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a b s t r a c t

Diffusion has a significant effect in zeolite catalysis. Molecular traffic control is a good example. For the
study of diffusion in microporous crystalline materials with 10 MR/12 MR interconnected channels, as
H-CIT-1, the isomers, para- and ortho-xylene are excellent probes. In this regard, by means of a FTIR
technique, codiffusion and counterdiffusion of these isomers were studied. The values of the diffusivities
in the codiffusion and counterdiffusion experiments were measured. A correlation in the transport of
eywords:
iffusion
odiffusion
ounterdifusion
ylenes

both isomers, during codiffusion and counterdiffusion was observed. Throughout codiffusion, the more
mobile p-xylene molecule hinders the motion of o-xylene. During the counterdiffusion case, when p-
xylene diffuses “in” and o-xylene “out” the zeolite, the 10 MR channels, which are blocked for the o-xylene
molecules, are free for p-xylene motion. Subsequently, under the experimental conditions of the present
study, molecular traffic control, takes place.
olecular traffic control
IT-1

. Introduction

Zeolites are crystalline, inorganic, microporous materials with
rameworks composed of channels and cavities with pore and
avity windows dimensions normally smaller than 1 nm. In the
pplication of zeolites, and other crystalline microporous materi-
ls, diffusion is a key effect [1–16]. Since, in numerous applications
f these materials, molecular transport has a significant role in
etermining the overall process [3]. Nevertheless, diffusion in
icroporous crystalline materials is insufficiently understood. In

his process, the structure of the transported molecules, its dimen-
ions, the conformation of the zeolite pores and cavities, and the
nteractions of the diffusing molecules with the zeolite framework
omponents plays an intricate role [1,2]. That is, in this confined
ituation, the motion of the molecules is governed by the geometry

f the zeolite framework, which gives the force field background for
iffusion [13].

In, adsorption, ion exchange, and catalysis, the constrained
nvironment provided by a microporous crystalline material to a
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molecule or ion, moving inside its framework, can be applied to
distinguish between different molecules or ions, and promote par-
ticular transition states using shape or size as selection criteria [17].

In a catalytic study of zeolites exhibiting structures where the
10-MR (member ring) and 12-MR channel intersects, was shown
that, the catalytic behavior is strongly influenced by the void space
left in the crossing points [18]. Besides, in a multicomponent dif-
fusion system consisting of large coadsorbed molecules combined
with smaller molecules the larger molecules traps the smaller ones
in the zeolite channels [12]. These two previous examples are
illustrations of the role of the dimensions of the zeolite and the
molecules diffusing inside the zeolite in processes, such as, catalysis
and separation, occurring within the zeolite.

The perception of reactivity enhancement by molecular traffic
control (MTC) is related with the previously described effects [19].
The concept MTC describes an effect in chemical reactions, in micro-
porous crystalline materials with porous systems showing different
dimensions, where the reactant and product molecules choose dis-
similar paths for diffusion [20]. That is, in particular circumstances,
a binary mixture of molecules with diverse dimensions, diffusing in

a framework structure exhibiting two pores with different widths
can shows a divergence in the paths of the two diffusing molecules
[21].

After years of debates, with the help of simulations, the pos-
sibility of MTC has been demonstrated [20,22–24]. However,

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:RRoque@suagm.edu
mailto:RRoquemalh@aol.com
mailto:7617428@mail.ru
dx.doi.org/10.1016/j.molcata.2009.07.015
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otwithstanding, the soundness of simulations; it is also necessary
o give further experimental proofs to the MTC effect. Multicom-
onent diffusion in zeolites could help in this endeavor. In this
egard, the diffusion of molecules through the pores of a zeolite
ith a structure exhibiting two pores with different widths could

e applied to get experimental evidence of MTC. To provide this
xperimental support a zeolite with 10 MR/12 MR interconnected
hannels, is a very promising system [7]. Additionally, zeolites with
0 MR and 12 MR are of interest in industrial applications [24–27],
ecause of their pore size, which give rise to shape selectivity and
onfinement effects [17,18,28]. Thereafter, for the application of
hese zeolites as catalysts, the study of mixture diffusion is very
seful.

