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Abstract

The mathematical models for porous catalysts involving interparticle and intraparticle Knudsen diffusion with and without a first order&reversib
reaction in a TAP reactor during a single pulse experiment were analyzed. If the ratio of the interparticle to the intraparticle transporstibaracteri
times ) is sufficiently large, the intraparticle concentration distribution follows an intraparticle pseudo-steady state (IPSS) condition. For a thre
equal-zone reactor, the IPSS assumption is valid wheri 2.5, corresponding to a macro-porous domain.)Fed.2.5, the validity of the IPSS
assumption depends on the magnitude of the effectiveness factor. The expressions for the valid domain are proposed. The validity of the |
assumption for a thin-zone reactor is also discussed. Moment analysis shows that analytical expressions for the gas conversion are the san
the cases with and without application of the IPSS assumption. The conversion expressions for different shapes of catalyst pellets and diffe
reactor configurations are reported.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction gradual change is monitored by the change in the exit flow rates
of reactant and/or product gases. The experiment that involves
Temporal analysis of products or TAP,2] has been recog- a series of pulses and gradual change of the catalyst is called a
nized as an important transient experimental method for hemultipulse experiment, which is actually a sequence of single
erogeneous catalytic reaction studi@. The experiment is pulse experiments.
performed by injecting a narrow gas pulse into an evacuated The simplest TAP microreactor is a one-zone reactor, which
microreactor packed with solid particles. Generally, a TAP pulséas uniformly packed with inert or catalyst particles. A more com-
response experiment involves injecting a very small amount ofnon reactor is a three-zone reactor in which the catalyst zone is
gas per pulse. As a result, the pressure rise in the microreacteandwiched between inert zones. The main advantage of athree-
is small, and gas molecules move through the reactor by Knudzone reactor is that the temperature distribution in the catalyst
sen diffusion. The time-dependent exit flow rate of each gas igone is more uniform. A three-zone reactor in which the catalyst
detected by a mass spectrometer. A very important feature aone is very thin compared to the length of the reactor is called a
the TAP experiment is the very small number of reactant gathin-zone reactof4,5]. An advantage of this reactor configura-
molecules compared to the number of active sites of the solitlon is the uniform gas concentration distribution in the catalyst
catalyst, and consequently during one pulse the catalyst is habne during a one-pulse experiment and a uniform change in the
perturbed or changed. This type of experiments is called a singleatalyst composition during a multipulse experiment. Numeri-
pulse experiment. However, a series of pulses of the reactant gaal analysis for the non-porous catalyst case has shown that the
can change the catalyst composition or structure gradually. Theniformity can be achieved for practical thickness of the catalyst

