
desorption rate. In theory, this limiting 
result could be approached with an 
infinitesimal sample thickness and a very 
large flow rate. In practice, we feel that 
adsorption effects cannot be eliminated for 
the TPD of CO from Pt dispersed over a 
porous support. The limiting result of TPD 
with negligible adsorption effects might be 
approachable for the desorption of CO from 
a metal dispersed over a nonporous sup- 

port, a system studied by Poppa et al. (22 - 
23) 

4. SUMMARY 

Our results indicate that adsorption ef- 
fects may be difficult or impossible to elimi- 
nate during TPD of CO from Pt dispersed 
over porous supports. At low flow rates 
(desorption into a carrier gas), the accumu- 
lation of gaseous CO in the sample cell con- 
trols the results, whereas at high flow rates 
(desorption into a vacuum), the accumula- 
tion of gaseous CO within the sample that 
results from diffusional limitations becomes 
controlling. For all of the cases considered 
here, adsorption competed with desorption 
to the extent that adsorption equilibrium 
was closely approached at each point in a 
sample. Thus, the results of TPD experi- 
ments performed under these conditions 
can be used to determine the ratios of the 
adsorption and desorption rate parameters 
for a specified adsorption model but not the 
separate desorption rate parameters. 

The results presented here do not explain 
all of the features of our experimental TPD 
spectra or of those reported by others. 
These results do, however, emphasize the 
need to consider adsorption effects when 
designing experiments, analyzing data, and 
reporting results. We recommend that all of 
the extensive parameters of a TPD system 
be reported (including flow rates and di- 
mensions of adsorbent particles) and that 
concentration or partial pressure scales be 
shown on plots of TPD spectra. While we 
have specifically considered the-TPD of CO 
from supported Pt, our results suggest that 
significant adsorption effects will also be 
present during the TPD of CO from other 
Group VIII precious metals dispersed over 
porous supports. 

APPENDIX NOMENCLATURE 

A 

c CO 

Total external (geometric) sur- 
face area of the sample (cm2). 
Concentration of CO in the gas 
phase within the porous sample 
(mol cm+). 
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C# 

c po’ 

D 

D 300 

Ed 

F co 

kd 

L 

Mco 

PWf co 

Q, QP 

Q300, Q%’ 

Q det 
300 

r a 

rd 

R 

s co 

HERZ, KIELA, AND MARIN 

Concentration of CO in the gas 
phase of the desorption cell ex- 
ternal to the sample (mol 
cme3). 
Concentration of CO in the de- 
tector chamber for desorption 
into vacuum (mol cme3). 
Concentration of CO at the ref- 
erence conditions specified in 
the text (mol cme3). 
Effective diffusion coefficient 
of CO within the porous sam- 
ple at the temperature T (cm2 
s-l). 
Effective diffusion coefficient 
of CO within the porous sam- 
ple at 300 K (cm2 s-l). 
Activation energy for desorp- 
tion of CO (kJ mol-l). 
Frequency of collision of gas 
phase CO molecules with sur- 
face Pt atoms (s-l). 
Preexponential rate constant 
for desorption of CO (s-l). 
Total thickness of the sample 
(cm). 
Molecular weight of CO (g 
mol-*). 
Partial pressure of CO at the 
reference conditions specified 
in the text for desorption into 
vacuum (Tort-). 
Volumetric flow rate of gas 
from the cell at the temperature 
T (cm3 s-l). 
Volumetric flow rate of gas 
from the cell at 300 K (cm3 s-l). 
Volumetric flow rate of gas 
from the detector chamber at 
300 K for desorption into vac- 
uum (cm3 s-l). 
Rate of adsorption of CO (s-l). 
Rate of desorption of CO (s-l). 
Ideal gas constant (8.3144 x 

10’ g cm2 .s+ mol-’ K-l) or 
(1.9873 x 10m3 kcal mol-’ K-l). 
Initial sticking coefficient of 
CO on Pt (dimensionless). 

T Temperature of the sample and 
desorption cell (K). 

TLl Temperature of the sample and 
desorption cell at t = 0 (K). 

TM Temperature at which the max- 
imum of a desorption peak oc- 
curs ( K). 

V Volume of the void space ex- 
ternal to the sample in the de- 
sorption cell (cm3). 

X Distance from the center of the 
sample (cm). 

X co Mole fraction of CO in the car- 
rier gas (ppm). 

Greek symbols 
ff 

P 

E 

8 co 

FL 

P 

u 

Fraction of the Pt atoms in the 
sample that are exposed to the 
gas phase (dimensionless). 
Rate of temperature increase 
(K s-l). 
Void fraction of the porous 
sample (dimensionless). 
Surface concentration of CO: 
the ratio of adsorbed CO mole- 
cules to surface Pt atoms (di- 
mensionless). 
Molar loading of Pt per gram of 
sample (mol g-l). 
Apparent density of the sample 
(g cmo3). 
Area occupied by one mole of 
surface Pt atoms (4.03 x lo8 
cm2 mol-l). 
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