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An analog to the Weisz-Prater method is used to analyze the effect of intraparticle diffusion 
under the nonisothermal conditions of a temperature-programmed desorption (TPD) experiment. 
By taking into account the temperature-dependent transport properties and the readsorption of the 
adsorbate, the importance of intraparticle mass transfer during TPD is assessed by the magnitude 
of the effectiveness factor q. Experimental TPD spectra of CO and Hz from Ni/SiOz catalysts serve 
as prototype examples for desorption of these adsorbates from Group VIII supported metal cata- 
lysts. It is found that the observed desorption rate, particle size, surface concentration of the 
adsorbate, effective diffusivity of the adsorbate in the carrier gas/catalyst particle, catalyst bed 
volume, heating rate, and initial surface coverage of the adsorbate collectively determine the 
magnitude of the effectiveness factor. Characteristic plots for first- and second-order desorption, 
respectively, are presented to guide the experimentalist in selecting the appropriate experimental 
parameters to minimize the effect of intraparticle gradients during the TPD process. D 1988 Academic 

Press. Inc 

INTRODUCTION 

The importance of mass transfer limita- 
tions within a catalyst pellet under reaction 
conditions has traditionally been analyzed 
in terms of a diffusion factor (I) and a mod- 
ulus (1) which depend upon both the geom- 
etry of the particle and the reaction order 
(2). Although these considerations have 
been applied primarily to a static system 
they also apply to a flow reactor (1). In a 
flow system it is assumed that a steady state 
in the concentration gradient results from 
local diffusion in a volume element of gas 
and the catalyst surface. This is equivalent 
to a slug of gas volume which moves 
through the catalyst bed and samples the 
catalyst for a period of its residence time in 
the bed. These conditions are met by the 
small beds and high carrier gas flow rates 
used in a TPD experiment (3). 

I To whom correspondence should be addressed. 

The existence of intraparticle mass trans- 
fer effects was addressed experimentally by 
Lee er al. (4, 5). A series of TPD experi- 
ments was carried out at constant heating 
rate and carrier gas flow rate with H2 and 
CO as adsorbates.. The peak temperatures 
did not shift as the particle size was in- 
creased by more than a factor of 10 (22-500 
pm). Furthermore, the order of the desorp- 
tion kinetics, corrected for readsorption 
(4, 5) of CO and Hz, was found to be 1 and 
2, respectively. Collectively, these results 
strongly suggested that intraparticle diffu- 
sion was not a dominant mass transfer ef- 
fect (I) in their TPD experiments. 

In order to provide adequate criteria to 
confirm the absence of intraparticle gradi- 
ents, we reexamine here the effect of mass 
transfer during TPD for both first- and 
second-order desorption from porous cata- 
lysts to determine under what conditions 
intraparticle diffusion will not confound the 
interpretation of TPD spectra to obtain ki- 
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netic parameters. Experimental results for 
hydrogen and carbon monoxide as ad- 
sorbates and a commonly used carrier gas 
have been considered in this analysis. What 
emerges is that a single criterion as pro- 
posed in earlier investigations (I, 3, 6, 7) is 
replaced by regions of characteristic plots 
because the parameters that comprise these 
plots are temperature dependent. The ob- 
jective of this report is, therefore, to dem- 
onstrate the procedures that can be em- 
ployed to analyze the aforementioned 
characteristic plots and thus allow the ex- 
perimentalist to assess the extent of intra- 
particle gradients due to conditions existing 
during the TPD experiment. 

