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Moment-based analysis was applied to determine successfully inter- and intrapellet
diffusion coefficients from experimental TAP outlet pulse responses o®er a one-zone bed
with porous particles. Different temperatures, gas molar masses, and pellet sie®e frac-
tions were used to ®alidate the Knudsen diffusion relation for inert gases inside porous
catalyst pellets. The zeroth to third moments of the outlet pulse response were analyti-
cally deri®ed for rectangular, cylindrical and spherical pellets. The third moment pro-
®ides a significantly more accurate access to the intrapellet diffusi®ity than the second
moment does. The experimental window of the TAP reactor is explored for porous silica
as catalyst support bed filling. The rele®ance of concentration gradients inside the pellet
is illustrated with model simulations.

Introduction

Steady-state kinetic experiments are usually carried out for
their relative simplicity in determining reaction-rate equa-
tions and the corresponding rate coefficients involved in
chemical reactions. Transient kinetics, however, play an im-
portant role in understanding the underlying reaction mecha-
nisms. Transient experiments have the advantage of provid-
ing more information about the possible intermediates in-
volved in a sorption or reaction mechanism, as well as about
the rate coefficients of the related elementary steps. Differ-

Ž .ent kinds of transients can be studied Bennett, 2000 , among
them concentration pulse responses, cycling of the feed
Ž . Ž .Silveston, 1998 , and isotopic switches Happel, 1986 . Tem-

Ž .poral analysis of products TAP is an important method in
the category of pulse-response techniques, which is per-
formed at low pressures in a fixed-bed reactor, where Knud-

Žsen diffusion is the transport mechanism Gleaves et al.,
.1988 . The TAP reactor system was originally created to as-

sist the catalyst development process. Improvements have
been made from then on by adding extra mass spectrometer
analysis, as is the case with the MultiTracK reactor setup
Ž .Nijhuis, 1998 , and by optimizing the detection sensitivity as

Ž .realized with the TAP-2 reactor setup Gleaves et al., 1997 .
TAP has been extensively applied in experimental studies

on catalytic reaction mechanisms and other surface processes

Correspondence concerning this article should be addressed to J. H. B. J. Hoebink.

ŽKopinke et al., 1992; Coulson et al., 1993; Buyevskaya et al.,
1994; Mallens et al., 1994; Weerts et al., 1996; Schuurman et
al., 1997; Heitnes Hofstad et al., 1997; Pantazidis et al., 1998;

.Heneghan et al., 1999; Mills et al., 1999; Dewaele et al., 1999
and the method has been numerically evaluated or simulated
Ž .Soick et al., 2000; Hinz et al., 2000 .

Determination of diffusivities in zeolites was discussed by
Ž . Ž .Nijhuis et al. 1999 and Keipert and Baerns 1998 in rela-

tion to TAP experiments. They used surface diffusion as the
transport mechanism in the micropores to describe their ex-
perimental results.

Ž .The use of moment-based analysis MBA to evaluate TAP
pulse experiments has been addressed for some particular
cases. MBA is characterized by the total number of unknown
parameters to be assessed from one pulse-response curve. For
n parameters, the descriptions of the zeroth to the nth mo-
ments of the outlet pulse-response curve are needed. For a
one-zone reactor filled with nonporous catalyst pellets, where
the gaseous components undergo adsorption and desorption
at one type of site, assuming first-order desorption kinetics,
the zeroth and first moment in relation to the adsorbant and
the zeroth moment in relation to the product, are known
Ž .Gleaves et al., 1988 . The zeroth moment is related to the
conversion, the first moment to the average residence time.
The thin-zone reactor model for TAP pulse-response ex-
periments was mathematically applied to irreversible adsorp-
tionrreaction for the zeroth and first moment, and to re-
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Žversible adsorption for the zeroth to second moment Shekht-
.man et al., 1999a . The analytical solution for the first mo-

ment in relation to the mean residence time of a nonreacting
gas in a three-zone TAP reactor packed with nonporous pel-

Ž .lets was briefly presented by Phanawadee et al. 1999 .
Ž .Yablonsky et al. 1998 formulated the MBA theory for

Ž . Ž .pseudo- linear TAP models corresponding to pseudo-
first-order reactions. Here, CO oxidation over platinum pow-

Ž .der was taken as an example. Zou et al. 1994 presented the
first moment for porous pellets. They mention that the sec-
ond moment does not exist, which is valid only in the case of
very slow intrapellet diffusion, comparable to a situation of
nonporous pellets.

Besides analytical treatment, MBA was also used in actual
Ž .TAP experiments Lafyatis et al., 1997; Creten et al., 1995 .