zone[6].
Interpretation of TAP response data including transport and
* Corresponding author. Tel.: +662 579 2083; fax: +662 561 4621. kinetic parameter estimation requires mathematical models that
E-mail address: fengphi@ku.ac.th (P. Phanawadee). describe the processes in the reactor. Parameter estimation can
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Nomenclature fres mean residence time of the gas exiting the reactor
S
A cross-sectional area of the reactofm T 'Ee)mperature (K)
Cp interparticle gas concentration (mofjn X conversion of the reactant
Cp,pss interparticle gas concentration calculated from z axial coordinate of the reactor (m)
the IPSS model (mol/&)
Cy dimensionless interparticle gas concentration, Greek letters
defined byC}: = W o %lgr!gansmnless reactor parameter, defined by
Cp intraparticle gas concentration (moffjn Do zLcat ] ) ) )
C; dimensionless intraparticle gas concentration, | # ratlogc)lzllng)?partmle to interparticle void volumes
. . _ Cp p = el—th)
. deﬂr?ed byCp = No/ep(1—ep)AL _ % ratio of the interparticle to the intraparticle trans-
Cp(avg) sp_atlal z_iveraged intraparticle gas concentratipn port characteristic times defined by E8)
. (dlmenslonless) . . 8(¢£ —0") Dirac delta function placed &t=0"
Cp(avg)lps_S spatial averaged intraparticle gas f:once_ntra- 5(z —0%) Dirac delta function placed at= 0*
tion calculated from the IPSS model (dimension- ACayg percentage difference in the averaged intra-
less) , particle concentrations, defined b Cayg=
dpellet  pellet diameter (m) c* —c
dpore  pore diameter (m) %@pw x 100
Dp effective Knudsen diffusivity in the interparticle ACs percentage difference in the concentrations at the
void (m?/s) external surface of the catalyst pellet, defined by
Dy cat effgctive Knudsen diffusivity in the interparticle] ACs = Cb,mcsycb % 100
void of the catalyst z_one_(?_v‘s)_ _ _ e fractional voidage
Dy eff_ectlve Knudsen (_jlffuswlty in the interparticle eb interparticle fractional voidage
void of the second inert zone (ifs) epcat  interparticle fractional voidage of the catalyst
Dy effective Knudsen diffusivity in the intraparticle zone
void (n?/s) &p intraparticle fractional voidage
F* e?qt flovx_/ rate (mol/_s) _ n effectiveness factor
F o}lJmLeé\nsmnless exit flow rate, defined by = K dimensionless adsorption/reaction rate constant,
NoDy , o defined by = k’;pi%ibfz
Io modified Bessel function of the first kind of order £ dimensionless axial coordinate, definectby
Zero , , ) 0 dimensionless radial coordinate
I modified Bessel function of the first kind of ordef 0s concentration of active site, molAofthe catalyst
one ellet
k adsorption or reaction rate constant 3(rof . Simensionless time, defined by= 1D, /e 1.2
gas/mol s) Tp peak time of the dimensionless exit flow rate
L length of the reactor (m) Tres dimensionless mean residence time, defined py
Leat length of the catalyst zone (m) Tres = 'resp
Le effective length of the catalyst pellet , eoL?
Ly length of the second inert zone (third zone in |a T, f[ortuosny factor .
three-zone reactor) (m) r/imer !nterpart!cle tortuos!ty factor
mj M moment of the dimensionless exit flow rate, T intra |r!trapar_t|cle tortuosity factor '
defined by Eq(12) v d|menS|onI2ess kinetic parameter, defined/by=
. . . kos(1—ep,cad Lgat
mo zeroth moment of the dimensionless exit flow rate — Doea
mi first moment of the dimensionless exit flow rate
mo second moment of the dimensionless exit flow rate
Mt Thiele modulus be accomplished by curve fitting between the experimental exit
M molecular weight flow rate and the model exit flow rate calculated from an ana-
Np number of moles of gas in the inlet pulse (mol) lytical solution or by a numerical method. Another alternative
r radial coordinate of the pellet (m) is the use of moment analysis of the exit flow rate.
r average radius of a void volume (m) Analytical solutions and moment expressions for the exit flow
gas constant (J/mol K) rates can be determined for a one-zone reactor when the models
Rp radius of the catalyst pellet (m) are described by linear differential equations, and uniform tem-
s variable of Laplace transformation (1/s) perature and surface concentration distributions are assumed.
t time (s) Analytical solutions for the exit flow rate of a gas from a one-
zone reactor packed with non-porous catalyst pellets for simple
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processes, i.e., diffusion, diffusion with irreversible adsorp-els or methods. A non-porous assumption has been applied to
tion/reaction or with reversible adsorption, have been reportetheso-porouf29] and macro-porouyd 1,15,30ystems. Itis not
[1,2,7] Moment expressions for the exit flow rate for thoseclear whether the non-porous assumption is valid. In fact, how
cases were also determingd2,7,8] For a three-zone reactor, the intraparticle gas concentration distribution evolves during a
no analytical solution for the exit flow rate has been reportedTAP pulse experiment is not well understood. The analysis of
However, moment expressions for the exit flow rate, i.e., firsthe concentration distribution would provide a basic knowledge
moment for diffusion cas¢9], zeroth moment for diffusion that can lead to a proper simplified model.
with irreversible adsorption/reaction c446-12] first and sec- Inthis paper, the primary model for spherical porous catalysts
ond moments for diffusion with a reversible adsorption/reactiorinvolving interparticle and intraparticle Knudsen diffusion with
[13] were reported. For a thin-zone reactor, the zeroth momerdand without a first order irreversible reaction in a TAP reactor
expressions for diffusion with irreversible adsorption/reactionduring a single pulse experiment is analyzed using a dimen-
and diffusion with reversible adsorption are much simpler2]. sionless form. The gas concentration distribution in the catalyst
Those mentioned theoretical works are related to non-porousellet is examined instantaneously in meso- and macro-porous
catalysts. Industrial catalysts are generally porous, and the TABomains indicated by the magnitude of the ratio of the interpar-
experiment has been used to investigate porous catalysts ligle to the intraparticle transport characteristic times. It will be
many research groupsd—24] When the pore size is consider- shown that when this ratio is sufficiently large, the gas concen-
ably larger than the size of the gas molecules, the intraparticleation profiles in the pellet follow an intraparticle pseudo-steady
gas transport is described by Knudsen diffusion. The mathestate (IPSS) condition. The domain of the parameters in which
matical model involving interparticle and intraparticle Knudsenthe IPSS assumption is valid will be discussed. Besides, analyt-
transport in a TAP reactor was first used by Zou e{2B] in ical expressions for the zeroth moment of the exit flow rate and
their simulation work. A simplified model has been proposedthe gas conversion for different shapes of the catalyst pellets and
by Huinink et al[26] for the case in which the interparticle dif- differentreactor configurations will be reported. The expressions
fusion characteristic time is much larger than the intraparticlgorovide a method to estimate the irreversible reaction rate con-
diffusion characteristic time. A lumped effective Knudsen dif- stant without any simplification of the model. In addition, these
fusivity in a bed of porous catalyst pellets which is equal to theexpressions will indicate whether the non-porous assumption is
interparticle diffusivity times the ratio of the interparticle void valid.
volume to the total (intraparticle + interparticle) void volume has
been used to describe the transport in the catalyst bed. In fa@, Primary mathematical model
this is the case in which a uniform intraparticle concentration
distribution is assumed. Analytical solutions for the flow rate The primary model for the first order irreversible adsorp-
of a gas exiting a one-zone reactor were reported for diffusiontion/reaction during a single pulse experiment with spherical
only and diffusion with irreversible reaction cases. Diffusion porous catalyst pellets is analyzed. When assuming that the
experimental responses from bedsyeAl,O3 (meso-porous) external surface area of the catalyst is very small and the reac-
and Li/Sn/MgO (macro-porous) were shown to agree with thdion occurs only in the catalyst pores, the dimensionless mass
analytical solution. However, the magnitude of the ratio of thebalance equations for a reactant gas in the catalyst bed, either in
interparticle to intraparticle diffusion characteristic times thata one-zone reactor or in the middle zone of a three-zone reactor,
is consistent with the assumption of uniform intraparticle con-are described by
centration distribution has not been clarified. For diffusion with  Interparticle void region:
irreversible reaction case, a criterion for the validity of the sim-

