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Single pulse TAP experiments were chosen for obtaining estimates of intra-particle diffusion coefficients
and better insight into adsorption–desorption dynamics and equilibria for isobutane and n-butane in
commercially available beta and USY zeolite. This technique provides a unique way of directly estimating
transport and sorption processes at extremely low surface coverage (hi ? 0), in the absence of an inert
carrier stream, with no external mass transfer resistance, and with a negligible thermal effect. The use
of a thin zone TAP reactor configuration enables the use of small zeolite particles without causing high
bed resistance. A theoretical model that considers transport and adsorption–desorption phenomena in
the inter-particle and intra-particle space is developed and numerically solved. Numerical experiments
demonstrate the ability of the model to represent the actual experimental response curves. It is shown
that reliable values of intra-particle diffusivity and adsorption–desorption constants can be obtained
from the TAP single pulse experiments when the three dimensionless constants of the model spi

(the ratio
of characteristic diffusion time in the micro-reactor to characteristic diffusion time in zeolite pore), Keqi

(the ratio of characteristic desorption time to characteristic adsorption time), and k�di
(the ratio of char-

acteristic diffusion time in the micro-reactor to characteristic desorption time) fall within a prescribed
range.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Large pore beta and ultra-stable Y (USY) zeolites (pore range
from 0.56 to 0.72 nm) have been extensively studied for their
catalytic activity. Illustrative applications include alkylation of
light hydrocarbons [1–4] catalytic cracking of heavy hydrocarbons
[5–7], and isomerization of straight chain paraffins [8–11]. An im-
proved understanding of the intra-particle diffusion and adsorp-
tion–desorption of various species in these zeolites is required
for optimizing these catalysts, operating conditions, and regenera-
tion protocols. However, there are only a few studies in the litera-
ture on beta and USY zeolites that report these intra-particle
properties for hydrocarbons of interest [12–24]. Commercially,
these zeolites are available in the form of self-aggregates with an
average particle size of 5 lm and an average crystal size of
0.5 lm. These small crystals make it difficult to obtain reliable esti-
mates of the intra-particle diffusivity and adsorption–desorption
constants by conventional tracer techniques [25].

Theoretical predictions of transport coefficients and adsorption
isotherms in these zeolites, while significantly advancing in the
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last decades [26–28] have not yet been able to yield results that
can be accepted without experimental confirmation. For this rea-
son many different experimental techniques have been tested for
determination of the above-mentioned parameters but none has
been universally adopted [13,14,18,19,21,25,29–33]. These studies
can roughly be divided into two categories: macroscopic and
microscopic. Most macroscopic experimental systems
[13,14,18,19,25,29,32,33] introduce a concentration or pressure
change of the probe molecules into a carrier stream continuously
flowing over zeolites particles. The real time response of the probe
molecules to such a perturbation is recorded at the exit. An appro-
priate theoretical model is used to represent the exit response and
to estimate the desired parameters. Due to the presence of the car-
rier stream and external mass transfer resistance in most macro-
scopic experimental systems only a crude estimate of intra-
particle diffusivity in small zeolite particles is possible [19,25].
Moreover, the high concentration of probe molecules in these
experiments can induce a thermal effect due to sorption. This effect
is more pronounced in the case of small zeolite particles [19,34]
further decreasing the reliability of the estimated intra-particle dif-
fusivity and adsorption–desorption constants. In microscopic
experimental systems [30,31] the intra-particle diffusivity is di-
rectly calculated from the observed mean square displacement of
the probe molecule. However, these techniques require the diffus-
ing molecules to spend quite a long time in the intra-particle space,
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Nomenclature

A cross sectional area of micro-reactor (m2)
ai absolute calibration factor (moles/Mv)
Ci bulk concentration of species i (moles/m3)
ci pulse-normalized bulk concentration
D diffusivity (m2/s)
Dei effective diffusivity in the intra-particle space defined as

Dei ¼
ep

1p
DTi

(m2/s)
DKi

effective Knudsen diffusivity (m2/s)
DMSi

Maxwell–Stefan diffusivity (m2/s)
DTi

Fickian diffusivity (m2/s)
Ea activation energy (kJ/moles)
Ei(t) time dependent intensity measured by the mass

spectrometer (Mv/s)
Fi(t) exit molecular flow (moles/s)
F�i ðtÞ dimensionless exit flow
fi fugacity (Pa)
DH apparent heat of adsorption (kJ/moles)
Ji molar flux of species i (moles/m2 s)
kai adsorption constant (m3/moles s)
kdi

desorption constant (1/s)
k�di

dimensionless desorption constant
Keqi

dimensionless equilibrium adsorption constant
L micro-reactor length (m)
Mwi molecular weight of species i (kg/moles)
Mj jth moment
Ni number of moles
qi adsorbed phase concentration (moles/m3)
qmax maximum concentration of adsorption sites (moles/m3)

R universal gas constant (kJ/moles K)
Rp zeolite particle radius
�r mean inter-particle distance (m)
T temperature (K)
t observation time (s)
t mean of the dimensionless response curve
hx2(t)i mean square displacement

Greek letters
hi dimensionless surface coverage or fraction surface

coverage
hi pulse-normalized surface coverage
d*(s) pulse-normalized delta function defined as

d�ðsÞ ¼ ebL2

DKi
dðtÞ

s dimensionless time

spi

L2=DKi

R2
p=Dei

li chemical potential of species i
C thermodynamic correction factor
n dimensionless spatial distance within the micro-reactor
g dimensionless spatial distance within the zeolite parti-

cle
eb solid holdup
ep zeolite particle porosity
fp particle tortuosity
r2 variance of the dimensionless response curve
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and do not have the resolution required for the investigation of
small zeolite particles.

The temporal analysis of products (TAPs) pulse response exper-
iment is a fast and reproducible technique which in principle can
be applied to study intra-particle diffusivity and adsorption/
desorption dynamics in zeolites [34,35]. In TAP pulse response
experiments a small number of probe molecules are introduced
as a pulse of very short duration into a micro-reactor maintained
under high vacuum (10�8 torr). There is no continuous flow of a
carrier stream, and under high vacuum conditions the external
mass transfer resistance is absent. Furthermore, the low concentra-
tion of the probe molecules in the micro-reactor causes negligible
thermal effects due to sorption, and the zeolite particles are easily
maintained at isothermal conditions. This study uses the single
pulse TAP response experiment to estimate intra-particle diffusiv-
ity and adsorption–desorption constants in commercially available
beta and USY zeolites. Single pulse TAP experiments are performed
using n-butane, isobutane, and argon as probe molecules (each
99.9% purity). The use of n-butane and isobutane further explores
the shape-selective nature of the two zeolites. Argon, a noble gas,
is inert on the surface of these zeolites and provides information
on transport in the inter- and intra-particle voids. TAP reactor
models that account for the adsorption, desorption and intra-par-
ticle diffusion resistances offered by the zeolite particles are pre-
sented and solved numerically. Sensitivity analysis of model
predictions is conducted to determine the range of conditions un-
der which reliable estimate of the desired adsorption–desorption
and diffusion parameters can be obtained.
2. Method

A detailed description of the TAP technique and its versatility
for investigating catalyst properties and reaction kinetics can be
found in the literature [34–37]; only a brief description of the
experimental technique is given here. The experimental TAP sys-
tem [36] consists of an external high speed pulsing valve, and high
vacuum chambers that house a packed-bed micro-reactor, and a
computer-controlled quadruple mass spectrometer. In the single
pulse mode of operation, a small number of probe molecules
(1014 to 1018 molecules/pulse) are pulsed for a short interval
(<100 ls) at the entrance of the micro-reactor, and the probe mol-
ecules are evacuated at the other end. After exiting the micro-reac-
tor, the probe molecules pass through the detector of a mass
spectrometer located at the exit of the micro-reactor. The mass
spectrometer is set at the atomic mass unit of the desired probe
species so that the actual values of the atomic mass unit t is re-
corded in real time as intensity (Ei(t)). The response curve obtained
from each single pulse experiment contains the coded histories of
the modes of interaction experienced by the probe molecules while
traveling through the micro-reactor. Then, the response curve is
generated by the appropriate theoretical model to extract quanti-
tative information [34,35,37–39] by matching it to the experimen-
tal one.