In the case of reversible adsorption on nonporous pellets, the
Ž .zeroth to second moments were also derived Huinink, 1995 .

Here, porous pellets were considered for cases of extremely
slow and fast intrapellet diffusion.

Ž .An attempt was made by Shekhtman et al. 1999b to un-
ravel the zeroth to second moments for intra- and interpellet
diffusion in porous media, assuming rectangular pellets. In
the following sections, this porous pellet model is theoreti-
cally corrected and elaborated in great detail, as well as ex-
perimentally validated. The TAP pulse experiments and the
relevant properties of the used porous pellets are described
in the experimental characterization section. In the theory
section, continuity equations for both inter- and intrapellet
diffusion of inert gases are combined to describe the nth mo-

Ž .ments ns0,1,2,3 for beds of porous rectangular, cylindri-
cal, and spherical pellets. Experimental data on inter- and
intrapellet diffusivities are verified for the Knudsen relation
with respect to temperature, molar mass, and pellet size.

Experimental Characterization
TAP pulse experiment

The experiments were carried out in an original TAP setup
Ž .Gleaves et al., 1988 . Subsequent single pulses were admit-
ted to the inlet of the TAP reactor at time intervals ranging
between 1 and 3 s, depending on the necessary detection time
for the complete outlet pulse signal in order to obtain all
information for applying MBA. The inlet pulse size was typi-
cally 2 �1015 molecules, which guarantees Knudsen transport
conditions on the interpellet level. The pulsed gas was either
argon or a mixture of inert gases. Some inert gas concentra-
tions were as low as 2 vol. %, which required to repeat the
inlet pulse a hundred times in order to improve the signal-
to-noise ratio in the outlet pulse response by signal averag-
ing.

Pellet properties
Table 1 shows the physical properties of a 2 wt. % PtrSiO2

Žcatalyst and the corresponding silica support Colaris et al.,
.1999 . The data of the latter were used in the current TAP

experiments, MBA, and model simulations. Both materials
Žwere provided by Engelhard de Meern BV The Nether-

.lands . SEM pictures of the materials showed the pellets to
be almost ideally spherical. XRD measurements indicated a
polymorph structure of silica.

Table 1. Physical Properties of Porous Silica Pellets
Used as Bed Material

��d d Surf. Areapel pore
� 2Ž . Ž . Ž .Material �m � � � nm BET m rgtotal pel b

2 wt. % PtrSiO 150�212 0.85 0.76 0.38 32�7 1202
SiO 150�212 0.85 0.74 0.42 37�7 1142

212�250 0.74 35�7 120
425�500 0.74 35�7 108

�Obtained by N physisorption.2

MBA of TAP Pulse Responses from Beds of Porous
Pellets

When performing TAP pulse experiments over beds of
Ž .porous catalysts under ultrahigh vacuum UHV conditions,

one needs to account for Knudsen diffusion as transport
mechanism, both on the scale of the bed and on the scale of
the porous pellets. The corresponding two continuity equa-
tions, describing Knudsen diffusion in the bed and in the pel-
let, should be coupled in order to obtain expressions for the
pulse-response moments involved in MBA.

Interpellet diffusion
Interpellet Knudsen diffusion describes the pulse transport

on the bed scale:

� C x ,t � 2C x ,tŽ . Ž .b b
� sD q 1y� a N . 1Ž .Ž .b e,b b ® pel2� t � x

Transforming the variables x and t into dimensionless num-
bers, zs xrll and � s trt with t s� � ll 2rD , gives theb b b e,bb b
equation

� C � 2C ll 2
b b bs q 1y� a N . 2Ž .Ž .b ® pel2�� D� z e,b

Intrapellet diffusion
In the case of pellets with mesopores, transport in the pel-

lets can be described with Knudsen diffusion as well. The
corresponding continuity equation depends on the geometry
of the catalyst pellet. Three pellet shapes are considered in
detail: rectangular, cylindrical, and spherical pellets.