*
plified model has also been proposed. The lumped diffusivity haggE - E)ZCE’; -3 % (1)
been used to describe the interparticle transport combined witH? 08* ¥ |p=1
intraparticle transport in silica—alumina pores, which was |°ade%traparticle void region:
with zeolite[14,22] A similar catalytic system has been studied
using a more complicated model, which includes three differ-0Cy cyy 209G} y )
ent diffusion regimes, i.e., interparticle region, silica—alumina 3; 2 pop | «Cp (2)

meso-pores, and zeolite micropoies]. By curve fitting of

the exit flow rates, it was shown that the characteristic times irf he definition of the variables and parameters is given in the

the meso-pores and micropores changed by the degree of cokeémenclature. These equations contain two parametersy i.e.,

deposition. and«. The parametey is the ratio of the interparticle to the
Moment expressions for the exit flow rate in a one-zone reacntraparticle transport characteristic times:

tor have been reported for diffusion-only case by Colaris et 126

al. [28]. It was proposed that the third moment is more reli-,, _ Db 3)
able to determine the intraparticle diffusivity. The experimental Rep
window for using this method was proposed. This window corre- Dp

sponds to the small ratio of the interparticle to the intraparticleThis parameter plays an important role on the characteristics of
characteristic times.Generally, one would like to interpret thehe system. The parameteis the ratio of the rate constant to
experimental responses from a porous system using simple mothe interparticle transport characteristic time.
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For a three-zone reactor, assuming that the interparticle gder sufficiently large/, and hence anintraparticle pseudo-steady-
diffusivity and fractional voidage in all zones are equal, thestate (IPSS) can be assumed. &)then becomes
dimensionless equation for the two inert zones packed with non-

porous patrticles is given by 0=y [82(75 ELC; — kC* (14)
% p p P
ocy _ 9°CY : . . R,
a7 oE2 (4)  Accordingly, the intraparticle gas concentration distribution
changes with time but instantaneously follows the pseudo-
For a one-zone reactor, E@.) is omitted. steady-state condition governed by two boundary conditions,
The initial and boundary conditions are written in the dimen-i.e., Egs.(9) and (10) In other words, the relaxation time in
sionless form as the pore is so short that the intraparticle concentration distribu-
tion can be described by the pseudo-steady-state condition. For
0<é¢<1l =0 Cy=0 (5)  diffusion-only case« =0), the distribution of the intraparticle
" concentration is uniform.
0<p=1l =0 (=0 6 When the IPSS assumption is applied, the mass-balance Egs.
« (1) and (2)can be reduced into one equation. Writing a mass
£=0, >0, —P =8(r—0" (7)  balance for the reactant gas over a thin shell of the 38
3 consisting of both interparticle and intraparticle void regions
£=1 ©>0, Cf=0 @ 9ves
* * 2
e oG | W) _ TGy o (15)
p=0 >0, g=0 9) ot ot 0

The variableCy,,4fs the instantaneous spatial averaged con-
p=1 =0 Cy=BC, (10)  centration in the pore. Applying the IPSS assumption, the con-
centration distribution can be determined using @dt) with

The parameteg is the ratio of the intraparticle to the interpar- e boundary conditions, Eq) and (10) The averaged con-
ticle void volumes. At the boundaries between adjacent zon€sanpiration can then be described by

in the three-zone reactor, continuity of concentrations and flux

are applied31]. In TAP experiments, the measured variable isCpavg)ipss = 78Ch (16)
the exit flow rate. The dimensionless exit flow raké, is the
gradient of the dimensionless gas concentration at the exit a

r‘gqe parametey is the typical effectiveness factor in the steady-
is described by