The micro-reactor can be packed in different configurations. The
simplest configuration is a one zone TAP reactor, where a mea-
sured amount of zeolite particles is packed in the reactor. Two
screens, one at each end of the zeolite bed, hold the zeolite parti-
cles in place. The use of small zeolite particles in such single zone
TAP reactor increases the bed resistance and causes the response
curve to broaden, hence decreasing the signal to noise ratio [38].
To overcome this, a thin zone reactor configuration [37] is used.
A very small amount of zeolite particles is now sandwiched be-
tween two inert zones containing larger non-porous quartz parti-
cles. This enables the use of small zeolite particles avoiding high
bed resistance and insures isothermality. In this study, the zeolite
particles (mass = 5 mg, diameter �5 lm) are packed between two
inert zones of non-porous quartz particles (mass = 800 mg,
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Fig. 1. Pictorial representation of single pulse TAP response experiments. Thin zeolite zone is sandwiched between two inert zones of non-porous quartz particles.
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diameter �200 lm) in the micro-reactor of length = 33 � 10�03 m,
and diameter = 5 � 10�03 m, as indicated in Fig. 1. The lengths of
inert zones I and II are 16.2 � 10�03 m each, and the length of
the thin active zeolite layer is 5.1 � 10�04 m.

The beta and USY zeolites used in our experiments were ob-
tained from GRACE Davison. The beta zeolite (SMR 5-9858-
01062) has a Si/Al ratio of 13, and the USY zeolite (SMR 5-9858-
01061) has a Si/Al ratio of 3. The beta zeolite framework consists
of straight 12-membered-ring channels of free aperture
0.66 � 0.71 nm, viewed along axis [100] and [010] and zigzag
12-membered-ring channels of free aperture 0.56 � 0.56 nm,
viewed along axis [001] [34]. The USY zeolite framework consists
of 12-member-ring channels of free aperture 0.74 � 0.74 nm
viewed along axis [111], and a super cage of free apertures of
1.23 � 1.23 nm [40]. The chemical composition and basic physical
properties of both zeolites are shown in Table 1. As indicated by
SEM, the average particle size of beta zeolites is �5 lm (see
Fig. 2a) and the average crystal size is �0.3 lm (see Fig. 2b) while
the average particle size of USY zeolites is �5 lm (see Fig. 3a) and
the average crystal size is �0.25 lm (see Fig. 3b). The zeolites un-
der investigation are calcined in situ in the micro-reactor at 673 K
for 60 min. After calcination pretreatment, the zeolite is cooled to
the desired temperature.

3. Theory

The flow of probe molecules in the evacuated micro-reactor is
initiated by the pulse valve, and that flow lasts until all the mole-
cules introduced in the pulse are evacuated from the reactor. Based
on kinetic gas theory, at 10�8 torr and 373 K the mean free path
lengths (k) of argon, n-butane and isobutane are 0.63 � 104 m,
0.32 � 104 m, and 0.26 � 104 m, respectively. In comparison, the
mean size of passages between the particles packed ð�rÞ in the mi-
cro-reactor is 1.33 � 10�4 m, calculated for a particle size of
2 � 10�4 m. This indicates that the frequency of collision between
probe molecules and the particles packed in the micro-reactor is at
least 8 orders of magnitude higher than the frequency of collision
between two probe molecules. As a result, the Knudsen regime
prevails in the micro-reactor as previously established [41]. In
Table 1
The chemical composition and basic physical properties of beta and USY zeolites.

Properties Beta USY

Si/Al ratio (moles/moles) 13.3 2.90
Average crystal size (lm) 0.30 0.25
Average agglomerate size (lm) 0.50 0.50
Total surface area (m2/g) 605 665
Surface area with pores <0.2 nm (m2/g) 542 610
Surface area with pores >0.2 nm (m2/g) 64 55
Total pore volume (cc/g) 0.286 0.312
Pore volume with pores <0.2 nm (m2/g) 0.222 0.251
Pore volume with pores >0.2 nm (m2/g) 0.064 0.061
Acidity (lmole NH3/g catalyst) 291 466
the Knudsen regime the mean free path of a molecule is not limited
by the nearby molecules but by the reactor size and size of pas-
sages between the packed particles. Knudsen diffusivity is given
by [36]

DK ¼
2eb�r
31p

ffiffiffiffiffiffiffiffiffiffiffiffi
8RT
pMw

r
: ð1Þ

Here, �r is the mean inter-particle distance or mean size of passages
between the packed particles, which for spherical particles with
mean particle radius Rp can be calculated as

�r ¼ 2eb

3ð1� ebÞ
Rp: ð2Þ
Fig. 2. SEM images (a) showing particle size distribution and (b) showing the
crystallites of beta zeolite.



Fig. 3. SEM images (a) showing particle size distribution and (b) showing the
crystallites of USY zeolite.
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3.1. Inert zone model

The thin zone TAP micro-reactor shown in Fig. 1 consists of two
inert zones packed with quartz particles and a thin active layer of
zeolite particles sandwiched between them. In the Knudsen flow
regime, the equation of continuity for inert (non-reacting) probe
molecules in the inert zone is [36]:

eb
@Ci

@t
¼ DKi

@2Ci

@z2 : ð3Þ

Here, Ci is the bulk concentration of species i, DKi
is the effective

Knudsen diffusivity of species i, t is time, z is axial position in the
micro-reactor, and eb is the bed porosity. The dimensionless bulk
concentration defined as ci ¼ Ci

Ni=ALeb
is a pulse-normalized bulk con-

centration. The dimensionless micro-reactor position and dimen-
sionless time are defined as n ¼ z

L, and s ¼ DKi
t

ebL2, respectively. In
dimensionless form, Eq. (3) becomes:

@ci

@s
¼ @

2ci

@n2 : ð4Þ

The dimensionless initial condition for Eq. (4) is [36,39]

cið0; nÞ ¼ 0: ð5aÞ

Further, the dimensionless inlet and outlet boundary conditions are
[36,39]
@ciðs; nÞ
@n

����
n¼0
¼ �d�ðsÞ and ð5bÞ

ciðs;1Þ ¼ 0: ð5cÞ

Here, d*(s) is the pulse-normalized Dirac delta function defined in
the nomenclature. The flux at the inlet of the mico-reactor is non-
zero (Dirac pulse) for a small time (<100 ls pulse duration time)
and zero otherwise This (Eq. (5b)) represents the pulse injection
which occurs between the opening and closing of the pulse valve
[39]. The boundary condition at the reactor outlet (Eq. (5c)) reflects
the fact that it is maintained under vacuum and that the concentra-
tion of probe molecules there is almost zero. In a three-zone TAP
system the continuity of concentration and flux at the boundaries
between zones must be maintained. Additional description of the
boundary conditions can be found in Zou et al. [39]. Eqs. (3) and
(5a–c) are used to represent the inert zones I and II.