CIT-1, exhibiting the framework type CON [29], shows an espe-
ially attractive framework, since it is a microporous crystalline
aterial with a channel system composed of 10 and 12 mem-

er rings [29–35]. SSZ-33, SSZ-26, and CIT-1, were the first of all
escribed zeolites showing a framework containing a pore system
haped by crossed over 10 MR and 12 MR channels, giving access
o the pore system, by means of both type of pores [31–35]. CIT-1,
s the rest of the previously mentioned zeolites, can be considered
s a component of a type of disordered materials, in which, the two
nd components, symbolized as polymorphs A and B, are structured
y an identical periodic building unit, showing a different stacking
equence [30]. The frameworks which are shaped by the ABAB. . .
tacking sequence are compatible with the polymorph A show-
ng an orthorhombic symmetry [31,34]. Those structured by the
BCABC. . . stacking sequence match with polymorph B, which have
monoclinic symmetry [31,34]. The CIT-1 material corresponds to

he pure polymorph B [36].
The zeolite CIT-1 shows a multidirectional channel sys-

em, composed of a 10 MR channel with an opening ring of,
.51 nm × 0.45 nm, which is parallel to the [0 1 0] crystalline direc-
ion and two 12 MR channels [29]. One of these 12 MR channels,
arallel to the [0 0 1] crystalline direction, has an opening ring
f, 0.65 nm × 0.70 nm [29]. The other, with an opening ring of,
.70 nm × 0.59 nm, is parallel to the [1 0 0] crystalline direction [29].
hese channels intersects, approximately, every 1.0 nm or 1.5 nm,
epending on the direction [7].

Owing to the diffusion critical diameter of xylenes (�m), that
s, for para-xylene, �m = 0.58 nm, and for ortho-xylene, �m = 0.7 nm
1]; they are good probes for testing the intracrystalline transport
f hydrocarbons in zeolites with 10 MR and 12 MR [5–9], as CIT-1.
onsequently, in the present research, the codiffusion and coun-
erdiffusion diffusivities of p-xylene and o-xylene mixtures within
he pores of CIT-1 zeolite, have been measured by means of a FTIR
echnique [4–8], in order to get experimental proofs, related with
he molecular traffic control effect.

. Experimental

.1. Materials

Zeolite B-CIT-1 was provided by R. Lobos [31–35]. To deter-
ine the crystallinity of the solids, X-ray powder diffraction (Cu

� radiation) was applied. With a Philips diffractometer model
W 1710, equipped with graphite monochromator and scintillation
ounter, the measurements were carried out. The results indicated
hat the crystallinity of all the samples was near to 100%. To deter-

ine crystal size and morphology of the samples, scanning electron

icroscopy (SEM, JEOL-ISM 6300) was performed. For CIT-1 zeolite,

pherical shaped crystals with average diameter of 1.5 �m were
ound.

For the removal of tetrahedral framework boron and insertion of
luminum in B-CIT-1 the corresponding calcined borosilicate was
Fig. 1. Schematic representation of the experimental facility applied to perform
adsorption kinetics measurements with the FTIR method.

exchanged with a 2% (w/w) water solution of Al(NO3)3 at 100 ◦C
[33]. Samples H-Al-CIT-1 (that is: H-CIT-1) are hence produced.
By chemical analysis using atomic absorption (Varian SpectrAA 10
Plus), the chemical composition of the zeolite sample was tested.
Then, for H-CIT-1, the measured bulk Si/Al ratio was 35.

The tested xylenes, i.e., para-xylene and ortho-xylene (Aldrich)
were all analytical grade reagents and were further dehydrated
using zeolite 4A.