Rectangular Pellets. Diffusion of inert gases inside a pellet
with a rectangular shape is described by

� C y ,t � 2C y ,tŽ . Ž .p p
� sD . 3Ž .p e, p 2� t � y

Transformation of the variables y and t into dimensionless
numbers, �s rrR, with 2 R being the thickness of the rectan-
gular pellet, and � s trt with t s� � R2rD , gives the fol-b p p e, p
lowing equation:

� C � 2Ctp pbs . 4Ž .2� t t ��p
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Ž .Laplace transformation Kreyszig, 1993 of this equation, us-
Ž . Ž .ing C � ,� ™C s,� , with �s t rt , leads top p b p

2sC � Cp ps 5Ž .2� ��

The general solution of Eq. 5 is given by

s s
C sb � sinh �� qb �cosh �� . 6Ž .( (p 1 2ž / ž /� �

Using the following boundary conditions

� Cp s0 7Ž .
�� 0

and

C sC , 8Ž .p b1

for the Laplace transform one obtains N of the flux N ,pel1
through the outer pellet surface

D � C D s se, p p e , p
N s s C � tanh . 9Ž .( (1 b ž /R �� R � �1

Ž .Transforming the interpellet continuity equation Eq. 2
into the Laplace domain and combining it with Eq. 9, results
in

2� Cb
sC yC � s0 sŽ .b b 2� z

2 D1y� ll a s sŽ . e, pb ®by tanh � C . 10Ž .( ( bž /D R � �e,b

Assuming a Dirac � -pulse as the starting condition, withz
pulse size N and cross-sectional area A of the TAP reac-ps s
tor bed, Eq. 10 is rewritten as

2� C Nb PSs fq s � C y � , 11Ž . Ž .b z2 � A ll� z b s b

where for a rectangular pellet, f is defined as the following
function of s

2 D1y� ll a s sŽ . e, pb ®bf s s tanh . 12Ž . Ž .( (ž /D R � �e,b

We now apply a second Laplace transformation to Eq. 11

� C Nb PS2 ˘ ˘q CyqC zs0 y s fq s � C y ,Ž . Ž .b b� z � A llZs 0 b s b

13Ž .

with

	
ystC z , s s C e d� 14Ž . Ž .Hb b

0

and

	
yq zC̆ q , s s C e dz. 15Ž . Ž .Hb b

0

By applying the boundary conditions

C s
 s 16Ž . Ž .b zs 0

and

� Cb s0, 17Ž .
� z zs 0

Eq. 13 is written as

NPS2 ˘q y fq s � C sy qq 
 . 18Ž . Ž .b � A llb s b

Ž .Introducing T sN r � A ll , one obtainsps ps b s b

T T1 1ps ps

q 
yž / ž /2 2' 'fq s fq sŽ . Ž .

C̆ s q , 19Ž .b ' 'qq fq s qy fq sŽ . Ž .

which is turned into C by inverse Laplace transformationb

T1 ps Ž .y f q s � z'C s 
q eb ž /2 ' fq sŽ .

T1 ps Ž .q f q s � z' 'q 
y e s
 �cosh fq s � zŽ .Ž .ž /2 ' fq sŽ .

Tps 'y � sinh fq s � z . 20Ž . Ž .Ž .' fq sŽ .

With

C s0 21Ž .b zs1

as the boundary condition at the end of the bed, 
 can be
written as a function of s

Tps '
 s s � tanh fq s . 22Ž . Ž . Ž .' fq sŽ .

To determine the Laplace-transformed molar flow at the out-
let of the TAP reactor, F , the general equation for the1

Ž .Laplace transform of the concentration in the bed Eq. 20 ,
Ž .in combination with the explicit representation of 
 s shown

in Eq. 22, gives

TA D � C A D pss e,b b s e ,b
F sy s . 23Ž .1 ll � z ll 'cosh fq sŽ .b b1
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The specific influence of the pellet geometry is represented
Ž . Ž .by f s Eq. 12 , which contains a s1rR for the case of rec-®

tangular pellets.
Cylindrical pellets. The continuity equation for cylindrical

pellets is

� C r ,t � C r ,t1 �Ž . Ž .p p
� sD r . 24Ž .p e, p� t r � r � r

Again, transforming the variables r and t into dimensionless
numbers, �s rrR and � s trt with t s� � R2rD gives theb p p e, p
following equation

� C � Ct 1 �p pbs � . 25Ž .
�� t � �� ��p

Ž . Ž .Using Laplace transformation C � ,� ™C s,� , we get, withp p
�s t rtb p

sC � C1 �p ps � 26Ž .
� � �� ��

or

2� C � C sp p2 2� q � y � C s0. 27Ž .p2 �� ���

The general solution to Eq. 27 is given by modified Bessel
Ž . Ž . Žfunctions of the first I and second K kind Abramowitzn n

.and Stegun, 1970; Spiegel, 1974 , with order ns0

s s
C sc I �� qc K �� , 28Ž .( (p 1 o 2 ož / ž /� �

with

I x s iynJ ix s eyn� ir2 J ix 29Ž . Ž . Ž . Ž .n n n

and

� I x y I xŽ . Ž .° yn n
n�0,1,2,3, . . .