ate condition, and is related to the Thiele modulds, as

[34]
. act
pr= X (11) ,,=1< 1 1) (17)
s £=1 Mt \tanh31 3Mt

The " moment of the exit flow rate is defined by where

° e V7 _ R [ a5
mj:/F*r/dr (12) T=73 73 Dp

0

Substituting Eq(16) in Eq. (15), we obtain the mass balance

The analytical expression for tii moment of the exit flow ~ €dquation for the IPSS model as
rate can be determined by the method described in several papers e ch
[8,13,32]in which the set of equations were transformed into(1 + nf)—— = ——> — knpCy, 19)
. . . ot o0&
Laplace domain. The moment expressions can be determined
from the Laplace-domain solution for the exit flow rate using Eq.(19)can be solved fo@;andF* without intraparticle bound-
ary conditions, Eqq9) and (10) An instantaneous intraparticle

mj = (—1) lim 9 F(S) (13) cqncentratlon profile for a correspondiidgjis in accordance
s—0 s/ with Eq. (14).
3. Intraparticle pseudo-steady-state model 4. Numerical method and domain of parameters

Primary simulation results showed that when the time is not Dimensionless exit flow rates and intraparticle concentration
too small, the shapes of the intraparticle concentration profileprofiles calculated from the primary and the IPSS models are
resemble those in steady-state conditions for largBlustra-  compared. Sets of equations for both models were transformed
tions will be shown in the next section. This is the case in whichinto Laplace domain providing the analytical solutions for the
the accumulation term on the left hand side of jjis neglected gas concentration as well as the exit flow rate. The numerical
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Table 1

Average pore diameters (nm) estimated using (28) for pellet diameters of
200 and 30Qwm, reactor length of 2.54 10~2m, bed fractional voidage of
0.36, and ratio of the interparticle to intraparticle tortuosity factors of 1/3

y=10

y Average pore diameter (nm) %

dpellet=200pm dpellet=300pnm

1 35
35

12
120

in
()

solutions in time domain were then calculated using the inverse
discrete Fourier transform via the fast Fourier algoritfah].
Application of this method for TAP models has been discussed
in [13,36] i
The domain of parameters used in the calculation was chosen
according to the typical conditions found in TAP experiments.
The simulation was performed using a one-zone reactor for
the diffusion-only case, and a three-zone reactor with all equal
zones for the case with reaction. Interparticle diffusivities and
bed fractional voidages in all zones in the three-zone reactor

£ 06

0.4

were assumed to be the same. The valug &f chosen to be
0.75 corresponding to interparticle fractional voidagg) (Of

0.36 (spherical pellet) and intraparticle fractional voidagg (
of 0.42. Simulation results will be shown ferequal to 1 and

(b) T

Fig. 1. Exitflow rate curves from a one-zone reactor calculated from the primary

10. How those values qf' correspond to real experiments is (solid line) and the IPSS (circles) diffusion models for 10 and 1.
discussed here. The interparticle and intraparticle effective dif-

fusivities can be calculated using the expression:

27 /8RT\ ¥/?
De= £ ’() (20)

?? M

For the intraparticle void region, the parametisrthe average

Wheny is as large as 10, the agreement between the two mod-
els are excellent. Fop equal to 1, the curve fitting is worse.
Fig. 1(a) also showsy, the peak time of the exit flow rate cal-
culated from the primary model. The peak time of each exit

radius of the pores. The average radius of the interparticle voioW rate curve is used as a scale for the time period in our

region can be calculated usif®y]

_ 2¢ep
= 21
T3 P @D
From Eqgs(3), (20), and (21)we can write
_ 6(1 — &p) 7—'//interdp<;reL2 (22)
€ Tintra dpellet

Table 1shows values of the average pore diameigye, for
pellet diameters of 200 and 3@®n. The calculation was based
on the reactor length of 2.5410-2m, a typical length for a
TAP-2 systenj2], and the ratio of the interparticle to intraparti-
cle tortuosity factorst’inter/t’intra, Of 1/3. The chosen value of
the ratio of the tortuosity factor correspondsctger of 1.5 for
spherical pellet§37] andt’inya Of 4.5, an average of the typical
values, which ranges from 2 to[38]. According to the calcu-
lation results, the values of of 1 and 10 are in the meso- and
the macro-porous domains, respectively.

5. Analysis for diffusion-only case

analysis.

Fig. 2shows intraparticle concentration distributions from the
two models fory = 10 at the middle of the reactor at0.1zy,
0.5tp, 7p, and 4. When time is as small as G4, the concen-
tration distributions from the two models are much different. At
this time, the concentration distribution from the primary model
shows positive gradient indicating the diffusion into the pellet.
At 7=0.5rp, the concentrations from the two models are close
to each other especially at=1, the coordinate at the external
surface of the pellet.

At larger times as irFig. 2(c) and (d), the primary model
gives negative concentration gradient corresponding to diffu-
sion out off the pellet, and the concentration profiles are very
close to those calculated from the IPSS model. Similar charac-
teristics appear at time larger tharp4xcept that the magnitude
is smaller.