We will demonstrate that the existence 
and magnitude of a diffusion effect are en- 
tirely determined by the magnitude of a 
pseudo-modulus which involves the parti- 
cle size, bed volume, effective diffusivity, 
the measured desorption rate, and a con- 
centration term. We will consider spherical 
particles and first-order (CO desorption) 
and second-order (HZ desorption) reac- 
tions. In many experimental cases the in- 
trinsic rate constant will not be directly 
known, but instead it will be desirable to 
estimate the pseudo-modulus from the dif- 
fusivity, the actually observed desorption 
rate, bed volume, and the size of catalyst 
particle. In a TPD experiment the first two 
quantities will vary during the temperature 
ramp and a suitable method is required to 
ensure that for a given adsorbate/carrier gas 
system, the experimental parameters (such 
as particle size and surface concentration of 
the adsorbate) are selected to avoid internal 
concentration gradients over the entire 
temperature range where desorption is 
measurable. 

ANALYSIS OF DIFFUSION EFFECTS 

Under steady-state operating conditions, 
diffusion and chemical reaction occur si- 
multaneously within a porous particle. If 
the diffusion of reactant into the particle is 
rapid compared to the reaction rate, the en- 
tire internal surface area within the catalyst 

particle is effectively accessed by the reac- 
tant and this results in a uniform reactant 
concentration profile throughout the cata- 
lyst particle. As a consequence, the whole 
catalyst surface (both external and internal) 
is very effective in promoting the reaction. 
If, on the other hand, the diffusion rate into 
the catalyst particle is slower than the reac- 
tion rate, a concentration gradient occurs 
within the catalyst particle. Within the cen- 
ter core of the catalyst particle, the reactant 
concentration is substantially lower than 
the reactant concentration at the periphery 
of the particle. Most of the reaction, there- 
fore, takes place within a thin shell on the 
periphery of the catalyst particle, and the 
internal surface is not used effectively. In 
order to determine how effectively the cata- 
lyst surface is used under reaction condi- 
tions, an effectiveness factor, 7, was intro- 
duced by Weisz and Prater (1). It is defined 
as the ratio of the observed reaction rate to 
that rate observed if the total surface area 
throughout the catalyst particle were ex- 
posed to the same environment found at the 
outer surface. In other words, Weisz and 
Prater proposed that under isothermal con- 
ditions the effect of intraparticle diffusion 
can be contained in a separate factor, 7, in 
the general rate equation 

R = kV,Ctfq, (1) 

where R is the observed reaction rate 
(mol/s), V, is the bed volume (cm3), Co is 
the concentration of the reactant at the par- 
ticle’s surface (mol/cm3), and n is the order 
of the reaction. The reaction rate constant, 
k, has units of (concentration)‘-” s-l. For a 
spherical catalyst particle of radius r, the 
diffusion modulus can be written for the 
general case described by Eq. (1) as 

+s = ; k;“I ‘I’. [ 1 (2) 
eff 

In Eq. (2), D,R is the effective diffusion co- 
efficient characterizing the ability for diffu- 
sive IIow through a unit geometric volume 
of the solid particle. 
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It is important to note that the reference 
point of Eqs. (1) and (2) is chosen at the 
outer surface of the particle. For a reaction 
in which the reactant is supplied by the out- 
side environment, the external surface has 
a higher concentration than at the center. 
The choice of the outer surface as the refer- 
ence point, to calculate r], ensures that the 
value of q is between 0 and 1. 

The appropriate representation for the 
reaction rate during a TPD process requires 
simultaneous consideration of the adsorp- 
tion rate and the desorption rate of the ad- 
sorbate. If for a narrow range of tempera- 
ture change, the nonsteady term in the 
materials balance for the adsorbate is small 
compared to the average adsorbate concen- 
tration in the particle, then it is reasonable 
to treat the system as if it were in the quasi- 
steady state. This would be expected by 
simple analysis of the TPD spectrum. At 
any temperature for which the desorption 
rate is measured, the corresponding con- 
centration of the adsorbate in the particles 
can be assessed by the procedure to be out- 
lined shortly. It has been demonstrated 
experimentally (5) and by numerical simu- 
lation (6) that equilibrium adsorption is 
very closely approximated throughout the 
course of TPD. This observation has moti- 
vated the following extension of the tradi- 
tional formulation proposed by Weisz and 
Prater. 