2 sin n�Ž .~K x s 30Ž . Ž .n I x y I x� Ž . Ž .yp p
lim ns0,1,2,3, . . . ,¢ 2 sin ®�®™ n Ž .

where

m 2 n	 y1 xŽ .
nJ x s x . 31Ž . Ž .Ýn 2 mqn2 m! nqm !Ž .ms 0

The boundary conditions are

C : finite value´c s0 32Ž .p 20

and

Cb
C sC ´c s . 33Ž .p b 11 s

J (0 ž /�

The Laplace transform N for pellet flux N is obtainedpel1
from Eqs. 28�33:

s
J (1 ž /D � C D s �e, p p e , p

N s s C � . 34Ž .1 (b sR �� R �1 J (0 ž /�

Combining the Laplace transform of Eq. 2 with Eq. 34, re-
sults in

sC yC � s0Ž .b b

s
J22 (1 ž /D� C 1y� ll a sŽ . �e, pb b ®bs y � � C , 35Ž .( b2 sD R �� z e,b J (0 ž /�

which is the equivalent of Eq. 10. Similar manipulation as for
rectangular coordinates again leads to Eq. 11. Function f ,
however, is now defined as

s
J2 (1 ž /D1y� ll a sŽ . �e, pb ®bf s s � . 36Ž . Ž .( sD R �e,b J (0 ž /�

The rest of the procedure to obtain an expression for the flux
at the outlet of the TAP reactor is also similar to the case of

Ž .the rectangular pellet. The same equation Eq. 23 is ob-
tained. For the case of cylindrical pellets, the influence of the

Ž .pellet geometry is herein represented by f s from Eq. 36,
with a s2rR.®

Spherical pellets. For spherical pellets, the equivalent of the
Ž .Laplace transformed continuity equation Eq. 27 is

2� C � C sp p2 2� q2 � y � C s0. 37Ž .p2 �� ���

Ž .Substituting C s g � r� in Eq. 38 gives the general solutionp
Ž .for g � , and subsequently

s s
sinh �� cosh ��( (ž / ž /� �

C sd qd . 38Ž .p 1 2� �

Here we use identical boundary conditions as in cylindrical
pellets:

C : finite value ´d s0 39Ž .p 20

and

Cb
C sC ´d s . 40Ž .p b 11 s

sinh (ž /�
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The Laplace transform N of the flux at the outer pellet1
surface is now

s(D � C D �e, p p e , p
N s s C y1 . 41Ž .1 b sR �� R1 tanh	 0(�

Similar reasoning again leads to Eq. 11, with f now defined
as

s
2 (D1y� ll aŽ . �e, pb ®bf s s y1 , 42Ž . Ž .sD Re,b tanh	 0(�

which represents the type of pellets with a s3rR in the case®
of spherical pellets.

MBA as an analytical tool
Determination of the moments of the pulse response func-

tion is straightforward from here on

n� F	 	 1nn nq1 nM s F� t dts t F�� d� s y1 lim .Ž .H Hn b n� ss™ 00 0

43Ž .

When differentiating Eq. 43 n times to obtain expressions for
Ž .the zeroth to nth moments, the molar flow F Eq. 23 can1

Ž .be approximated by a Taylor polynome of at least nq1 th
order in s, without loss of accuracy. For a reactor bed filled
with rectangular, cylindrical, or spherical pellets, the expres-
sions for the first to the third moments are shown in Table 2.
In these relations, � and � are represented byb p

� � ll 2
b b

� s � 1q� 45Ž . Ž .b De,b

� � R2 �p
� s � , 46Ž .p D 1q�Ž .e, p

with

1y�Ž .b
�s� � . 47Ž .p �b

The zeroth moment is defined as the pulse size, N . Theps
first moment provides information about the interpellet dif-
fusion time, � , and the effective interpellet diffusion coeffi-b
cient, D , while additional information about the intrapellete,b
diffusion time, � , and the effective intrapellet diffusion coef-p
ficient, D , is obtained from the second moment. The thirde, p
moment seems redundant, as it contains the same informa-
tion as the second moment. The relative weight of the in-
trapellet diffusion in the third moment, however, is consider-
ably larger than in the second moment. This allows a more
accurate assessment of the intrapellet diffusivity, in particu-
lar, if � is small.p

Numerical simulation of pulse responses
TAP pulse simulations were performed for a bed of porous

pellets in order to compare experimental and predicted pulse
Ž .responses. DSS002 subroutines Sibeli and Schiesser, 1992

were used to obtain discretization with respect to the axial
bed coordinate and the radial pellet coordinate. The reactor
bed consists of one zone, which was divided into 41 equidis-
tant gridpoints. On the pellet scale, 11 equidistant gridpoints
were applied. The resulting ordinary differential equations
Ž .ODE were integrated in time by using the D02NCF routine

Ž .from the NAG Fortran Library Manual NAG Ltd., 1997 .