2.2. Methods

2.2.1. Equipment
The equipment applied to make the diffusion studies is com-

posed of an IR high temperature cell connected through stainless
steel pipes to two manifolds containing two thermo stated satu-
rators (see Fig. 1). For the carrier gas, nitrogen in our case [5–8],
with grade of purity of 99.99%, both manifolds have two gas inlets.
Throughout inlet 1b, the carrier gas bubbles through the saturator
“a”, in which one of the adsorbates is located. The carrier gas com-
ing from the saturator “a” outlet, saturated with the corresponding
hydrocarbon, is mixed with a measured flow of pure carrier gas,
from inlet 1a. In both inlets, sensitive mass flow controllers (MFC)
were located (see Fig. 1). By the simultaneous variations of both
flow controls, the relative partial pressure of the hydrocarbon, in the
range: 0.01 < P/P0 < 0.9, was controlled. Additionally, in the system,
in order to measure the gas mixture composition, a gas chromato-
graph (FISONS 8000) was included [6].

2.2.2. Measurement methodology
In both stainless steel saturators, the xylenes to be tested were

loaded. Both saturators were held at 25 ◦C. The flow of the gas car-
rier was divided in two, and through a flow controller, each of these
streams were passed [6]. One stream went through the saturator,

where the carrier gas bubbled in the liquid adsorbate. Thereafter,
the gas flow, saturated with the substance under test, was mixed
with the supplementary stream of pure carrier gas at the outlet of
the saturator. After that, through the IR cell, the unified stream was
passed [6]. Then, by monitoring the change in the intensity of an
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R peak, with a FTIR spectrometer, the measurement process is car-
ied out. That is, the absorbance of a band of the sorbate molecule
s measured. The FTIR spectrometer was a BIO RAD, FTS 40A. This
quipment has a resolution of 8 cm−1. The FTIR system was con-
rolled by the BIO RAD WIN IR software, in the mode of advanced
can menu-kinetics. This software, depending of the kinetics of the
orption process, allowed us to store 400–1000 spectra (1 scan per
pectrum, 0.85 s per scan, without delay between scans) [5]. To get
he adsorption kinetic data, the range from 1480 to 1550 cm−1 and
he band around 1517 cm−1 for p-xylene, and the double peak with
ands at 1467 and 1497 cm−1 and the range from 1420 to 1520 cm−1

or o-xylene were measured [6].
The water-cooled, commercial AABSPEC, IR high temperature

ell is the key equipment in the testing facility (see Fig. 1 [5,6]).
o minimize leaking, in the cell, the demountable parts are fit-
ed with Viton O-rings. The temperature of the sample holder is
ontrolled electronically with very low variation of temperature,
ormally �T < 1 ◦C [5–8].

Self-supported wafers, obtained by pressing, 8 mg/cm2, of the
eolite sample powder at 400 MPa, are placed in the sample holder
nd introduced in the cell.

Prior to the measurement of the diffusion coefficient, in a flow of
he pure carrier gas, the samples under test are carefully degassed
t 723 K, during 2 h. Thereafter, the sample is cooled to the desired
emperature and kept at this temperature with the help of the tem-
erature control. As a reference, a background spectrum of the pure
egassed zeolite is obtained. After that, at a precisely defined pres-
ure, the flow coming from the saturator, after mixing with the flow
f pure carrier gas, is admitted to the IR cell. During the codiffusion
nd counterdiffusion experiments, with the gas chromatograph the
omposition (Cp-x and Co-x) of the final hydrocarbon mixture was
easured [6].

By the combination of the flow of the pure carrier gas
200 ml/min each) with the flows coming from saturators a
p-xylene) and b (o-xylene), the codiffusion experiments, were per-
ormed. To get the desired relative partial pressure both flow rates

ere adjusted. Thereafter, a series of experiments at one temper-
ture (400 K) and different, compositions (Cp-x (%) = 10, 20, 50, 75,
0 and 100%), were performed. It is necessary to recognize that the
eolite load with both isomer molecules is the same for the different
ompositions, that is, the total number of both isomer molecules is
onserved. Additionally, experiments at different temperatures and
p-x = 50% were also carried out.

To accumulate the kinetic data, at the moment of the admittance
f the mixture of p-xylene plus o-xylene, the collection of the set
f IR spectra, was started. The obtained spectra were saved in the
omputer memory. Thereafter, the increase with time of the bands
orresponding to both p-xylene and o-xylene, were measured with
he help of the BIO RAD WIN IR software.