When readsorption is considered, the ob- 
served rate R to account for adsorption 
equilibrium duripg a TPD process is 

R = [kdC: - kaP,(Cm - Ci)“]V~~y (3) 

where k, and kd are the specific rate con- 
stants for adsorption and desorption, P, is 
the gas phase pressure of the adsorbate, C,,, 
is the density of sites accessible for ad- 
sorption, Ci is the adsorbate concentration 
at the center of the particle, and the term 
(C, - Ci)” describes the concentration of 
vacant adsorption sites. It is important to 
note that the center of the particle is chosen 
as the reference point to calculate the effec- 
tiveness factor q for a desorption process. 

The reactant (i.e., adsorbate) during TPD is 
supplied by the reservoir inside the particle 
and it diffuses outward through the particle. 
Because the center will have a higher ad- 
sorbate concentration than the outer sur- 
face, choosing the center of the particle as 
the reference point to calculate 71 will en- 
sure that the value of q calculated is be- 
tween 0 and 1, and thus the “TPD reac- 
tion” can be modeled by procedures 
developed by Weisz and Prater. 

An adsorption/desorption ratio K is in- 
troduced to simplify Eq. (3): 

K = Wa(Cm - CJ” 

k&l 
(4) 

Substituting Eq. (3) into Eq. (4) we recover 
an equation whose form is similar to that of 
Eq. (l), i.e., 

R = (1 - K)kdV,C:r, = keff V,Clq. (5) 

The effective desorption rate (k,a) for the 
case of readsorption is given by (1 - K)kd . 
We write Eq. (5) by analogy to Eq. (1) to 
simplify the discussion to follow. In ac- 
tuality, kefl has no physical significance. 

A modulus, (bs, for the desorption reac- 
tion described in Eq. (5) can be constructed 
by the same method used by Weisz and 
Prater as 

4s = ; ke&T-’ “2 [ 1 D . (6) 
eff 

The magnitude of r#+ is used to estimate the 
effectiveness factor, q, which in turn pro- 
vides a measure of the ratio of the actual 
rate for the catalyst particle to the maxi- 
mum rate which is evaluated at the center 
of the particle. In other words 7 is a mea- 
sure of the concentration gradient of the 
reactant within the particle. 

The analysis of diffusion effects during a 
TPD experiment is complicated by several 
factors. The kinetic parameters which de- 
termine the magnitude of the rate constant 
are generally not known. The transport 
properties of the gas phase species are tem- 
perature dependent and will change with 
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the increase in temperature during the ex- 
periment. In order to simplify the evalu- 
ation of & a pseudo-modulus can be con- 
structed by combining Eqs. (5) and (6) to 
eliminate k,ff. The result for &h-order ki- 
netics is 

The left hand side of Eq. (7) was deter- 
mined numerically for a spherical catalyst 
particle by solving the appropriate mass 
balance equation at closely spaced temper- 
atures over a range appropriate to a TPD 
experiment. The numerical procedures, de- 
scribed in the Appendix, are justified on the 
basis that it has been found from model pre- 
dictions (3, 6,8) that adsorption equilibrium 
is closely approached throughout the cata- 
lyst bed during the TPD process. Thus at 
any time during the TPD experiment, the 
unsteady-state problem can be solved using 
a steady-state approximation. In this form 
the results of the calculation depend on Ci . 
However, C,, the average adsorbate con- 
centration in the particles, is the quantity 
determined experimentally. Hence we des- 
ignate +S as a pseudo-modulus. To provide 
the necessary “bridge” between experi- 
ment and numerical simulation the ad- 
sorbate concentration profile within the cat- 
alyst particle (obtained numerically) can be 
integrated throughout the particle by the 
procedures described in the Appendix to 
yield the average adsorbate concentration 
in the particle, C,. 