Results
The integrands F� t n of the zeroth up to the third moment

are shown in Figure 1. The situation of ns0 is equal to the
measured outlet pulse-response signal. Smoothing or other
pulse manipulation was not applied except adaptation of the
base line. This base-line adaptation is necessary because of
an offset signal, caused by the electronic equipment of the
TAP setup, which becomes significant at very low signal val-
ues, in particular when evaluating the higher moments. The
adaptation of the base line is chosen such that the contribu-

Ž .tion to all moments ns0,1,2,3 of the last 10% of the time
interval relevant for the signal is less than 2%

� t nF� t dtHw xM last 10% in timen 0.9� ts F2%, 48Ž .
� tw xM total nn F� t dtH

0

with � t the total time of signal monitoring.
For the situation shown in Figure 1, this means that � ts

1.4 s. The integrands of the second and third moment do not
approach a limit value of zero at high t values. This is caused
by scatter in the data, which becomes enhanced at high t by
multiplication of the signal with t 2 or t 3. The nonrandom-like

Table 2. First vs. Third Moments�

Particle
Shape M rM M rM M rM1 0 2 0 3 0

2 2Ž . wŽ . Ž . x Ž . wŽ . Ž . Ž . Ž . Ž .xRectangular � r2 1r2 �� 5r6 �� q 2r3 �� 1r2 �� � 61r60 �� q 5r3 �� �� q 4r5 �� � 1q� r �b b b p b b b p p
2 2Ž . wŽ . Ž . x Ž . wŽ . Ž . Ž . Ž . Ž .xCylindrical � r2 1r2 �� 5r6 �� q 1r4 �� 1r2 �� � 61r60 �� q 5r8 �� �� q 1r8 �� � 1q� r �b b b p b b b p p

2 2Ž . wŽ . Ž . x Ž . wŽ . Ž . Ž . Ž . Ž .xSpherical � r2 1r2 �� 5r6 �� q 2r15 �� 1r2 �� � 61r60 �� q 1r3 �� �� q 4r105 �� � 1q� r �b b b p b b b p p

�See Eqs. 45, 46, and 47 for � , � , and � , respectively.b p
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Figure 1. Integrands F � t n for ns0,1,2,3, as calculated
from the experimental outlet pulse response
of Ar pulsed over porous silica.
Bed length l s19 mm; sieve fraction d s 425�500 �m;b SiO 2
Ts 373 K.

behavior of the third moment at the end of the experiment is
caused by digitalization of the outlet pulse signal by the TAP
data-acquisition equipment.

From the integrands shown in Figure 1, one can conclude

for this specific situation
that a relatively large amount
of information is included at the end of the pulse. Although
measuring the pulse over � ts0.3 s would seem sufficient,
one has to conclude from the third moment that a signal over
at least � ts0.6 s has to be considered in order to prevent
loss of information about intrapellet diffusion.

( )Figure 2. Interpellet diffusivity a and intrapellet diffu-
( ) 1rrrrr 2sivity b as a function of T .

Results are obtained via MBA of outlet pulse responses of
82.8 vol. % N , 11.8 vol. % Ar, 1.8 vol. % Kr, and 1.8 vol. %2

ŽXe pulsed as a mixture over porous silica pellets bed length
l s 38 mm, sieve fraction d s 212�250 �m, T s 323, 373,b SiO 2. Ž . Ž .423, and 473 K . The lines in both a and b parts are lin-
ear fits through the origin.

Effective inter- and intrapellet diffusivities for several inert
gases, obtained from the first and third moments, respec-
tively, are shown in Figure 2 as a function of T 1r2. The lines
in the figure are linear fits through the origin for the individ-
ual inert gases, indicating a T 1r2 temperature relationship for
diffusion in both bed and pellet. The same inter- and in-
trapellet diffusivities are shown in Figure 3, but now as a
function of My1r2. The lines represent linear fits for the indi-
vidual temperatures, indicating that the diffusivity in both bed
and pellet is well proportional to My1r2. For the intrapellet

Ž .diffusivities Figure 3b , the linear fits do not go through the
origin.