3.2. Zeolite zone model

In the thin zeolite zone, besides inter-particle diffusion, one
must account for additional phenomena taking place within the
zeolite particles. These are adsorption/desorption of the probe
molecules on the active sites on the zeolite surface and diffusion
into the zeolite pores [34,35]. Because the TAP experiments are
carried out under high vacuum conditions the mass transfer in
the mesopores and macropores of the zeolite particles (pore diam-
eter >2 nm), i.e. in the inter-crystalline space, also obeys Knudsen
law. However, the diffusional resistance offered by mesopores
and macropores is negligible (pore diameter >0.2 nm) compared
to the diffusion resistance in the nanopore space (pore diameter
<2 nm), since the mean pore radius is order of magnitudes larger
in the mesopores and macropores than in the nanopores. In addi-
tion, the combined mesopore and macropore surface areas contrib-
ute only 10.5% and 8.3% to the total surface areas of beta and USY
zeolite, respectively (refer to Table 1). The combined pore volumes
of mesopores and macropores contribute only 22.3% and 19.6% to
the total pore volumes of beta and USY zeolite, respectively (refer
to Table 1) and contribute less than 0.5% to the total inter-particle
void volume. As a result any resistance (time constant) due to mes-
opores or macropores cannot be dominant, and clearly investiga-
tions under high vacuum conditions are well suited to address
and attempt to quantify the resistances related to the small zeolite
particles. The equation of continuity, given the low surface cover-
age in the inter-particle space of the thin zeolite zone, is

eb
@Ci

@t
¼ DKi

@2Ci

@z2 � ð1� ebÞqmax kai
Ci � kdi

hi
� ���

r¼Rp
: ð6Þ

Here, hi is the dimensionless surface coverage defined as
hi ¼ qi

qmax
. The second term on the right-hand side of Eq. (6) repre-

sents the net flux of probe molecules into the zeolite particles, from
the bulk gas phase to the surface of the zeolite particles, and is gi-
ven as the net rate of adsorption on the outside zeolite surface.

To complete the model one must describe the behavior within
the zeolite particles. At the zeolite surface it is assumed that the
probe molecules first adsorb reversibly. Then the adsorbed mole-
cule either diffuses inside the particle or it desorbs from the sur-
face (see Fig. 4). Within the nanopores the diffusing species in
nanoporous zeolites never leave the force field of the pore walls
[42]. Hence, the molecules within the pores can be regarded as a
single ‘‘adsorbed” phase [25]. Thus, the true driving force for diffu-
sion is the gradient in the chemical potential, rather than the gra-
dient of concentration, as is assumed in Fick’s formulation. Hence,
a correction factor is used to relate Fickian diffusivity or transport
diffusivity (DTi

) to the intrinsic or Maxwell–Stefan diffusivity (DMSi
)

and the relationship is given as
DTi

DMSi
¼ C [43,44]. Here, C is the
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Fig. 4. Pictorial representation of sorption processes on zeolite boundary and
transport in zeolite’s intra-particle space.
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thermodynamic correction factor, defined as C ¼ hi
@ ln fi
@hi
¼ @ ln fi

@ ln hi
. In

the limit of zero surface coverage (hi ? 0), the Fickian and Max-
well–Stefan diffusivities are identical DTi

¼ DMSi

� �
and the thermo-

dynamic correction factor is unity (C = 1) [44]. This is normally the
case under TAP experimental conditions, as the number of mole-
cules in a single pulse is typically much smaller (1000 to
1,000,000 times) than the number of active sites in the zeolite
particles.

The one-dimensional flux under the limit of zero surface cover-
age for a single component diffusing from the exterior surface to
the center of a spherical zeolite crystal with radius Rp, is thus given
as [43]

Ji ¼ �qmaxDTi

dhi

dr
; hi ! 0; ð7Þ

and the mass balance in the intra-particle space is

@hi

@t
¼ Dei

@2hi

@r2 þ
2
r
@hi

@r

" #
: ð8Þ

Eqs. (6) and (8) can be transformed into dimensionless form as

@ci

@s
¼ @

2ci

@n2 � ð1� ebÞk�di
Keqi

ci � hi
� ����

g¼1
ð9Þ

and

@hi

@s
¼ spi

@2hi

@g2 þ
2
g
@hi

@g

" #
: ð10Þ

The dimensionless boundary conditions for Eq. (10) at the zeolite
exterior surface and at the center are given as

@hi

@g

����
g¼1
¼

k�di

3spi

Keqi
ci � hi

� ������
g¼1

ð11aÞ

and

lim g
@hi

@g

� 	����
g¼0
¼ 0: ð11bÞ

Here, hi is the pulse-normalized dimensionless surface coverage,
analogous to the pulse-normalized dimensionless bulk concentra-
tion (ci). It is the ratio of the concentration of sites occupied by
the adsorbing species, qi, and the bulk concentration in the micro-
reactor that would result if all the molecules introduced by the
pulse valve were distributed instantaneously throughout the in-
ter-particle space in the micro-reactor. It is the product of the
dimensionless surface coverage hi ¼ qi

qmax
and the ratio of the maxi-

mum concentration of adsorption sites to the pulse intensity, and
it is defined as hi ¼ hi
qmax

Ni=ALeb
. The dimensionless particle time spi

,
dimensionless desorption constant k�di

, and dimensionless equilib-
rium adsorption constant Keqi

for species i are the three dimension-
less constants of the developed model defined as

spi
¼ L2=DKi

R2
p=Dei

¼ Characteristic diffusion time in micro� reactor
Characteristic diffusion time in zeolite pore

;ð12Þ

k�di
¼ L2=DKi

1=kdi

¼ Characteristic diffusion time in micro� reactor
Characteristic desorption time

; ð13Þ

and

Keqi
¼ qmax

1=kdi

1=kai

¼ Characteristic desorption time
Characteristic adsorption time

: ð14Þ

Eqs. (3), (5a–c), (9), (10) and (11a and b) describe the thin zone
reactor configuration and different interactions taking place within
the zeolite particles. The three dimensionless constants spi

, k�di
, and

Keqi
affect the shape, peak position and height of the model simu-

lated response curve. Attempts were made to reduce the model to
a two-parameter model (spi

and Keqi
) by assuming that the bulk

concentrations inside and outside the zeolite pores are in pseu-
do-equilibrium [34,38,45]. If in addition one assumes that the
nanopore diffusion is not the rate limiting step, then the model is
reduced to only one dimensionless constant, Keqi

[45]. In this study
no such assumptions are made, as our goal is to investigate the use
of the single pulse TAP response experiment and of the full model
in estimating intra-particle diffusivity and adsorption–desorption
constants.
4. Solution procedure

4.1. Method of moments to estimate effective knudsen diffusivity

The effective Knudsen diffusivity DKi
in an inert zone can be

determined by either fitting in the time domain the experimental
response curve with a model (Eq. (3)) generated one or by match-
ing the moments of the predicted and measured responses. Both
have been successfully employed in the past [37,39]. Moreover
there is ample evidence that the response curve obeys Knudsen
diffusion in an inert zone [34–37]. Recently, Feres et al.[46] have
presented a stochastic model that confirmed the findings of the
previous continuum-based models. The method of moments is
used in this study to determine the effective Knudsen diffusivity
in the inter-particle space of the TAP micro-reactor. A single effec-
tive Knudsen diffusivity for each probe molecule is sufficient to de-
scribe the inter-particle transport provided the inter-particle space
in the bed has a unimodal pore size distribution. This assumption is
particularly true for the thin zone TAP reactor, as more than 99% of
the packed micro-reactor volume is filled with non-porous quartz
particles with a mean diameter of 200 lm.