In the counterdiffusion experiment, the sample was initially
aturated with a stream of o-xylene (for p+o-xylene counterdif-
usion) or p-xylene (for o+p-xylene counterdiffusion), at a partial
ressure of 6.7 Pa. To this stream of carrier gas, p-xylene, for the
+o-xylene counterdiffusion, or o-xylene, for o+p-xylene counter-
iffusion, were respectively admitted. Thereafter, the same partial
ressures, 6.7 Pa for both hydrocarbons were attained, to get,
p-x = Co-x = 50%. At the moment of the admittance of p-xylene (for
+o-xylene counterdiffusion) or o-xylene (for o+p-xylene coun-
erdiffusion), the collection of the set of IR spectra, was started.
hereafter, the increase of the band corresponding to p-xylene (for
+o-xylene counterdiffusion) or o-xylene (for o+p-xylene counter-

iffusion) was measured [6].

Finally, the intensities of the bands in the spectra correspond-
ng to the gaseous hydrocarbon phase were checked. The measured
ntensities were negligible in comparison with the measured bands
f the adsorbed para- and ortho-xylene [5–8].
lar Catalysis A: Chemical 313 (2009) 7–13 9

2.2.3. Methodology for the calculation of diffusivities
For the description of the transport process of one component in

zeolites, the main parameter is the transport diffusion coefficient
[16]. This parameter is also named, Fickean diffusion coefficient
or chemical diffusion coefficient (D) [1–3,15]. With the help of a
solution of Fick’s second law, this parameter is measured [37]. A
particular solution of the Fick’s second law, for a spherical geom-
etry, with variable surface concentration, and initial concentration
inside the sphere equal zero, appropriate for the experimental setup
used here, is applied. That is [37]:

Mt

M∞
= 1 − 3

D

ˇr2
exp(−ˇt)

{
1 −

(
ˇr2

D

)1/2

cot

(
ˇr2

D

)1/2
}

+
(

6ˇr2

D�2

) ∞∑
1

(
exp((−Dn2�2t)/r2)

n2[n2�2 − ((ˇr2)/D)]

)
(1)

where Mt ∝ At and P = P0[1 − exp(−ˇt)], where, P0, is the steady-
state partial pressure, and, P, is the partial pressure at time, t, in
the cell. Consequently, the initial non-stationary partial pressure of
the sorbate in the gas stream is accounted for with the help of the
parameter, ˇ.

Cutting the series in Eq. (1), and using only the first four terms, an
accurate approximation is obtained. With the help of a non-linear
regression process, i.e., the Levenberg-Marquardt iterative fitting
algorithm, the experimental data can be numerically fitted to this
approximation. With the help of the Peakfit® computer program,
this process is performed [38].

When diffusion occurs in spherical particles of radius “r = a/2”, as
is the case for the diffusion in the H-CIT-1 zeolite, the use of Eq. (1) is
justified. Indeed, this zeolite shows spherical shape crystals with a
diameter: a = 1.5 ± 0.1 �m, where the reported error: ±0.1 �m, takes
into account the particle size distribution of the studied sample.

In the interpretation of the uptake data, additional transport
mechanisms superimposed on the intracrystalline diffusion are not
considered [16,39]; i.e., we are measuring diffusion in the zeolite
crystals. This fact implies the absence of macroporous limitations
for the transport of the diffusing molecules, during the sorption pro-
cess, in the wafers included in the IR cell [4,5,16]. This condition is
valid, because the zeolite wafers are very thin, and completely sur-
rounded by a fast flow of the gas mixture. Additionally, the diffusion
coefficient was considered approximately constant. This condition
is valid because all the experiments were carried out at low cover-
age.

The previously described experimental conditions allow the
application of Eq. (1), to fit the experimental data, in order to calcu-
late the single component Fickean diffusion coefficient [2,3,5,7,8].
For the evaluation of the diffusivities in the case of codiffusion and
counterdiffusion, the methodology above described, adapted for
binary diffusion, as will be explained in Section 3.2, was applied
[6].