A second set of experiments was carried out by pulsing Ar
over a porous silica bed with bed length l s19 mm and pel-b
let sieve fraction d s425�500 �m at Ts373, 573, 773SiO2

and 973 K. At the two lower temperatures, the results were
in line with the Knudsen relation. At the two higher tempera-
tures, the results were not as expected. At Ts773 K, the
intrapellet diffusion was about two times smaller than the
expected value. When Eq. 48 was applied to the optimization
of the baseline, the contribution of the last part of the re-
sponse would not fall below a value of 10% for the third
moment. At Ts973 K, the diffusivity could not be estimated
at all from the third moment, since the peak area between 0
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( )Figure 3. Interpellet diffusivity a and intrapellet diffu-
( ) �1rrrrr 2sivity b as a function of M .

Experimental conditions are the same as mentioned in Fig-
Ž .ure 2. The lines in part a are linear fits going through the
Ž .origin. The lines in part b are linear fits that do not go

through the origin.

and 0.5 s was almost zero. It could be possible that the sig-
nals were not recorded for a sufficiently long time, as diffu-
sion into larger pellets takes more time. It cannot be ex-
cluded that temperature gradients affect the high-tempera-
ture results, as it is complicated to maintain a uniform tem-

Žperature in the TAP reactor at high temperatures Huinink,
.1995; Weerts, 1995 . The fact that diffusivities obey the

Ž .Knudsen relation at lower temperatures see Figures 2 and 3
indicates that temperature gradients have a negligible influ-
ence at those temperatures. Different bed lengths do not in-
fluence the value of the diffusivity, but a shorter bed length
improves the signal-to-noise ratio of the response.

Discussion
The intrapellet diffusivities calculated from the second mo-

ment showed a less reliable result than when the third mo-
ment was used. This is because the contribution of the in-
trapellet diffusion compared to interpellet diffusion in the ra-
tio M rM is relatively high and in the ratio M rM low. For3 0 2 0
example, the intrapellet contribution in the ratio M rM for3 0

Ž . Ž . 2 Žspherical pellets is given by 1r3 �� �� q 4r105 �� � 1qb p p
. Ž . Ž . 2� r � and the interpellet contribution by 61r60 �� , as canb

be seen in Table 2. The first term in the intrapellet contribu-
Ž . Ž .tion is predominant; thus, 1r3 : 61r60 , which is over 1:3, is

the ratio of intra- to interpellet contributions for the third
moment. The intrapellet contribution in the ratio M rM is2 0

Ž .represented by 2r15 � , while the interpellet contribution isp
Ž .5r6 � , which causes the ratio of intra- to interpellet contri-b

Ž . Ž .bution 2r15 : 5r6 to be about 1:6 for the second moment.
Although the interpellet diffusivity as determined from the

first moment is relatively well conditioned, the error in its
value is carried over in the second and also the third mo-
ment, which causes an inaccuracy in the estimation of the
intrapellet diffusivity. This would argue that a different ex-
perimental approach be used, one that assesses the interpel-
let diffusivity separately from the pulse experiments over sim-
ilar, but nonporous, pellets, and the subsequent use of its
value for the determination of the intrapellet diffusivity over
porous pellets. In this way errors in the interpellet diffusivity,
which may arise from intrapellet diffusion, are avoided. It is
emphasized here that attempts to simultaneously assess both
diffusivities from nonlinear regression of the full TAP pulse
response were unsuccessful. A similar approach to obtain the
intrapellet diffusivity via regression of the full response, after
the interpellet diffusivity was determined independently via
pulse experiments over nonporous pellets, gave rather inac-
curate results.

Effective diffusivities are related to the Knudsen diffusivity
via

�
K n K nD s D , 49Ž .e �̃

while for the latter the following relation holds

8 R Td gasiK nD s . 50Ž .(3 � M

The results of Figures 2 and 3 show that not only the inter-
pellet diffusivity obeys the Knudsen relation concerning the
dependence on temperature and molecular weight, as is al-

Ž .ready known Gleaves et al., 1988 , but that the relation in
this respect can also be applied for the intrapellet diffusivity.
The linear fits of the molar mass at different temperatures in
Figure 3b do not go through the origin, which indicates that
there is an additional mechanism of intrapellet gas transport
present. It goes beyond the scope of this article to discuss the
kind of mechanism involved.