The jth moment is defined as Mj ¼
R1

0 EðtÞ � tjdt. Here E(t) is the
experimental response obtained from the TAP reactor in real time
t. The mean residence time of the response curve is determined by
dividing the first moment (M1) with the zeroth moment (M0). In
the case of strictly Knudsen diffusion with diffusivity DKi

in the in-
ter-particle space the mean residence time is the characteristic dif-
fusion time of the probe molecule under investigation in the
micro-reactor. Thus, for species i, the characteristic diffusion time
in the reactor is

L2eb

DKi

¼
R1

0 EiðtÞ � tdtR1
0 EiðtÞdt

: ð15Þ

Here, L is the length of the TAP micro-reactor (33 � 10�03 m) and eb

is the bed porosity (�0.5), which is measured independently.
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When an inert gas like argon is pulsed into the TAP micro-reac-
tor containing a zeolite sample, the gas molecules interact weakly
on the surface of the particles (both zeolite and non-porous
quartz). Olea and Iwasawa [47] found that when a single pulse of
argon was introduced over the micro-porous particles (<2 nm in
diameter), both inter- and intra-particle diffusion affects the re-
sponse curve. As a result, both inter- and intra-particle diffusivities
were needed to represent the argon response curve. These authors
used the one-zone micro-reactor configuration and the experi-
ments were performed at or near ambient temperatures (300 K).
However, in the present study, the use of the thin zone micro-reac-
tor configuration allows us to neglect the resistance of inter-parti-
cle diffusion in the zeolite zone, as the total pore volume of both
beta and USY zeolite particles contributes less than 1% to the total
inter-particle void volume. The assumption that only Knudsen dif-
fusivity in the inter-particle voids affects the argon response curve
was verified by comparing the experimental peak-normalized re-
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Fig. 6. The characteristic diffusion times in the micro-reactor of isobutane and argon, di
inverse square root of temperature. The micro-reactor was packed with non-porous qua
sponse to the theoretical peak-normalized plot [36]. The experi-
mental peak-normalized response curve is obtained by dividing
the experimental response with the peak magnitude and plotting
it as a function of (t/tm), where tm is the time at which the maxi-
mum occurs. The theoretical peak-normalized plot is obtained
from the series solution of the continuity equation assuming only
Knudsen diffusion in the inter-particle void [36]. Fig. 5 shows the
comparison of the experimental peak-normalized response of ar-
gon when pulsed over the thin zone micro-reactor containing beta
zeolite at 373 K with the theoretical peak normalized plot. A good
match is found between the experimental and model predicted
peak-normalized plots. Similar results are also found for the tem-
perature range used in this study and when argon is pulsed over
the micro-reactor with a thin zone of USY zeolite (these results
are not shown here for brevity). Hence, argon is used to estimate
the effective Knudsen diffusivity in the inter-particle voids.

The effective Knudsen diffusivity of any other probe molecule is
then computed by using the known temperature and molecular
weight dependence of Knudsen diffusivity which is DKi

/ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T=Mwi

p
. To verify this dependency under TAP experimental con-

ditions single pulses of argon and isobutane are introduced into
the evacuated micro-reactor packed with inert particles (non-por-
ous quartz) at various temperatures. The experiments are repeated
to check for the reproducibility of the experimental data. The char-
acteristic diffusion times in the micro-reactor for each pulse are
calculated from the method of moments approach, as shown in
Eq. (15). It is found that the relative error of the characteristic dif-
fusion time in the micro-reactor for each pulse of argon and isobu-
tane at each temperature is less than 2.5%. In the non-porous
quartz bed, at temperatures above ambient, both argon and isobu-
tane interact only weakly on the surface of the particles and the
characteristic diffusion time of the micro-reactor reflects only the
transport process in the inter-particle voids which has been estab-
lished to be Knudsen diffusion [34–36].

Fig. 6 shows the characteristic diffusion times in the micro-
reactor for isobutane and argon, divided by the square root of their

respective molecular weights L2eb
DKi

. ffiffiffiffiffiffiffiffiffiffi
Mwi
p

, as a function of the in-

verse square root of temperature. Fig. 6 clearly demonstrates that
the characteristic diffusion times of isobutane and argon in the mi-
cro-reactor follow the square root of temperature and square root
of molecular weight dependencies in the given temperature range.
1/ T0.5, K-0.5
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vided by the square root of their respective molecular weights, as a function of the
rtz particles (total mass = 800 mg and mean diameter = 200 lm).
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Furthermore, extrapolating the line that connects all the experi-
mental data points in Fig. 6 leads to zero intercept on the ordinate,
as it should, and the line has a positive slope of unity. This confirms
that the inter-particle transport in the TAP micro-reactor can be
characterized as Knudsen diffusion.

Consequently, in this study for a thin zone TAP micro-reactor
packed with beta or USY zeolite the effective Knudsen diffusivities
in the inter-particle voids for isobutane and n-butane are esti-
mated from argon response curve.
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Fig. 7. Comparison of the dimensionless experimental response curves of isobutane
and n-butane obtained when pulsed over thin zone of beta or USY zeolite at 423 K.
4.2. Numerical technique and minimization procedure to estimate
dimensionless constants (spi

, Keqi
, and k�di

)

After the effective Knudsen diffusivity of each probe molecule is
independently quantified, the dimensionless constants, spi

, Keqi
,

and k�di
for – adsorbing molecules are estimated by fitting the

dimensionless exit flux obtained from a single pulse TAP experi-
ment with the numerically calculated dimensionless exit flux. Here

the dimensionless exit flux is defined as F�i ¼
@ciðs;nÞ
@n

���
n¼1

. The exper-

imental dimensionless exit flux is obtained by relating the count
intensity from the mass spectrometer to the molecular flow. The
detailed mathematical treatment of the mass spectrometer count
intensity to obtain the dimensionless exit flux is explained in Sec-
tion 4.3. Here the minimization procedure and numerical tech-
niques used to solve the governing equations are discussed.

The governing equations for the TAP micro-reactor and zeolite
particles are second-order PDEs numerically solved by using the
method of lines [48]. The method relies on the approximation of
spatial derivatives, reducing partial differential equations (PDEs)
to sets of ordinary differential equations (ODEs). The resulting
ODEs are solved using stiff ODE solvers from NETLIB libraries.

To estimate the parameters we used ODRPACK public domain
software for minimizing the sum of the square weighted orthogo-
nal distances from the experimental data to a curve or surface.
Using this method, the orthogonal distance between the experi-
mental exit flux and modeled exit flux is minimized for every time
step by changing the parameters. A detailed discussion about the
algorithm, its stability, efficiency, and advantage over the ordinary
least squares method, especially in the case of nonlinear problems,
can be found elsewhere [49].