3. Results and discussion

3.1. Acid sites in the tested H-CIT-1 sample

In Fig. 2, the IR spectra of the dehydrated H-CIT-1, in the OH
region is reported. It can be seen, that the, Si–OH–Al, bridged
hydroxyl groups, in the H-CIT-1 sample appears at 3615 cm−1, and
the intensity of the band is much lower than those reported in

more acid zeolites such as H-ZSM-5 [5] and H-ZSM-11 [6]. On
the other hand, the silanol groups in the H-CIT-1 sample, appears
at about: 3734 cm−1 and the intensity of the band is high. The:
Si–OH–Al, bridged hydroxyl groups are Broensted acid sites. Con-
versely, silanols, which appears in the region around 3750 and
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Table 1
Apparent diffusivities [DA and DB] × 1013 m2/s for the codiffusion of p-xylene (A) and
o-xylene (B) in H-CIT-1 zeolite at different temperatures and Cp-x = 50%.

Hydrocarbon DA (×1013 m2/s) DB (×1013 m2/s) T (K)

p+o-Xylene 0.2 ± 0.04 0.2 ± 0.04 330
ig. 2. FTIR spectrum of the dehydrated H-CIT-1 zeolite in the OH region: absorbance
A) versus wave number (W.N.).

700 cm−l are not acidic. From this spectrum, is possible to under-
tand, that the tested sample has a small number of acid sites.

.2. Codiffusion and counterdiffusion of p-xylene and o-xylene in
zeolite with 10 MR/12 MR interconnected channels

When a molecule is transported, within the channels and/or cav-
ties of a microporous crystalline material, it becomes attracted
o and repelled by different forces created by a group of inter-
ctions, such as: dispersion, repulsion, polarization, field dipole,
eld gradient quadrupole, sorbate–sorbate, and acid–base inter-
ctions [2]. In some cases, it is feasible to consider that the
dsorbate–adsorbent interaction field within these structures is
haracterized by the presence of sites of minimum potential energy.
hen, it is possible to suppose, that this transport process can be
escribed as an activated molecular hopping between fixed sites
1–3,5,40,41].

For para- and ortho-xylene the principal interactions of the
olecules with a zeolite framework are the acid–base interac-

ion and the dispersion and repulsion interactions between the
olecule and the zeolite framework [6,26].

In acid zeolites, protons are coordinated with negatively charged
xygen atoms surrounding aluminium atoms [42]. These arrange-
ent forms Broensted acid sites. The acid–base interaction between

he zeolite acid sites (Z-OH) and both xylenes molecules (B); could
e represented by the following expression [43]:

–OH(s) + B(g) → ZOı− . . . HBı+(s)

onsequently, for a more basic molecule adsorbed in the same
cid site, the interaction will be stronger. Thereafter, since, the
elative basicity for para and ortho-xylene is 1.00 and 1.13, respec-
ively [44]. Thus, o-xylene will be more strongly adsorbed than
-xylene. However, given that the intensity of the band correspond-

ng to the bridged hydroxyl groups in the studied H-CIT-1 sample
s very low; then, in the studied sample are only present a small
mount of acid sites, to have a noteworthy influence in the diffusion
echanism.

With respect to the dispersion and repulsion interactions, the p-
ylene molecular diffusion critical diameter is �m = 0.58 nm [1,5],
nd �w , the maximum window or channel diameter of the zeo-
ite is [41] �w = 0.51 nm, for the 10 MR channel and �w = 0.70 nm
or the 12 MR channels [29]. Subsequently, since the interaction of
ydrocarbons with the zeolite pores strongly depends on its rela-
ive sizes [28,45], it is possible to state that p-xylene should freely

oves throughout the 12 MR pores of the H-CIT-1 framework and

elatively free through the 10 MR channels. This statement is based
n experimental data previously obtained for single component
-xylene diffusion in ZSM-11 (a zeolite showing an intersecting
wo-directional system of 10 MR channels with: �w = 0.58 nm
29]), H-SSZ-24 (a zeolite with a parallel one-directional 12 MR
p+o-Xylene 0.2 ± 0.04 0.2 ± 0.04 350
p+o-Xylene 0.6 ± 0.1 1.1 ± 0.2 400
p+o-Xylene 1.6 ± 0.3 3.2 ± 0.6 425