The ~-4~ calculations for steady-state re- 
action systems have been performed by 
Weisz and Prater (I). The direct application 
of their results to a TPD process in which 
the temperature is not constant yields re- 
sults that are not presented in a way in 
which all the parameters can be experimen- 
tally determined during a TPD process. For 
example, the quantity C, at any tempera- 
ture (or time) can be determined experi- 
mentally. The value of C, is obtained from 
the TPD spectrum at any temperature by 
evaluating the area under the TPD curve 

from the selected temperature to a tempera- 
ture high enough that desorption has 
ceased. The ratio of this area to the total 
area times C, yields the value of C,. It is 
interesting to note that the ratios of the 
measured desorption rate per unit volume 
to the value of C, for the examples treated 
in the next section are -10e3 for second- 
order and -10d4 for first-order desorption 
which further substantiates treating this 
nonsteady-state problem by a steady-state 
model. 

Figures la and lb are characteristic plots 
for evaluating diffusion effects in porous 
spherical catalyst particles during a TPD 
experiment for IZ = 1 and 2, respectively. 
The ordinate, 7, is the effectiveness factor 
which is a measure of the concentration 
gradient within the particle. If 7 = 1 the 
concentration is uniform. The abscissa is 
comprised of terms that can be controlled 
in the experiment (r,, V,), estimated by cor- 
relations (9) (&), or measured during the 
TPD experiment at any temperature (R). 
The value of C, at any temperature can be 
determined once a value of C, is obtained; 
C, is the maximum number of adsorption 
sites and can be measured by, e.g., pulsed 
or static selective chemisorption of the ad- 
sorbate. The range of the abscissa was ob- 
tained by considering the following typical 
TPD experimental parameters: R (5 x 
IO-*-5 x lop7 mol/s), r, (1 x 10e2-0.5 cm), 
D,ff (1 x 10-3- 1 x 10-l cm2/s), and V, 
(0.1-1.0 cm3). 

THE PSEUDO-MODULUS 

Direct application of Figs. la and lb to 
assess mass transfer effects requires further 
discussion. The traditional variable that can 
be controlled by the experimentalist to min- 
imize concentration gradients within a cata- 
lyst particle is its average size. It should be 
noted that choice of particle size deter- 
mines the volume of catalyst required for 
adequate sensitivity in detection of the ad- 
sorbate during desorption. Furthermore, 
the upper bound of the minimum particle 
size should govern the experimental choice 
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0.65 

FIG. 1. Characteristic plots of effectiveness factor, v, vs R&V,D,~ parametric in surface concentra- 
tion of adsorbate for (a) first-order and (b) second-order desorptions, respectively. 

of particle size to avoid excessive pressure ployed. Table 1 lists calculated transport 
drop across the catalyst bed (IO). parameters at selected temperatures. Val- 

The transport properties of the gas phase ues of II,,,, the molecular diffusivity, for the 
species are temperature dependent and will binary gas systems CO/He and HZ/He have 
increase with increasing temperature; the been evaluated from various correlations 
magnitude will also depend upon the binary (11-14). Lower and upper bounds were 
gas/adsorbate/carrier gas system em- found to depend on the correlation chosen. 

TABLE 1 

The Effect of Increasing Temperature on Der, R, 0, C,, r:R/V,D,s, and 11 

Order of desorption Second order First order 
Adsorbate H2 co 
Carrier gas He He 
Weight of catalyst (g) 0.1 0.1 
Particle size (cm) 0.0225 0.003 
Bed volume (cm’) 0.139 0.105 
Temperature (K) 400 500 600 500 600 700 
D& (lo-’ cm%) 3.4 3.8 4.2 1.0 1.1 1.2 
0,;; (lO-3 cm*/s) 3.9 4.4 4.8 1.2 1.3 1.4 
R (lo-’ mol/s) 0.30 1.32 0.78 0.16 0.15 0.11 
e 0.98 0.50 0.24 0.69 0.47 0.19 
C, (10e4 mol/cm3) 4.70 2.40 1.15 6.26 4.27 1.72 
RrflV,D,B 0.81 3.19 1.71 0.031 0.027 0.018 

(lo-* cm3/mol) 
1) >0.99 >0.99 
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The results we report are based on the 
mean values for each gas mixture deter- 
mined at 298 K. The temperature depen- 
dence (-T’“) is the same regardless of the 
correlation used to evaluate D, (1.5). There 
is no unique way to evaluate the effective 
diffusivity (8); we report two ways to calcu- 
late this quantity (9). 