4.3. Mathematical treatment of TAP experimental data

As mentioned earlier, the molecule count (Ei(t)) emerging from
the exit of the micro-reactor is recorded in real time using a com-
puter-controlled quadruple mass spectrometer. To obtain quanti-
tative information, the time dependent intensity (Ei(t)) measured
by the mass spectrometer is related to the molecular flow (Fi(t))
at the exit of the micro-reactor. In a single pulse TAP experiment,
the intensity of an experimental response is proportional to the
exit molecular flow, and the relationship is given by

Fi ¼ aiEiðtÞ: ð16Þ

Here, ai is the absolute calibration factor for species i, Ei(t) is the
experimental response curve, and Fi is exit molecular flow (moles/
s) of species i. The dimensionless exit flow F�i is given as

F�i ¼
Fi

Ni

ebL2

DKi

: ð17Þ

Integrating Eq. (17) with respect to time, we obtainZ 1

0
Fidt ¼ ai

Z 1

0
Eidt;

or
ai ¼
R1

0 FidtR1
0 Eidt

: ð18Þ

For a probe species involved in a reversible process (as in this study)
or for a non-reacting probe species, the integration of the exit flow
with respect to time yields the number of moles of probe species i
injected in the system:Z 1

0
Fidt ¼ Ni: ð19Þ

So Eq. (18) can be rewritten as

ai ¼
NiR1

0 Eidt
: ð20Þ

Thus, the time dependent intensity (Ei(t)) measured by the mass
spectrometer is related to molecular flow (Fi(t)) at the exit of the
micro-reactor as

Fi ¼
NiR1

0 Eidt
Ei; ð21Þ

and the dimensionless exit flow F�i can be rewritten as

F�i ¼
EiR1

0 Eidt
ebL2

DKi

: ð22Þ
5. Results and discussion

5.1. Comparison of response curves obtained from single pulse tap
experiments

Fig. 7 shows the comparison of the dimensionless experimental
response curves of isobutane and n-butane obtained when pulsed
over the micro-reactor with the thin zone of beta or USY zeolite
at 423 K. It is observed that the shape of the isobutane and n-bu-
tane response curve is similar indicating that the difference in
transport and adsorption–desorption phenomena for isobutane
and n-butane in beta zeolite are negligible, and beta zeolite has a
similar affinity toward both branched and straight chain C4 al-
kanes. This similarity is observed for all temperatures investigated
in this study.
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In the case of USY zeolite it is observed that the magnitude of
the peak for isobutane compared to that for n-butane is larger
and the elution time for n-butane response curve is much longer
than the one for isobutane. This indicates that in USY zeolite both
the nanopore transport and adsorption–desorption are faster for
isobutane than for n-butane. Hence, USY zeolite has stronger affin-
ity for adsorbing straight chain C4 alkanes. This property of USY
zeolite can be used for selective separation of straight C4 alkanes.

For both isobutane and n-butane at a given temperature the
USY response curve peak appears sooner than on the beta zeolite
and the curve exhibits a generally shorter elution time than the
one for beta zeolite. These differences indicate that the character-
istic nanopore diffusion and characteristic desorption times are
faster in USY zeolite than in beta zeolite and this may be caused
due to the larger pore diameter and smaller crystal size of USY
zeolite.
5.2. Sensitivity analysis of dimensionless constants

In transient experimental techniques such as TAP, only certain
ranges of nanopore diffusion and adsorption–desorption constants
can be determined [34,35,45]. Keipert and Baerns [34] found the
intra-crystalline diffusivity range within which its values affect
the shape of the TAP response curves. They did this by simulating
the response curves for varied intra-particle diffusivities while
other parameters were maintained constant. A similar approach
is adopted in this study. In the model the three dimensionless con-
stants spi

, Keqi
, and k�di

affect the shape of the TAP response curve.
Simulations were carried out at spi

, Keqi
, and k�di

of different orders
of magnitudes to discriminate between the time scales of intra-
particle diffusion, adsorption–desorption, and inter-particle diffu-
sion. The mean and variance of the simulated response curves were
calculated to find the ranges of spi

, Keqi
, and k�di

within which the
response curve is sensitive to their values. Here, the mean and var-
iance of the response curve are defined as

s ¼
R1

0 F�i ðsÞ � sdsR1
0 F�i ðsÞds

; ð23Þ

and
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r2 ¼
R1

0 F�i ðsÞ � s2dsR1
0 F�i ðsÞds

� s2: ð24Þ

Fig. 8a and b display some of the calculations performed and
clearly establish that asymptotic values of the moments of the re-
sponse at some very small or very large parameter values preclude
reliable estimates of these constants. These parametric sensitivity
studies established that the above-mentioned constants must be
in the ranges indicated in Table 2 for the reliable estimation of var-
ious parameters to be possible. Since the values of these dimen-
sionless groups cannot be known ‘a priori’, this implies that
proper estimation of system parameters by TAP will require an
iterative approach. The values of the dimensionless constants have
to be first estimated based on prior experience and the experiment
designed based on these estimates so as to ensure that these con-
stants fit in the ranges indicated in Table 2. Upon processing the
experimental results if some constants were found outside the per-
missible range, the experiment should be redesigned to bring them
into range. Unfortunately, we did not have access to the TAP equip-
ment long enough to complete this iterative process and thus re-
port only the results obtained with the original experiment
design described earlier.

As an illustration of the physical reasoning as to why certain
parameters cannot always be estimated from the TAP response
curve, consider the range of the dimensionless spi

which is the ratio
of the characteristic diffusion time in the micro-reactor to the char-
acteristic diffusion time in the zeolite pores. A value of spi

equal to
unity means that the time scales for intra-particle and inter-parti-
cle diffusion are the same, and that the characteristic diffusion
time in the zeolite particle is not a rate limiting parameter. In this
limiting case, the concentration gradient in the intra-particle space
is negligible and the effective intra-particle diffusivity of adsorbed
species is fast. When the effective intra-particle diffusivity of ad-
sorbed species is very small, for example in the case of spi

equals
10�6, the difference in time scales for intra-particle and inter-par-
ticle diffusion is very large. Under this limiting case, most of the
flux of the adsorbing species reaches the micro-reactor outlet be-
fore considerable diffusion can occur in the zeolite pores. Similar
limitations are also observed in other the transient experiments,
such as ZLC [50] and TEOM [18].
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Table 2
The upper and lower limits of the dimensionless parameters spi

, Keqi
, and k�di

that
affect the shape of the TAP response curve.

Dimensionless time constants Lower limit Upper limit

spi
10�6 100

k�di
10�2 100

Keqi
100 N/A
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5.2.1. Tuning experimental conditions to obtain reliable estimates
The range of dimensionless model constants reported in Table 2

indicates the parameter space within which the model can reliably
estimate the quantities we are seeking, e.g. intra-particle diffusiv-
ity and adsorption–desorption constants. This range of the dimen-
sionless constants cannot be altered; therefore the experimental
conditions should be tuned so that the estimated parameters spi

and k�di
fall within their desired ranges reported in Table 2. Accord-

ingly the following alterations of the experimental conditions are
proposed. For probe molecules with low intra-particle diffusivities,
represented by the lower limit of time constant spi

, the value of spi

can be augmented by decreasing the zeolite particle size, by
increasing the micro-reactor length, or by decreasing the Knudsen
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Fig. 9. Comparison between the simulated and experimental dimensionless exit flux of is
diffusivity in the inter-particle voids in the bed by using smaller in-
ert particles in the micro-reactor. In contrast, for fast diffusing
probe molecules in the intra-particle space, represented by the
upper limit in the permissible range, the lower value of spi

is
achieved by doing exactly the opposite. Similarly, by altering the
micro-reactor length and Knudsen diffusivity in the inter-particle
void, the experiments can be tuned so that k�di

falls within the re-
quired range. These alterations in the experimental conditions
should provide guidance for future single pulse TAP experiments
to obtain reliable estimates of intra-particle diffusivity and adsorp-
tion–desorption constants.