channels with �w = 0.70 nm [29]) [6] and H-CIT-1 [7]. These results
show that p-xylene freely moves in the 10 MR channels of H-ZSM-
11 zeolite, the 12 MR channels of H-SSZ-24 and the interconnected
10/12 MR channels of CIT-1. In addition, results obtained by a molec-
ular simulation confirm that p-xylene molecules diffuse in CIT-1
through the 10 MR and 12 MR channels [7].

The o-xylene diffusion critical diameter is �m = 0.7 nm. In that
case, this molecule should moves fundamentally through the 12 MR
channels. Because, as we have experimentally previously found, in
zeolites with frameworks composed of 10 MR channels, o-xylene
moves very slowly [5,6,8]. Molecular dynamic simulations shows
that o-xylene sporadically try to go into the 10 MR channels of H-
CIT-1, however, rapidly returns to the 12 MR, where this molecule
stay steady for around 100 ps and afterward changes the position
quickly, i.e., jump [7]. Consequently, it is possible to conclude that
the interaction of the o-xylene molecule with the zeolite framework
in the intersections between the 10 MR and 12 MR channels is the
cause of a hopping mechanism for o-xylene, as has been found for
ZSM-5 [1] and ZSM-11 [6] zeolites. Then, the o-xylene molecule,
spent some time moving (around 100 ps) as a free molecule in the
space around the intersections and thereafter jump [7].

In the great majority of the practical uses of nanoporous
materials, mixtures of molecules are transported. Consequently,
one important research activity should be the study of multi-
component diffusion. Regrettably, precise experimental studies of
multicomponent diffusion in nanoporous materials are compli-
cated [46]. Consequently, different simulation models have been
proposed for the elucidation of the mechanism of mixture diffu-
sion [10,12,15,20–22,24,46]. Nevertheless, experimental results are
needed.

With the help of three different approaches, the process of multi-
component diffusion in porous materials is possible to be described.
Specifically, the Fick’s law, the Onsager irreversible thermodynam-
ics, and the Maxwell–Stefan methodology [15,46,47]. The Fick’s law
methodology is, between them, the most frequently applied. For a
binary mixture (i.e., two types of diffusing molecules: A and B) it is
given by [48]:

JA = −DAA�∇nA − DAB�∇nB

JB = −DBA�∇nA − DBB�∇nB
(2)

If the cross-coefficients are neglected in Eq. (2) [49]; then, for cod-
iffusion, where the species, A and B, are diffusing in parallel, two
diffusivities, DAA ≈ DA, and, DBB ≈ DB, can be defined. Thus, to follow
the sorption kinetics, during the codiffusion experiment, it is neces-
sary to track both components in the mixture. However, in the case
of counterdiffusion, where molecule, A, moves “in” and molecule,
B, moves “out”, one effective diffusivity De = DA ≈ DB can be defined
to describe the process [50,51]. Thus, to track the sorption kinetics,
during the counterdiffusion experiment, it is necessary to follow
only of one of the components in the mixture.

To measure these diffusivities Eq. (1) was applied. In the present

cases, D, was substituted in Eq. (1) by: DA and DB, for codiffusion
and by: De, for counterdiffusion (see Section 2.2.3). In Figs. 3 and 4,
experimental kinetic curves, fitted with Eq. (1), are reported. In
Tables 1–3, the resulting numerical values of the corresponding
diffusivities are displayed.
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Fig. 3. Codiffusion of para- and ortho-xylene in H-CIT-1 at (a) 350 K and (b) 400 K
(Cp-x = 50%). Case where is followed the component B, i.e., o-xylene.

Fig. 4. Counterdiffusion of para and ortho-xylene in H-CIT-1 at (a) 375 K and (b)
400 K (Cp-x = 50%).

Table 2
Apparent diffusivities [DA and DB] × 1013 [m2/s] for the codiffusion of p-xylene (A)
and o-xylene (B) in H-CIT-1 zeolite at 400 K and different compositions.