The value of the pseudo-modulus is also 
dependent on the magnitude of the ob- 
served desorption rate, R. The magnitude 
of R at any time (or temperature) during 
TPD will depend on the experimental con- 
ditions. For example, the experimentaiist 
can control the carrier gas flow rate over a 
reasonable range (20-200 cc/min) while still 
maintaining adequate detection sensitivity; 
the magnitude of the carrier gas flow rate 
affects the measured desorption rate. The 
heating rate, which also affects signal sensi- 
tivity and the measured desorption rate, 
can also be varied. 

The pseudo-modulus is parametric in C, , 
the average concentration of the adsorbate 
in the particle which varies continuously 
during the desorption process. The effect of 
C, on q depends on the order of the desorp- 
tion kinetics and this effect is reflected in 
Fig. 1 which was determined by solving the 
continuity equation for the spherical geom- 
etry and IZ = 1 or 2 parametric in C,. The 
range in values of C, was chosen to be con- 
sistent with typical metal surface areas de- 
termined by selective chemisorption of 
each of the adsorbates, H2 or CO. The tem- 
perature-dependent magnitude of Deff, R, 
and C, (at a given Y, and V,) collectively 
determines the magnitude of effectiveness 
factor. 

The results shown in Figs. la and lb 
allow the experimentalist to assess the im- 
pact of mass transfer effects and to adjust 
experimental conditions so that 7) + 1 and 
thus the TPD data can be directly analyzed 
to determine the desorption kinetic parame- 
ters by procedures described elsewhere 
(4, 5). To demonstrate the application of 
the results shown in Figs. la and lb we will 
consider laboratory data for the desorption 

TABLE 2 

Summary of Catalyst and Bed Properties Used in the 
Experimental Study (4, 5) and Calculated Transport 

Parameters at Selected Temperatures for First-Order 
and Second-Order Desorption of CO and Hz in a He 

Carrier Gas, Respectively 

Adsorbate H2 co 
Carrier gas He He 
Flow rate (cm’lmin) 100 100 
Weight of catalyst (gm) 0.1 0.1 
Particle size (cm) 0.0225 0.003 
Bed volume (cm3) 0.139 0.105 
Bed void fraction 0.54 0.40 
Initial coverage 0.7 1.0 
Bed length (mm) 5.0 5.0 

of H2 and CO in a He carrier gas from 
nickel supported on silica catalysts. Table 2 
presents a summary of catalyst and bed 
properties used in ‘the experimental study. 

APPLICATIONS 

First-Order Desorption of CO 

Figure 2a is a TPD spectrum of CO de- 
sorption (from an initial saturation cover- 
age) from Ni/Si02 (4). For further clarifi- 
cation Fig. 2b shows the surface phase CO 
profile down the axial length of the bed dur- 
ing TPD from a saturated surface deter- 
mined by the simulation of Lee et al. (4). 
The profile is nearly uniform indicating the 
absence of axial dispersion in the shallow 
catalyst bed used in TPD, and thus a nearly 
uniform concentration throughout the bed 
exists. This is unlike the situation in a 
packed bed which produces more uniform 
axial concentration profiles. In those cases 
steeper concentration profiles can exist 
even in the absence of axial dispersion 
compared to those in the presence of axial 
dispersion. 