The dependence of the interpellet diffusivity on the mean
pellet size is found to be also in line with the Knudsen rela-
tion for the two sieve fractions applied here. For the intrapel-
let diffusivity one would expect that both sieve fractions would
show the same value, in particular because it was verified,
from nitrogen physisorption experiments, that both fractions
have nearly the same pore-size distribution, pellet porosity,

Ž .and BET surface area Table 1 . The experimentally ob-
tained values for the intrapellet diffusivities were 4.2�10y9

m2rs and 1.3�10y8 m2rs for the smaller and the larger sieve
fractions, respectively, which could indicate a difference in

Ž .tortuosity between small and large pellets see Eq. 49 . Tor-
tuosity factors have been reported to vary between 2 and 10
Ž .Satterfield, 1970 .
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When the Knudsen relation is applied in the current situa-
tion to extrapolate experimentally obtained interpellet diffu-
sivities toward intrapellet diffusivities, one should account for
the difference in pellet and pore diameters, and the differ-
ence in bed and pellet porosities. Typically, estimated values
of the intrapellet diffusivities are a factor of 10 to 50 larger
than the experimental intrapellet diffusivities. This would im-
ply that the tortuosity of the intrapellet pores is much larger
than the tortuosity of the interstitial bed voidage. Thus, esti-

Ž y7 2 .mating the intrapellet diffusion coefficient 2�10 m rs
from the Knudsen relation, using the interpellet diffusion co-

Ž y3 2 .efficient 1�10 m rs and the characteristic interstitial void
Ž y8 y4dimensions d s4�10 m, respectively, d s2�10pore pel

.m is not accurate enough. Pore distributions and a different
tortuosity on the intrapellet scale seem to influence in a non-

Ž .negligible manner Satterfield, 1970 .
The relevance of concentration gradients inside the pellets

is illustrated in Figure 4. Here, the behavior of the intrapellet
concentration is simulated as a function of time for pellets

Žnear the inlet and the outlet of the reactor bed zs1r40 and
.zs39r40, and �s0, 0.1, 0.5, 0.9, and 1 . It is seen in Figure

4 that pulses traveling through the bed lead, over a short
period of time, to high concentrations in the outer regions of
a pellet, while low concentrations in the inner pellet parts
last much longer. Pellets near the bed entrance show profiles
at much higher concentration levels than pellets near the bed
outlet, in line with the broadening of the pulse admitted to
the bed. It is clear that admission of a pulse causes severe
intrapellet concentration gradients. One might expect that
such a situation would be enhanced if additional processes
like adsorption and desorption andror catalytic reactions
would occur. The fact that the number of molecules in a typi-
cal TAP pulse is of an order of magnitude of 1% of the num-
ber of active sites in the reactor, should be considered in this
context. Depletion of the pulse may result in only parts of the
bed, or even only parts of some pellets, being actually in-
volved in catalytic processes.

The conditions of TAP experiments can be varied by
changing the size of the catalyst pellets, the length of the bed
filling, and the operating temperature. Thus, the experimen-
tal window for assessment of intrapellet diffusivities is deter-
mined both by the physical transport properties of the reac-
tor bed and catalyst pellet, and by the detection sensitivity of
the TAP equipment under given experimental conditions.
One might estimate the influence of the physical transport
properties by using the third moment from Table 2. For this
purpose, the integrand is to be split into an interpellet-

Ž .induced contribution A and an intrapellet-induced contri-b
Ž .bution Ap

A s 61r60 �� 2 51Ž . Ž .b b

and

A s 1r3 �� �� q 4r105 �� 2� 1q� r � . 52Ž . Ž . Ž . Ž . Ž .p b p p

To estimate the boundaries of the experimental window, one
might assume that at least 5% of each contribution should be
present in the third moment

5%F A r A q A F95% 53Ž .Ž . Ž .p p b

( )Figure 4. Simulated intrapellet concentrations C ofp
Ar at Ts373 K as a function of time at zs

( ) ( )1rrrrr40 a and zs39rrrrr40 b in the TAP reactor
bed with the dimensionless spherical pellet
coordinate as parameter: �s1, 0.9, 0.5, 0.1,
and 0.
The silica bed length is 19 mm and the pellet sieve fraction
is 425�500 �m. Note the different vertical scales. Values of
the inter- and intrapellet diffusivity are 2�10y3 and 2�10y9

m2rs, respectively.

Using the expressions mentioned in Eqs. 45�47 in combi-
nation with the bed and pellet properties in Table 1, the fol-
lowing estimation can be derived

d2D pele ,b
1.52F � F128 54Ž .2D lle, p b

The bed length is restricted by the size of the TAP reactor,
which is about 40 mm maximum, and by ideal plug-flow con-

Ž . Ž .ditions l rd �50 Froment and Bischoff, 1990 , which isb pel
about 5 mm minimum. The size of the catalyst pellet is also
restricted, on the one hand by ideal plug-flow conditions
Ž . Ž .d rd �10 Froment and Bischoff, 1990 , correspond-reactor pel
ing to a pellet size of about 560 �m as the maximum diame-
ter, and on the other hand, by a mesh size of the removable
stainless-steel screen at the end of the reactor. In our case,
100 �m is the minimum pellet diameter.
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Beside the bed properties, detection limits are also rele-
Ž .vant. Choosing a larger pellet diameter d s425�500 �mSiO2

Ž .and a smaller bed length l s19 mm showed an experimen-b
tal detection limit at TG773 K. Here, the information of the
second and third moments is much less than the white noise
causing oscillations at the end of the time interval of the mo-

Ž .ment concerned. The applied base line adaptation Eq. 48
was not sufficient for obtaining reliable intrapellet diffusivi-
ties at these extreme experimental conditions. There should
have been an additional demand that the integrands of the
second and third moments have the same order of magnitude
as the white noise in the last 10% of the measured time inter-
val.