5.3. Comparison of experimental and simulated tap response curve

The simulated TAP response curves were fitted to the experi-
mentally obtained ones by adjusting the three model parameters
spi

, Keqi
, and k�di

. Experiments were carried out at various tempera-
tures. A mass balance check was made for the conditions of each
run to ensure that there was no reaction or irreversible adsorption
of the probe molecules on the zeolite surface. This check consisted
of comparing the number of molecules exiting the micro-reactor
(zeroth moment (M0)) containing the thin zone of zeolite with
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obutane and n-butane as a function of dimensionless times at selected temperatures.



Table 4
The values of the dimensionless equilibrium parameter Keqi

� �
, with the standard

deviation and 95% confidence interval, and apparent heats of adsorption (DH)
obtained from van’t Hoff’s plot.

Probe
molecules

Zeolites T
(K)

Keq

(�103)
Std.
deviation
(�101)

95% Confidence
interval (�103)

�DH (kJ/
mole)

Isobutane Beta 373 6.268 7.11 6.128 to 6.400 23.6
(s.d. 2.32)398 4.288 1.75 4.288 to 4.288

423 2.480 0.78 2.460 to 2.498
448 1.416 1.64 1.384 to 1.448
473 1.318 3.00 1.259 to 1.377
498 1.031 2.68 0.962 to 1.060

Butane Beta 373 7000 7.44 6.790 to 7.230 24.5
(s.d. 2.51)398 3.525 1.17 3.502 to 3.548

423 2.638 4.00 2.560 to 2.716
448 1.451 3.81 1.376 to 1.526
473 1.345 1.75 1.311 to 1.380
498 0.990 2.37 0.943 to 1.036

Isobutane USY 323 2.777 2.75 2.744 to 2.811 14.12
(s.d. 1.85)348 1.482 1.71 1.431 to 1.533

373 1.047 2.61 0.951 to 1.100
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the response of the same micro-reactor packed only with non-por-
ous quartz, for the same input pulse intensity.

5.3.1. Beta zeolite
Fig. 9a and b compare the simulated and experimental dimen-

sionless exit flux F�i ¼
@ciðs;nÞ
@n

���
n¼1

� 	
of isobutane and n-butane as a

function of dimensionless times (s) at selected temperatures. The
experimental F�i , obtained from single pulse TAP experiments,
where beta zeolite (mass = 5 mg and mean diameter = 5 lm) was
sandwiched between two inert zones (non-porous quartz,
mass = 800 mg and mean diameter = 200 lm) is matched well with
the developed model. Furthermore, the dimensionless parameters,
spi

and Keqi
, estimated by fitting the experimental response curves

with the corresponding model simulated ones, are within the
appropriate sensitivity ranges shown in Table 2. However, the

dimensionless desorption constant k�di


 �
for isobutane and n-bu-

tane pulses over a thin zone of beta zeolite can only be estimated
at 378 K since at higher temperatures the estimated k�di

is outside
of the model sensitivity range at the current set of experimental
conditions. The estimated k�di

values are shown in Table 3. At

373 K, the dimensionless constants spi
, Keqi

, and k�di
are

1.240 � 10�5, 6268 and 0.58, respectively, for isobutane in beta
zeolite. These estimated values will be beneficial to test various
theories such as molecular dynamics, transition-state theory,
mean-field theories and Monte-Carlo techniques, as they are ob-
tained at low surface coverage.

5.3.2. USY Zeolite
Fig. 9c and d compare the simulated and experimental dimen-

sionless exit flux of isobutane and n-butane as a function of dimen-
sionless time at selected temperatures. The experimental F�i was
obtained from single pulse TAP experiments conducted over thin
zone of USY zeolite. Fig. 9c and d illustrate that the developed mod-
el under-predicts the dimensionless exit flux near the peak, but is
in good agreement elsewhere for both isobutane and n-butane.
Unfortunately, the dimensionless constants spi

, and k�di
estimated

by minimization procedure are found to be outside the model sen-
sitivity range shown in Table 2. This is apparently caused by faster
intra-particle diffusion and shorter desorption times observed in
USY zeolite. This can be corrected in the future experiments by
tuning the experimental conditions as explained in Section 5.2.1;
for now only the dimensionless parameter Keqi

is estimated.

5.4. Dimensionless equilibrium parameter Keqi

� �
The values of the dimensionless equilibrium parameter Keqi

� �
,

its standard deviation and 95% confidence interval, estimated by
regressing the experimental TAP responses at different tempera-
tures with the model simulated ones, are shown in Table 4. It is
evident that on beta zeolite the estimated Keqi

for branched paraf-
fin (isobutane) is lower than straight chain (butane), however, the
difference in the estimated Keqi

values for isobutane and n-butane
is minor. For example, the dimensionless Keqi

value for isobutane/
beta is 2480 and n-butane/beta is 2638 at 423 K. Similar observa-
Table 3
The values of the dimensionless desorption constant k�di


 �
, with the standard

deviation and 95% confidence interval estimated over a thin zone of beta zeolite.

Probe
molecules

T
(K)

k�di

(�10�1)
Std. deviation
(�10�2)

95% Confidence interval
(�10�1)

Isobutane 373 5.860 1.47 5.580 to 6.151
Butane 373 2.690 0.40 2.610 to 2.770
tions were also reported in the literature, for example, the estima-
tion of the Langmuir adsorption constants of isobutane and n-
butane in beta zeolite by the TEOM (Tapered Element Oscillating
Microbalance) method yielded 4451/bar and 4981/bar at 323 K,
respectively [17]. Denayer et al. [16] reported similar behavior,
however, the difference in their estimated Henry’s constants for
isoalkanes compared to n-alkanes was much higher. They investi-
gated the C5 to C8 alkanes in beta zeolite using tracer and pertur-
bation chromatographic techniques. Consequently, the number of
carbon in alkanes influences the adsorption–desorption phenom-
ena in beta zeolite.

On USY zeolite much lower estimates of Keqi
are obtained for iso-

butane than for n-butane, indicating USY zeolite’s stronger affinity
for a straight chain paraffin, assuming that the maximum sites for
the adsorption of isobutane and n-butane are the same. For exam-
ple, dimensionless Keqi

values for isobutane/USY zeolite is 802 and
for n-butane/USY zeolite is 1177 at 423 K. A similar behavior was
also reported in the literature. For example, Gong [17] estimated
Langmuir adsorption constants for isobutane and n-butane in USY
zeolites as 71 1/bar and 102 1/bar at 303 K, respectively, and Zhang
et al. [24] estimated dimensionless Henry’s constant for isobutane
and n-butane in USY zeolite as 2.1 and 3.8 at 303 K, respectively.
A similar behavior was also reported for C5 alkanes [16] (Henry con-
stant value for n-pentane/ Na-USY zeolite is 2.30 � 10�6 moles/
kg Pa and 2.16 � 10�6 moles/kg Pa at 573 K, respectively). However
for alkanes with carbon number C6 to C8 showed non-selective
competitive adsorption of isoalkanes and n-alkanes on Na-USY zeo-
lite [16]. Consequently, the USY zeolite shows affinity toward n-al-
kanes for alkanes with lower carbon numbers.