CO desorption from an initially saturated 
surface is required to ensure uniformity in 
the axial surface phase concentration (5). 
When allowance is made for repulsive in- 
teractions between adsorbates, it is found 
that significant redistribution of the ad- 
sorbate within the bed occurs. This results 
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FIG. 2. (a) Experimental TPD spectrum of CO from an initial saturated surface of Ni/SiOz and (b) the 
surface phase CO profile down the axial length of the bed during TPD (5). 

in nearly uniform adsorbate profiles which 
are obtained when experimental conditions 
are selected properly. Furthermore, “an- 
nealing” in the concentration gradient dur- 
ing TPD with increasing temperature was 
reported before (6) for H2 and CO desorp- 
tion under conditions representative of 
those used in experiments with supported 
Group VIII metals. 

The experimental conditions and catalyst 
properties required to evaluate the pseudo- 
modulus and C, are given in Table 1. We 

choose three temperatures (500, 600, and 
700 K) to determine characteristic parame- 
ter values below, at, and above the peak 
temperature maximum. The pertinent val- 
ues at each temperature are given in Table 
2. The value of the abscissa of Fig. la at 
each temperature depends on the method of 
calculating D,E. These values range from 
1.05 x 10e3 to 1.25 x lo-’ at the peak tem- 
perature and thus a band of values for the 
pseudo-modulus is indicated in Fig. la. The 
value of C, at the peak temperature is deter- 
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FIG. 3. (a) Experimental desorption spectrum of H2 from an initial coverage of 0.7 from Ni/Si02 and 
(b) the surface phase H2 profile down the axial length of the bed during TPD (4). 

mined as the cross-hatched area (Fig. 2a). 
The total area under the TPD spectrum is 
proportional to C,, which for the catalyst 
was determined to be 8.5 x lop4 to 9.7 x 
10e4 mol/cm3 based on H2 chemisorption. 
We assume a stoichiometry of CO/Ni = 0.5 
although other values have been reported 
(4). Applying the results presented in Table 
2 to the characteristic plot shown in Fig. la 
we find that 7 > 0.99, which indicates 
negligible internal concentration gradients 
within the catalyst particles. 

Second-Order Desorption of Hz 

Figure 3a is a TPD spectrum of HZ de- 
sorption for an initial coverage of 0.7 from 
Ni/SiOz. Figure 3b is the analog to Fig. 2b 
and demonstrates that here also axial dis- 
persion is negligible and thus the axial con- 

centration of adsorbate in the bed is uni- 
form throughout the TPD experiment (5). 

Following the procedures outlined above 
for first-order desorption the value of r) at 
the peak temperature is found from the re- 
sults of Fig. lb to be 7 s 0.99. 

DISCUSSION 

Two attempts have been made to define 
criteria for the absence of intraparticle 
mass transfer effects during TPD in the 
presence of readsorption. Ibok and Ollis (7) 
have proposed that these effects, when de- 
sorption is first order, will be negligible pro- 
vided the following relationship is satisfied, 

rs < [ (&) &,-1’2. (8) 
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This relationship was derived by modifica- TABLE 3 
tion of the Weisz-Prater (Zj criterion, 
which was developed for isothermal reac- 
tion conditions. There exists considerable 
discussion in the literature (16, 17) regard- 
ing the applicability of their criterion to a 
TPD process. We have used this criterion 
to calculate the maximum particle size al- 
lowable to avoid intraparticle concentration 
gradients. The result yields an unreason- 
ably small number (<low4 cm) for all the 
TPD cases considered here. This result is 
inconsistent with the experimental findings 
presented in the previous section. This in- 
consistency suggests that this criterion is 
either not applicable or overly restrictive. 