The concentration profiles near the inle at0.1 and outlet at
£=0.9forr=0.1rp and 0.5p are shown irFig. 3. The diffusion
at the position near the inlet is already in the direction out of the
pellet, while that near the outlet is still in the reverse direction.
The concentration profiles from the two models are fairly close to
each other when=0.5rp. An excellent curve fitting is obtained

Fig. 1shows the comparison between the exit flow rates fromatt = rp (not shown here). We also observe that the concentration
a one-zone reactor calculated from the primary and the IPSBrofiles at the position near the inlet approach IPSS profiles

models for the diffusion-only case with equal to 10 and 1.

before the position near the outlet.
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0.10 7

0.5 1
0.4
0.3
é 0.05 5
O 02 4
0.1 -
0.17% 057
0.00 - - - ; ! 0.0 . ' . . .
0 0.2 04 0.6 0.8 1 0.0 0.2 0.4 0.6 0.8 1.0
(a) P (b) P
0.5 9 02 A
04
0.3 4 R e T T ——
*@ %0 A
0.2 -
0.1 4
Tp 4T
0.0 . ‘ , ‘ , 0.0 . . . . )
0.0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1
(c) P (d) P

Fig. 2. Concentration profiles in the pellet at the middle of the one-zone reactor calculated from the primary (solid line) and the IPSS (cisibesjrditfals for
y =10 at different times: 0, 0.5rp, 7p, and 4.

It has been shown that whenis as large as 10, the IPSS difference. The better agreement of the interparticle concentra-
assumption is excellent based on the exit flow rate curvetions than that of the intraparticle profiles fo- 0.5rp has also
Besides, instantaneous concentration profiles in the pellet fobeen shown irFigs. 2 and 3 Since the flow rate across the
low the assumption when time is not too small, iz 0.5ty. bed is the gradient of the interpartcle concentration, the exit
The concentration profiles fgr=1 at the middle of the reac- flow rates from both models for=1 do not differ much (see
tor is shown inFig. 4 for t=0.5rp and 4. Fig. 4a) and (b)  Fig. 1(b)).
shows that whery =1, the concentration profiles of the two  Quantitative comparison between the two models can be
models differ much. However, concentrations at the externajjiven using moment analysis of the exit flow rate. The zeroth
surface of the pellet or interparticle concentrations show slighinoment is unity due to conservation of mass. The first moment

2. 1.0 -
15 t B TEEE TERE TORE TURE SRR TERE TERE BRRE SRR SRy 3 caﬁl—w—ﬂo—ow .8 #-e 0 0 0 0 0 0 0 0 0 0 8 8 & &
0.6
¥1.0 1
© “C 0.4 -
0.5 A near inlet 02 near inlet
0.1n 0.5%
0.0 T T T - ] 0.0 T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
(a) P (b) P
0.0004
near outlet 0.06 -
017 e R e B R R R e B Bl g Bt
i 7]
% 0.0002 4 ®0.03 A
= S
near outlet
0.5%
00000 ——— Soe ARSI e 8 oeee 0.00 T i ; : :
0.0 0.2 04 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1
(c) p (d) P

Fig. 3. Concentration profiles in the pellet at the positions near the g#ed.(L) and outlet§=0.9) of the one-zone reactor calculated from the primary (solid line)
and the IPSS (circles) diffusion models fior 10 atr = 0.1r, and 0.5.
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0.5 1 as the IPSS or a uniform intraparticle concentration distribu-
tion is assumed. Huinink et gR6] has reported E(26) in a

047 dimensional form and experimentally tested with a systef of

03 - Al ;03 pellets withdpejiet= 210-250um, dpore= 8 NM,ep = 0.61,
5 02 ep=0.48, andL =37 mm. The result was satisfactory. In this
0.57 case, when assuming spherical pellets, an estimated vajue of
0.1 1 y= is 2.0, and the corresponding difference of the second moment

is only 1.9%. Consequently, the curve fitting is better than that
appears irFig. 1(b).

03 - 6. Analysis for irreversible reaction case
Simulation results for the irreversible reaction case in a three-
0.2 4 equal-zone reactor is discussed in this sectiog. 5compares
: the exit flow rates calculated from the primary and the IPSS
models for different values of wheny is equal to 10. The
corresponding magnitudes of the effectiveness factor and the
conversion are also shown in the figure. The agreement between
0.0 , ' w - , the two models is excellent throughout the range of the effec-
o 02 04 0.6 0.8 ! tiveness factor and the conversion.
For the diffusion-only casec(= 0), the characteristics of the
Fig. 4. Concentration profiles in the pellet at the middle of the one-zone reactaeoncentration distribution in the three-zone reactor are similar
calculated from the primary (solid line) and the IPSS (circles) diffusion modelstg the one-zone reactor. However, since both models involve
fory=1atr=0.5rp and 4. non-porous inert zones, the effect of the model dissimilarity in
the catalyst zone on the exit flow rate is less pronounced. The