At this point it is instructive to point out the differences be-
tween the equilibrium constants reported in the literature, ob-
tained by various techniques and the Keqi

values obtained by TAP.
The former actually calculate the equilibrium constant by dividing
the experimentally determined number of molecules of adsorbed
species per unit mass of the zeolite, normalized with the total
398 0.919 2.58 0.869 to 0.970
423 0.802 2.69 0.758 to 0.847
448 0.742 1.78 0.707 to 0.776
483 0.733 1.94 0.695 to 7.716

Butane USY 323 5.240 3.08 5.189 to 5.310 16.7
(s.d. 0.80)348 3.689 1.58 3.658 to 3.720

373 2.239 0.80 2.223 to 2.253
398 1.476 0.90 1.459 to 1.494
423 1.177 0.60 1.165 to 1.189
448 0.941 1.60 0.910 to 0.973
483 0.788 1.56 0.757 to 0.819
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number of sites that are available per unit mass of zeolite, with the
equilibrium partial pressure of the adsorbing species (hence units
of atm�1 or bar�1 as quoted above appear in the literature). The
important normalization factor is obtained at sufficiently high par-
tial pressure of the adsorbing species where all sites are occupied
in equilibrium. Thus these sites comprising the total possess differ-
ent energies for adsorption. In contrast, in single pulse TAP exper-
iments one does not have access to the total number of sites and
the Keqi

values are obtained from dynamic experiments by comput-
ing the ratio of characteristic desorption and adsorption times. The
needed normalization factor represents now the total sites avail-
able for adsorption at zero coverage and could change with tem-
perature and experimental conditions. Thus quantitative
comparison of TAP obtained equilibrium constant values and those
obtained by other techniques cannot be made at present. Yet TAP
values are well suited for comparison with molecular dynamics
calculations. Moreover the trends in the values should be
comparable.

5.5. Temperature dependency of equilibrium parameter Keqi

� �
The temperature dependency of the obtained dimensionless

equilibrium constant Keqi

� �
is represented by van’t Hoff’s equation.

Fig. 10a and b display the van’t Hoff plot for equilibrium constant
Keqi

calculated for isobutane and n-butane in beta and USY zeolites.
The estimated apparent heat of adsorption with standard deviation
is reported in Table 4. It is found that the apparent heat of adsorp-
tion estimated here is considerably lower than what is reported in
the literature. For example, the heat of adsorption estimated by
Gong [17] for isobutane/USY zeolite is 35 ± 4 kJ/mole compared
to 14.3 (s.d. 2.3) kJ/mole estimated in this study. Similarly for bu-
tane/USY zeolite the heat of adsorption was reported as 39 ± 4 kJ/
mole [17] compared to 16.3 (s.d.0.8) kJ/mole estimated in this
study.

One possible reason for the discrepancy may be the influence of
the carrier gas. Mittelmeijer-Hazeleger et al. [20] reported that the
type of carrier gas effects the rate of adsorption and the shape of
the adsorption isotherm in zeolites. They found that this is more
pronounced at lower pressures and temperatures.

In this study, the Keqi
and DH are estimated in the absence of

carrier gas, in vacuum and at conditions of very low coverage by
a transient method. One should recall that the equilibrium con-
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Fig. 10. van’t Hoff plot for equilibrium constant Keqi
calculated for isobutane and n-but
stant defined as Keqi
¼ qmaxi

kai
kdi

is the product of the maximum sites

available for the adsorption of species i and the ratio of the adsorp-
tion and desorption rate constants for species i. In TAP experiments
only the ratios of characteristic desorption and adsorption times
are obtained but no independent information is available on qmaxi

which logically speaking represents the maximum sites available
at zero coverage. In other techniques as mentioned above the equi-
librium constant values are obtained directly by the ratio of the ad-
sorbed to bulk normalized concentrations. Thus any changes in
qmaxi

with species, or from zeolite to zeolite, are reflected through
the values of normalized adsorbed equilibrium concentrations. In
the TAP case, one relies on the established fact that equilibrium
properties like Keqi

can be assessed by a dynamic experiment as
long as the system is linear. However, that assumes perfect mea-
surement as often the information is buried in the tail of the re-
sponse curve which is not readily measured. In the TAP
experiment we cannot capture the equilibrium values directly
but we can obtain the ratios of the characteristic times for adsorp-
tion and desorption and from them evaluate the equilibrium con-
stant. The problem in obtaining accurate values lies in the fact
that the accessible qmaxi

varies with temperature and this is re-
flected in the characteristic adsorption time. One would expect
that as molecular mobility increases with temperature more active
sites can be reached at higher temperature. Thus the apparent
qmaxi

, which is sensed experimentally via TAP response through
the adsorption desorption time constants, becomes larger. While
the ratio of the adsorption and desorption constants decreases
with temperature, the rise in qmaxi

with temperature reduces the
apparent heat of adsorption. It should be noted that while the
absolute values of the heats of adsorption are much lower as deter-
mined by TAP, the trends on the same zeolite for two species are
the same as determined by other techniques. The difference be-
tween zeolites for the same species also tracks the trend estab-
lished by equilibration techniques. For example, the apparent
heat of adsorption values estimated in this study for isobutane in
beta and USY zeolites are 23.6 (s.d. 2.32) kJ/mole and 14.6 (s.d.
1.85) kJ/mole, respectively, in comparison to the heat of adsorption
values for isobutane in beta and USY zeolites as 47 ± 4 kJ/mole and
35 ± 4 kJ/mole, respectively, as reported in the literature [17]. This
confirms that in transient techniques such as, TAP there is not suf-
ficient time for equilibration of gas and solid phase. As a result, the
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molecules do not reach all the adsorption sites of high energy [51],
hence, further decreasing the apparent heat of adsorption. This is
why we call this quantity apparent heat of adsorption.

It should also be mentioned that as the temperature increases
the octahedral coordinated aluminum (Al) is converted to tetrahe-
dral coordination [52,53] and the tetrahedral coordinated Al spe-
cies are Brønsted sites [52,53]. It has been reported that at low
surface coverage the adsorption occurs only on the Brønsted acid
sites in zeolites [15,16]. As a result, the maximum concentration
of adsorption sites will increase with temperature making more
sites available during the TAP experiment. If one represented the
increase in accessible sites with temperature with an Arrhenius
type dependence that would explain the reduction in the observed
heat of adsorption while maintaining the van’t Hoff’s plot linearity.

It is noteworthy that semi-quantitatively the apparent heats of
adsorption for isobutane and n-butane in USY and beta zeolites ob-
tained from TAP experiments match the trends reported in the lit-
erature. In USY zeolite the apparent heat of adsorption for n-butane
is higher than for isobutane which is in agreement with the values
observed by other researchers such as Gong and Denayer et al.
[16,17]. The weak adsorption of isobutane in USY zeolite is likely
due to its ramified skeleton which allows easier motion of
adsorbed molecules from site to site in USY zeolite [16]. In beta
zeolite the apparent heat of adsorption for isobutane is slightly
lower than for n-butane (see Table 4). This is in agreement with
the heat of adsorption values reported in the literature for alkanes
in beta zeolite [16].