Demmin and Gorte (16) have proposed, 
for the case of first-order desorption, design 
parameters for TPD from a packed bed of 
spherical particles. The results of their 
model are expressed in terms of six dimen- 
sionless groups. Each group provides an 
upper bound that should not be exceeded to 
allow the proper analysis of TPD curves. 
For example, they concluded that intrapar- 
title concentration gradients are deter- 
mined by the value of Qr,/47u-~ND,. Con- 
centration gardients are significant if this 
parameter is greater than 0.05. They also 
concluded that some gradients will always 
exist in the particles at the bed entrance of a 
plug-flow reactor but the fraction of the bed 
for which this is important will be negligible 
when this parameter is small. They con- 
sidered only first-order desorption kinetics. 
To assess the importance of intraparticle 
concentration gradients this parameter was 
evaluated for the CO TPD experiments of 
this study; HZ TPD could not be analyzed. 
The results show that the value of this cri- 
terion is less than 0.05 (16) over the entire 
temperature range of desorption and thus 
intraparticle concentration gradients are 
predicted to be negligible. This calculation 
demonstrates that the criterion proposed by 
Demmin and Gorte provides a sound basis 
for predicting the onset of severe intrapar- 
title mass transfer effects. This is also con- 
sistent with experimental findings. 

An Example in Which Significant Intraparticle 
Concentration Gradients Exist during 

the TPD Process 

Catalyst Platinum black 
Surface area (X 1O-3 cm*/g) 1.25 
Cross-sectional area of Pt atom (A) 9 
The order of desorption Second order 
Adsorbate H2 

Carrier gas N2 
Weight of catalyst (g) 2.54 
Particle size (cm) 0.42 
Bed volume (cm3) 0.2 
Temperature (K) 363 
D& (X 10m3 cm’/s) 3.1 
D,;f (X 1O-3 cm2/s) 3.7 
R (X 10m8 mol/cm3) 1.19 
8 0.085 
C, (X 10m6 mol/cm’) 1.2 
R&VcDeB (X lo-‘) 7.1-8.5 
7) 0.75 

A review of the TPD literature has shown 
that complete experimental conditions and/ 
or results are often not given. One study, 
namely H2 TPD from Pt black, has been 
reported. Table 3 lists the pertinent experi- 
mental values to serve as an example in 
which significant intraparticle concentra- 
tion gradients exist during the TPD pro- 
cess. Several methods can be used to mini- 
mize this concentration gradient. For 
example, a decrease in particle size is an 
attractive direction to pursue. Using the 
data presented in Table 3 as an example, a 
factor of 2 decrease in particle size results 
in a factor of 4 decrease in the value of 
pseudo-modulus, and the resulting effec- 
tiveness factor increases from 0.75 to 0.90. 

Our analysis demonstrates that during 
TPD in a flow geometry, where a small bed 
of catalyst particles is perfused by a flow of 
a carrier gas, numerous factors can deter- 
mine the existence of intraparticle mass 
transfer effects. The experimentalist should 
be aware of these effects and design his ex- 
periment to avoid the possible compli- 
cations that could arise in evaluating kinetic 
parameters from TPD spectra. Table 4 
presents several factors that should be con- 
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TABLE 4 

Impact of Design Parameters on the 
Effectiveness Factor 

Factor Variation EffeCtiVe”CSS Comment 
factor 

R Increase DeCIeaSe 

G Increase increase 

r, Increase D‘XrG3se 

&R Increase Increase 
VC increase Depends on which (a) C, decreases 

(dilute with dominates (b) Abscissa decreases 
inert 
particles) 

P increase Depends on which (a) R increases 
dominates (b) C, decreases 

a Increase Depends on which (a) C, increases 
dominates (b) R increases 

m  Increase Increase 

sidered in the design of a TPD experiment 
and how they impact on intraparticle mass 
transfer. The effect of these factors can be 
discussed qualitatively. For example, an in- 
crease in the initial coverage will increase 77 
(all other experimentally controllable fac- 
tors maintained constant) but will also in- 
crease R, the measured rate, which will 
generally decrease q. The actual effect on r) 
depends on which factor is dominating in 
the system under study. Evaluation of the 
dominant factor requires experimental 
spectra and application of the procedures 
outlined in the previous section. 