PSPPSR PPUUIP-PAEE Fae

Cp*

0.1 4

and second moment expressions are as followed: difference in the second moment is numerically calculated to be
0.18%, which is less than that in the one-zone reactor for the
e Both models: same value 0)‘/_
1+ 8 Fig. 6 shows concentration profiles when the effectiveness
my1 = T (23)  factoris equalto 0.5 (corresponding cas€igf. 5c) at different
) times and positions in the reactor. The two profiles at the outlet
e Primary model: (Fig. 6(c)) differs more than those at the inlégig. 6a)) and
5 5 B middle (Fig. 6(b)) of the catalyst zone. At=tp, an excellent fit
my = 51+ B)"+ 15, (24)  is obtained at the outlet as shownAig. &(d).
For the effectiveness factors of 0.94=10) and 0.10
e IPSS model: (x =8400), the calculation results are showrFig. 7. The lat-
5 2 ter case, which corresponds to a very largshows excellent
ma = fz(l +h) 25 curve fitting even at =0.1rp. This is the case in which the

kinetic term in Eq.(2) dominates. The profiles at=0.1zrp
It is noted that the moment expressions for the primary modeand 0.5, indicate a very small change in concentration with
have been reportd@8] in a different form. The expression for respect to time. Compared with the diffusion term estimated
the first moment was found to be the same for both models. ABom the concentration gradient, the accumulation term is
for the second moment, the expression for the primary modehuch less pronounced. Therefore, the IPSS assumption is more
contains one term more than the IPSS model, 84.5y. This  probable.

term is small whery is large. Forg =0.75, the percentage dif- The simulation results show that it is common to obtain non-
ferences of the second moment of the two models are 0.39 andhiform concentration distributions in the catalyst pellets even
3.8 fory equal to 10 and 1, respectively in a macro-porous system. The non-uniform concentration dis-
For the diffusion-only case in a one-zone reactor, the analyttributions can change the catalyst non-uniformly during a series
ical solution for the exit flow is described by of pulses, and the apparent kinetic rate constant in one catalyst
~ pellet is then a function of the radial coordinate. The interpre-
F* — LZ(—l)"(Zn +1) exp|—(n + 0_5)2 2 T tation o_f TAP responses during a mu_lnpu!se gxperlment in this
1+ ﬂn:o 1+8 case will then be complicated. The situation is worse when the

(26) non-uniformity also occurs along the reactor axial coordinate.
The analysis of the uniformity/non-uniformity of the catalyst
All curves of the IPSS model ifrig. 1 follow Eq. (26). This  surface during a multipulse experiment with a porous catalyst
equation is not limited to the spherical pellet shape as longvill be discussed in a separate article.
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Fig. 5. Exit flow rate curves from a three-equal-zone reactor calculated from the primary (solid line) and the IPSS (circles) mpddl®:fta)« =0, (b)« =10,
(c) k=225, (d)x =8400.

Fig. 8 shows the simulation results for=1 with n=0.9. 7. Validity of the IPSS assumption
Similarly to the diffusion-only case, the exit flow rates obtained
from the two models show good agreement due to the small The validity of the IPSS assumption was investigated in
concentration difference at the external surface of the pellet, butetails. The criterion was chosen so that the small model dis-
the disagreement in the gas concentration profiles is evidentrepancy, based on the intraparticle concentration profiles, is
The results fory =1, n=0.33 is shown irFig. 9. In this case, obtained for most of the pulse duration. The criterion is as fol-
the agreement in the gas concentration profiles is excellent. THewed:
IPSS assumption is shown to be valid for smalwhenn is

sufficiently small. T>057p, |ACag/ <5 and |ACs| <10 (27)
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Fig. 6. Intraparticle concentration distributions calculated from the primary (solid line) and the IPSS (circles) mogeld @oand« =225 (;=0.5) at different
times and positions in a three-equal-zone reactor.
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line) and the IPSS (circles) models at the middle of the catalyst zone in a three-. ) ) o )
equal-zone reactor for= 10: (a)=0.94,7=0.5rp, (b) n=0.1,7=0.1rp, (c) Fig. 8. Comparison of the primary (solid line) and the IPSS (circles) models for
n=0.1,7=0.5c,. athree-equal-zone reactor wher 1, = 1.75,7=0.9: (a) exit flow rate curves,

(b) intraparticle concentration profiles at the outlet of the catalyst zone#,0.5
(c) intraparticle concentration profiles