Simulation of the TAP experiments with diffusivities ob-
tained from MBA indicates intrapellet concentration gradi-
ents. These same gradients were already assumed to be pre-

Žsent in the silica support material at an earlier stage Colaris
.et al., 1999 .

Conclusions
Interpellet and intrapellet diffusivities were experimentally

assessed with the TAP reactor via pulse experiments. The
Knudsen relation was confirmed for mesoporous pellets. The
data were derived from the pulse responses via moment based
analysis. It is concluded that use of the third moment is more
reliable for obtaining intrapellet diffusivities, when compared
to the use of the second moment. Model simulations with the
experimentally obtained diffusivities reveal large concentra-
tion gradients within the pellets.
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Notation
A s interpellet contribution of the integrand of the third mo-b

ment, dimensionless
A s intrapellet contribution of the integrand of the third mo-p

ment, dimensionless
A scross-sectional area of the TAP reactor bed, m2

s
a spellet surface area per pellet volume, my1

V
b ,b sconstants used in the general solution of the Laplace trans-1 2

formed diffusion equation in regard to rectangular pellets,
Eq. 6, molrm3

c ,c sconstants used in the general solution of the Laplace trans-1 2
formed diffusion equation in regard to cylindrical pellets,
Eqs. 32 and 33, molrm3

Csconcentration, molrm3

3CsLaplace transformed concentration t™ s, molrm
3C̆sLaplace transformed concentration t™ s and z™q, molrm

dsdiameter, m
d ,d sconstants used in the general solution of the Laplace trans-1 2

formed diffusion equation in regard to spherical pellets, Eqs.
39 and 40, molrm3

d s interstitial voids diameter, mi
Dsdiffusion coefficient, m2rs
fspellet-type dependent function, dimensionless

Fsmolar flow, molrs
iscomplex number, dimensionless

I smodified Bessel function of the first kind of order n, dimen-n
sionless

J sBessel function of the first kind of order n, dimensionlessn
K smodified Bessel function of the second kind of order n, di-n

mensionless

lls length, m
msnonnegative integer, dimensionless
Msmolar mass, kgrmol

M snth moment, mol � sn
n
nsnonnegative integer, dimensionless
Nsmolar flux, molrm2 � s

N smolar flux at outer pellet boundary, molrm2 � spel
N spulse size, molp s

qsLaplace transformation of coordinate z, dimensionless
rsplace coordinate of the cylindricalrspherical pellet, m

Rshalf-thickness of a pellet, m
R sgas constant, Jrmol �Kgas

ssLaplace transformed of time t, sy1

ts time, s
� ts total time of TAP pulse outlet signal monitoring, s
t scharacteristic interpellet diffusion time, sb
t scharacteristic intrapellet diffusion time, sp
Ts temperature, K

T spulse concentration, molrm3
p s
xsplace coordinate of the reactor bed, m
ysplace coordinate of the rectangular pellet, m
zsplace coordinate of the reactor bed, dimensionless

Greek letters
Ž .�sratio of the characteristic interpellet bed diffusion time and

Ž .the characteristic intrapellet pellet diffusion time, dimen-
sionless


sLaplace transformed boundary condition at the beginning of
the TAP reactor bed filled with rectangular pellets, molrm3

� sDirac delta function of coordinate z, dimensionlessz
Ž .�sratio of pellet void intrapellet volume fraction to bed void

Ž .interpellet volume fraction, dimensionless
�sporosity, dimensionless
�snonnegative integer, dimensionless
�spellet coordinate, dimensionless
�scharacteristic interpellet diffusion time, dimensionless
�s tortuosity, dimensionless˜

� smoment-related interpellet diffusion time, sb
� smoment-related intrapellet diffusion time, sp

Superscripts and subscripts
KnsKnudsen

bsbed, interpellet
eseffective

p,pelspellet, intrapellet

Abbre©iations
MBAsmoment based analysis
TAPs temporal analysis of products

UHVsultrahigh vacuum
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