It is also observed that the apparent heat of adsorption for
either of the two tested species in beta zeolite is higher than in
USY zeolite (see Table 4). This is in comparison with the literature
as shown above. As mentioned earlier, the beta zeolite framework
consists of straight and zig-zag 12-membered-ring channels of
maximum free aperture 0.71 nm compared to USY zeolite frame-
work, which contains a super cage of free aperture 1.2 nm. As a re-
sult, the distance between the adsorbed molecules and beta zeolite
framework is shorter than in USY, causing a stronger dispersive
interaction and thus a higher heat of adsorption in beta zeolite.

5.6. Intra-particle diffusion time Dei
=R2

p


 ��1

As mentioned earlier, only the dimensionless parameter

spi
spi
¼ L2=DKi

R2
p=Dei

� 	
estimated for isobutane and n-butane pulsed over

beta zeolite falls inside the model sensitivity range shown in Table
2. Hence, only these spi

values with their standard deviation and
95% confidence interval at various temperatures, are shown in
Table 5
The values of the dimensionless parameter spi

, with the standard deviation and 95%
confidence interval, and activation energies (Ea) and pre-exponential factors D0

ei
=R2

p


 �
obtained from the Arrhenius plot, estimated over a thin zone of beta zeolites.

Probe
molecules

T
(K)

spi

(�10�5)
Std.
deviation
(�10�6)

95% Confidence
interval (�10�5)

Ea

(kJ/mole)
D0

ei
=R2

p


 �
s�1

Isobutane 373 1.240 1.21 1.120 to 1.360 20.9
(s.d.
2.78)

0.026
(s.d. 1.8 e�3)398 1.850 0.65 1.780 to 1.920

423 1.810 0.78 1.730 to 1.890
448 2.330 4.05 1.930 to 2.740
473 3.900 4.89 3.500 to 4.310
498 4.710 4.70 4.310 to 5.120

Butane 373 1.290 0.51 1.240 to 1.340 20.5
(s.d.
3.08)

0.024
(s.d. 1.7 e�3)398 1.500 0.59 1.440 to 1.560

423 1.700 2.88 1.410 to 1.990
448 2.340 4.67 1.870 to 2.810
473 3.920 4.70 3.450 to 4.390
498 4.270 4.08 3.800 to 4.700
Table 5. The characteristic time for intra-particle diffusion

R2
p=Dei


 �
is then estimated at each temperature by multiplying

the spi
obtained for the model match of experimental results by

the characteristic diffusion time in the micro-reactor L2=DKi


 �
.

An Arrhenius plot of the intra-particle diffusivities (reciprocal val-
ues of intra-particle diffusion times) is shown in Fig. 11 and the

activation energies (Ea) and pre-exponential factors D0
ei
=R2

p


 �
obtained from the Arrhenius plot are also presented in Table 5. It
is observed that the intra-particle diffusivities of n-butane and iso-
butane have the same order of magnitude and similar activation
energies. These similarities indicate that the large micro-pore beta
zeolite (pore diameter �0.69 nm) is not very shape selective for
small molecules of similar diameter (kinetic diameter of isobutane
�0.58 nm and of n-butane �0.52 nm).

Based on the activation energies and pre-exponential factors re-
ported in Table 5, the intra-particle diffusivities are estimated as
1.4 � 10�10 m2/s for isobutane/beta zeolite and 1.1�10�10 m2/s
for butane/beta zeolite with particle size of 5 lm at 373 K. This in-
tra-particle diffusivity values are in agreement with the range of
the intra-particle diffusivities values reported in the literature for
large pore zeolites [25]. In comparison to this study the values of
intra-particle diffusivity in zeolites of a similar pore aperture ob-
tained by the other macroscopic experimental systems [25] are
one or two order of magnitude lower. For example, Karger and
Ruthven [25] reported the diffusivity value for n-butane in Na-X
zeolite as 4.9 � 10�11 m2/s for crystal size of 50 lm at 423 K. The
lower estimates are attributed to additional extra-crystalline mass
transfer resistance and the presence of carrier gas in the macro-
scopic experimental systems [25,35]. The diffusivity values ob-
tained for isobutane and n-butane in beta zeolite using the
crystallites average size of 0.3 lm are 4.9 � 10�13 m2/s and
4.1 � 10�13 m2/s, respectively, at 373 K.

6. Conclusions

The thin zone TAP micro-reactor experiments are used to ob-
serve adsorption–desorption dynamics for n-butane and isobutane
and to evaluate their pertinent parameters in beta and USY zeo-
lites. It is established that various system parameters can only be
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reliably estimated from a single pulse TAP experiment in a thin
zone micro-reactor when the three dimensionless constants of
the model fall into certain ranges. Since these constants are not
known ‘a priori’, reliable estimation of system parameters may in-
volve an iterative procedure of experimental design and data inter-
pretation to establish the range of constants needed for reliable
estimates. For isobutane and n-butane the values of the apparent
heat of adsorption (DH), intra-particle diffusivity D0

ei
=R2

p


 �
and its

activation energy (Ea) in beta zeolite have been presented, as the
sensitivity criteria were met. Only the apparent heat of adsorption
(DH) in USY zeolites can be estimated from the performed experi-
ments. The intra-particle diffusivity estimated by the TAP response
experiments is obtained at very low surface coverage, and these
data can provide a test for various theories such as molecular
dynamics, transition-state theory, mean-field theories and
Monte-Carlo techniques. The thin zone reactor configuration en-
abled the use of small beta and USY zeolite particles without high
bed resistance.

The apparent heat of adsorption in beta zeolite is higher than in
USY zeolite, due to shorter distance between adsorbed molecules
in the beta zeolite frame work. Based on the values of the apparent
heat of adsorption and the intra-particle diffusivity it is concluded
that the branching of the C4 alkanes has little effect in beta zeo-
lites. However, the USY zeolite preferentially adsorbs n-butane
compared to isobutane. Based on the parameters estimated for iso-
butane and n-butane in USY, which are outside the permissible
model sensitivity range, it is concluded that intra-particle diffusiv-
ity and desorption constant cannot be reliably estimated from the
conducted TAP experiments. A redesign of experimental conditions
is required to bring the parameters into the acceptable sensitivity
range. Specifically, to obtain the reliable estimates of these param-
eters, the experiments should be carried out with larger inert par-
ticles or with a shorter micro-reactor length.

It is noted that while the trends in the apparent heats of adsorp-
tion obtained from the TAP experiments (e.g. variation from spe-
cies to species on the same zeolite, or variation of a value for a
given species from zeolite to zeolite) are in agreement with the val-
ues reported in the literature, the TAP determined apparent heats
of adsorption are considerably lower in absolute value. It was con-
cluded that this most likely is due to the variation with tempera-
ture of the maximum active sites accessible to the probe
molecules. Thus, without additional calibration for total sites avail-
able at zero coverage as function of temperature the TAP experi-
ment cannot be expected to produce quantitative measures of
the traditional heat of adsorption as obtainable by other tech-
niques that require equilibration of the sample. However, TAP of-
fers opportunities for quantification of dynamics of transport and
adsorption–desorption in the particles if the experimental design
is carefully chosen.
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