The quantityA Cayg is the percentage difference in the aver-
age intraparticle concentrations, amd’s is the percentage
difference in the concentrations at the external surface of ththe dashed line for a three-equal-zone reactor packed with
catalyst pellet calculated from both models. The requiremenspherical catalyst pellets with=0.75 ¢, =0.42; correspond-
for ACs is to exclude circumstances in which the average coning cases shown irrigs. 5-9. The solid circles show the
centrations are close to each other but the two intraparticlpoints obtained from the calculation results. The solid circle
concentration profiles greatly differ from each other. Since thet y=1, n=0.33 corresponds to the case shownFig. 9.
concentration profile at the outlet of the catalyst zone approachdshe solid circle aty=1, y=11.1 refers to the diffusion-only
the IPSS profile later than that at the inlet, the detail calculatiotase. Wheny > 11.1, the IPSS assumption is valid for the
for the valid region is performed at the outlet of the catalyst zonewhole range ofy. We have also examined the effect of the
Snapshots of intraparticle concentration profiles were comparethtalyst porosity on the model discrepancy by varyifjom
from 0.5rp, to the time at which the concentration at the external0.5 to 0.9 (equivalent to changing, from 0.3 to 0.5). The
surface is as small as 1/20 of the corresponding concentratisgimulation results show that the valid region is most reduced
atzp. Itis noted that all valid cases show excellent agreement avheng is 0.5. The calculation results fg=0.5 are shown by
Tp. the solid triangles. Based on these results, the solid curve is
Fig. 10 shows the domain of and n within which the drawn to indicate the valid region for a three-equal-zone reac-
IPSS assumption is valid. It is indicated by the region undetor with 8=0.5. The proposed criteria for this valid region are
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1.0 represented as
0 /- 1<y <5 1n<0.0925 +0.208 5<y<125,
K=638 n < 0.000718° — 0.0718/% + 0.180y + 0.123

0.6 =033
. X =077 y =125, allp (28)

We also compare the valid domains of the IPSS assumption
0.2 for different lengths of the catalyst zone. The calculation was
made for the case in which the length of the catalyst zépg)(
0.0 05 1.0 15 2.0 2.5 3.0 is decreased to 1/30 of the reactor lendth & practical configu-
(a) r ration for a thin-zone react8], and the catalyst zone is placed
in the middle of the reactor. The results are shown by the open
0.21 circles inFig. 10for 8=0.75. In this case, the valid domain is
wider compared with that of the three-equal zone reactor. The
decrease in the length of the catalyst zone provides longer dis-
tances between the inlets and between the outlets of the catalyst
zone and the reactor. This somehow affects the validity of the
IPSS assumption. The effect is more evident when the catalyst
zone occupies the whole reactor. In this case, the IPSS assump-
tion was tested &t=0.995, the position that is very close to the
reactor outlet. For the diffusion-only case, the IPSS assumption
is valid wheny > 9. When there is an irreversible reaction, it
was found that, at this magnitude pf the assumption is valid
only whenn > 0.97. The same domain gfalso applies even if
the value ofy is three times larger. However, a one-zone reactor
is not typically used for reaction studies.

outlet
0.5 Tp

#_ 0.1

0.0 ¥ WP W T N S B

(b)

0.3 5

8. Analytical solutions and conversion expressions

Cr*

For a one-zone reactor when IPSS assumption is applied, the
014 analytical solution for the exit flow rate can be determined by
the method of separation of variables. However, the set of the
o initial and inlet boundary conditions, Eq%) and (7) has to be
0 poemy , , ‘ . : X

0.0 02 04 06 08 10 written in an equivalent forrfiL,2] as

© P 0<é<1, ©=0, Ci=38¢-0" (29)

Fig. 9. Comparison of the primary (solid line) and the IPSS (circles) models 9C*
for a three-equal-zone reactor wher 1, «=63.8,7=0.33: (a) exitflowrate & =0, 1> 0, b
curves, (b) intraparticle concentration profiles at the outlet of the catalyst zone 3

at 0.5rp, (c) intraparticle concentration profiles gt The set of Eq19), (8), (29), and (30)as solved fOCE. Then,
the solution for the exit flow rate was determined using(&d)
and is described by

o A . T —Kﬁnt) >
© . F* = 1) (2 1

=0 (30)

0.8

0.6 _t } 31

1+ Bn 59

The validity of the IPSS assumption for a one-zone reactor and
accordingly Eq(29) has been discussed in the previous section.
If a uniform concentration distribution in the pellet is assumed

- . , , (n=1), Eq.(31) becomes

o
Y F* — 4 exp( Kﬂf) Z(_l)n(zn + 1)
Fig. 10. Domain of andn within which the IPSS assumption is valid according 1+8 1+p n=0

to the Eq.(27) for a three-equal-zone reactor wishe 0.75 (solid circles) and

B=0.5 (triangles), and for a thin-zone-reactor with/L=1/30 andg=0.75 x exp [—(n + 0.5)27[2 T } (32)
(open circles). 1+8

Valid X exp [—(n + 0.5%72
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Huinink et al.[26] has reported Eq32) and a criterion for the Egs. (33), (35), and (36)@re not limited to only spherical
validity, which actually implies a magnitude of the effectivenesspellets. It can be proved that those equations can be applied for
factor of 0.99. For the diffusion-only case, E§2) is reduced other pellet shapes when using the same definition of the Thiele

to Eq.(26). modulus described bja4]:

The mass balance E{L9) for the IPSS model has a sim-
ilar form as that for the non-porous case, and similar simple,, _ Le kps 37)
zeroth moment and conversion expressions for both one- an \/ Dp

three-zone reactors can be determined. However, it was found

that those expressions for the primary and the IPSS models ald'€ Parametete is the effective length that is the volume
unexpectedly the same. For a one-zone reactor, we obtain d|V|d.ed by the external surface area of the catalyst pellet, and
for simple shapes we have:
1

cosh/ym e Flat plates:
(33) L thickness

o=
The effectiveness facton, in Eq. (33) is defined by the same 2
Egs.(17) and (18¥or both models. For a first order irreversible e Cylinders:
reaction, the effectiveness factor is the ratio of the average con-
centration in the pellet to the gas concentration at the external Le = 7‘3 (39)
surface of the catalyst pellet. The instantanepimsthe primary
model therefore changes with time and position according to the Spheres:
intraparticle concentration profiles. Hengef the IPSS model Rp
is equivalent to the average gfover the whole pulse of the Le= 3 (40)
primary model.

The parametery in Eq. (33) is the dimensionless kinetic The effectiveness factor for those shapes are as followed:
parameter that appears in a non-porous §28} in which the

Both models, one-zone reactor :img=1— X =

(38)

expression is described by o Flat plates:
- - . 1
One-zone reactor, non-porousipe 1 : n = ——tanhMy (41)
1 Mt
mo=1-X= cosh/y Gy, Cylinders:
Eq. (34) is good for either the non-porous case or the case in __ 11(2Mr) (42)
which uniform intraparticle concentration distributions=1) = Mt Io(2MT)

can be assumed. The difference of the two cases is that the active, .
sites are on the external surface of the catalyst pellets for the non- Spheres: Eq(17)

porous case. The use of the rate constant times the effectiveness . .
. . ) S Normally, the value oy is predetermined from the response
factor to calculate conversion via a rigorous expression in TAP. . - . . ;
; : of an inert gas injected with the reactant gas. Since the diffu-
transient experiments as shown by E2B)for a one-zone reac- _. . : . .
sivity of a gas is proportional to the reciprocal of the square

tor is similar to typical steady state experiments. Similar results : . : : . .
) : . root of its molecular weight, either the inter- or intraparticle
were obtained for other reactor configurations.

For a three-zone reactor. the exoression is described b diffusivity of the reactant gas can be calculated from the corre-
’ P y sponding diffusivity of the inert gas. However, according to Eq.

Both models, three-zone reactor : (3), the magnitude of for the inert gas and the reactant gas is
1 the same and is independent of temperature. The parameter
mp=1—X= . (35) aninert gas can be determined using moment expresigéhs
cosh/ym + /Y sinhy/ym The kinetic parameters can then be determined using the appro-

If the length of the catalyst zone is very small (a thin-zone reacpriate conversion or zeroth moment expression. The conversion
tor), the series for the hyperbolic functions can be truncated, anar the zeroth moment can be calculated from the experimental
Eq. (35) becomesThin-zone reactor: responses of the reactant and the internal standard (inert gas).
1 The question regarding the validity of the non-porous
= (36)  assumption applied to meso- or macro-porous domains can now
1+aym be answered. Suppose a one-zone reactor is used, and the non-

The validity of Eq.(36) does not depend op The domain ofr ~ Porous assumptionis applied, the magnitudg estimated from
andy in which Eq.(36)is a good approximation of E35)is  Ed.(34)would differ from that in Eq(33) (for porous model) by
the same as that reported for the non-porous Eﬁisﬁ is noted a factor ofy. This factor also applies to the three- and thin-zone
that Eqs(gs) and (Behre also good for the cases in which the reactors. TherEfore, the Valldlty of the non-porous aSSUmption
fractional voidages and diffusivities in all zones are not equal. depends on the magnitude mpf

mo=1-—X
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9. Conclusions [9] P. Phanawadee, G.S. Yablonsky, P. Preechasanongkit, K. Somapa, Ind.
Eng. Chem. Res. 38 (1999) 2877-2878.

The mathematical models for TAP pulse response experi—lo] P. Phanawadee, Theory and Methodology of TAP Knudsen Pulse

. . . . . Response Experiments. Doctoral Dissertation, Washington University,
ments with porous catalysts for diffusion-only and diffusion 199$ P g Y

combined with a first order irreversible reaction have beem1) o. bewaele, G.F. Froment, J. Catal. 184 (1999) 499-513.

analyzed. Wheny > 12.5, corresponding to a macro-porous([12] G.S. Yablonsky, S.0. Shekhtman, P. Phanawadee, J.T. Gleaves, Catal.
domain, the instantaneous intraparticle concentration profiles Today 64 (2001) 227-231.

in a three-equal-zone reactor follow the IPSS assumptiorl3] D- Constales, G.S. Yablonsky, G.B. Marin, J.T. Gleaves, Chem. Eng.

Th . for th lid d in h b df Sci. 56 (2001) 133-149.
€ expressions for the vall omain have been propose 4] Y. Schuurman, A. Pantazidis, C. Mirodatos, Chem. Eng. Sci. 54 (1999)

y <12.5. This domain also guarantees the IPSS condition for a = 3519-3625.
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