R,R 
vc ,vc 
Ci 

G 

co 

C,(O) 

G 

D eff 

APPENDIX: NOMENCLATURE 

Observed reaction rate (mol/s). 
Bed volume (cm3). 
Adsorbate concentration at the 

center of particle (mol/cm3). 
Total concentration of surface 

sites accessible for adsorption 
(mol/cm3). 

Adsorbate concentration at the 
outer surface (mol/cm3). 

Gas phase concentration of ad- 
sorbate at the center of the parti- 
cles (mol/cm3). 

Surface concentration of reactant 
(mol/cm3). 

Effective diffusion coefficient 
(cm2/s). 

&I 
K 
ka 

kd 
k eff 

m 

ia 

Q 

Molecular diffusivity (cm2/s). 
Adsorption equilibrium constant. 
Adsorption rate constant (atm-’ 

s-l). 
Desorption rate constant (1 /s). 
Effective desorption rate constant 

((concentration)‘-” s-9. 
Catalyst mass (g). 
Order of the reaction. 
Gas phase pressure of the ad- 

sorbate (atm). 
Flow rate of the carrier gas 

(cm3/s). 
Temperature (K). 
Thiele diffusion modulus for 

spherical catalyst particles. 
Catalyst particle radius (cm). 
qwG~ 
Heating rate (K/s). 
Effectiveness factor. 
Surface coverage. 
Specific adsorption sites/cm3 

(moles of sites/cm3). 

APPENDIX 

The mass balance describing the ad- 
sorbate concentration gradient within a 
spherical particle under quasi-steady-state 
conditions with readsorption is written as 

- k,P,(C, - C)‘7 = 0 (A.l) 

with associated boundary conditions 

5 (r = 0) = 0 64.2) 

C(r = r,) = co . (A.3) 

This second-order differential equation, 
two-point boundary value problem, can be 
solved numerically using an iteration 
scheme described as the “shooting” 
method (18). Briefly, radial adsorbate con- 
centration profiles are evaluated for sets of 
parameters: kd, k,, P,, C,, n, rs, and Co. 
Here Co is the concentration at the surface 
of the particle, namely at Y = rs. The con- 
centration gradient at the particle surface is 



406 HUANG, XUE, AND SCHWARZ 

evaluated numerically from the resulting Numerically, the left-hand side of Eq. (A.9) 
concentration profile. is evaluated employing the same parame- 

The value of C,, “pins” the concentration ters as those used to generate the adsorbate 
profile, sets the value of Ci , and establishes concentration profile. Contour plots of q vs 
the basis for numerically calculating the Rr~lV,D,~ (i.e., 9q+zCi) parametric in C, 
value of C, , i.e., the average concentration were constructed using different sets of pa- 
of the adsorbate in the particle at T, which rameters described earlier and are pre- 
is sented in Fig. 1. 

4~ ,/l CT(r)r2 dr 

c, = 
45-r: 

(A.4) ACKNOWLEDGMENT 
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The observed desorption rate is calcu- 
lated by integrating the desorption/read- 
sorption rate over the entire sphere using 
the local adsorbate concentration obtained 
from the numerical simulation, 

R = 47~ 1: [k&(r) 

- k,P,(C, - C&))n]r2 dr. (AS) 

The effectiveness factor 7, defined as the 
ratio of the observed desorption rate to the 
desorption rate evaluated at the concentra- 
tion at the center of particle, is 

R 
’ = [kdCF - kaPa(Cm - Ci)“]Vc . (A’6) 

The modulus for the desorption process, 
&, is evaluated as 

1. 

2. 

3. 
4. 

5. 

6. 

7. 

8. 

9. 

IO. 

Il. 

12. 

kdC: - kaP,(C” - Ci)” ‘I2 

GDeff I . 13. 

The product of n and 4: yields 

,,+I = R ” 
9VcCiDeff 

and rearrangement of Eq. (A.@ 

64.7) 14 

15. 

(A.@ 16. 

yields 
17. 

18. 

64.9) 
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