Hydrocarbon mixture Cp-x (%) DA (×1013 m2/s) DB (×1013 m2/s)

p+o-Xylene 0 – 7 ± 1
p+o-Xylene 10 1.2 ± 0.2
p+o-Xylene 20 1.3 ± 0.3 2.0 ± 0.4
p+o-Xylene 50 0.6 ± 0.1 1.1 ± 0.2
p+o-Xylene 75 1.3 ± 0.3 –
p+o-Xylene 90 1.0 ± 0.2 –
p+o-Xylene 100 1.6 ± 0.3 –

Table 3
Effective apparent diffusivity (De × 1013 m2/s) for the counterdiffusion of the mix-
ture p+o-xylene in H-CIT-1 zeolite at different temperatures and Cp-x = 50% and
o+p-xylene at 400 K and Co-x = 50%.

Hydrocarbon mixture De (H-CIT-1) (×1013 m2/s) T (K)

p+o-Xylene 0.3 ± 0.06 350
p+o-Xylene 3.8 ± 0.8 375
p+o-Xylene 3.3 ± 0.7 400
p+o-Xylene 12 ± 2 425
o+p-Xylene 0.2 ± 0.04 400

Table 4
Fickean or transport diffusion coefficients (D × 1013 m2/s) for the single component
diffusion of p-xylene and o-xylene in H-CIT-1 zeolite at different temperatures [7].

Hydrocarbon D (H-CIT-1) (×1013 m2/s) T (K)

p-Xylene 1.3 ± 0.3 350
p-Xylene 1.1 ± 0.2 375
p-Xylene 1.6 ± 0.3 400
p-Xylene 1.0 ± 0.2 425
o-Xylene 3.7 ± 0.7 350

o-Xylene – 375
o-Xylene 7 ± 1 400
o-Xylene 15 ± 3 425

In Tables 1 and 3, the diffusivities for codiffusion and counterdif-
fusion at different temperatures, are reported. For the calculation
of the apparent activation energy: EA

a,A and EB
a,A for codiffusion

and Ea,A for counterdiffusion, an Arrhenius type equation was
applied. The calculated apparent activation energy for the codiffu-
sion of p-xylene and o-xylene in H-CIT-1 were respectively, EA

a,A =
25 ± 4 kJ/mol and EB

a,A = 35 ± 5 kJ/mol. Additionally, the calculated
apparent activation energy for the counterdiffusion of p+o-xylene
mixture in H-CIT-1 was, Ea,A = 34 ± 6 kJ/mol.

Additionally, in Table 2 the diffusivities for the codiffusion of
p-xylene and o-xylene in H-CIT-1 zeolite at 400 K and different
compositions are shown. It is necessary now to clarify, that dur-
ing these experiments, the load of the zeolite is always the same,
i.e., the number of both isomer molecules is conserved during the
change of composition. Then, there is not a change in concentration.

The codiffusion experiments show, that o-xylene codiffuses at a
slower rate than during single component diffusion [see Table 4
taken from Ref. [7]]. This fact is an indication of a relationship
between both isomers, established during the codiffusion pro-
cess through the 12 MR channels. That is, the diffusion of both
molecules is coupled, since during codiffusion, the more mobile
p-xylene molecules, hinders the motion of o-xylene molecules. As
a consequence of this fact the apparent activation energy of both
components is similar. In a molecular dynamic study of binary dif-
fusion of para- and ortho-xylene in CIT-1, the same lowering of
the rate of diffusion of o-xylene in relation to single component
diffusion was found [52].

The results reported in Table 2 evidence the decrease of the dif-
fusivity of o-xylene during codiffusion as the composition of the
mixture is augmented in p-xylene. This is not a concentration effect
since the total amount of both isomer molecules, that is the zeolite
load, is preserved during the change of composition. Consequently,
cannot be interpreted in terms of concentration changes. This is an
effect of the binary mixture composition, that is, the increase in the
more mobile p-xylene molecule affects the motion of o-xylene.

The counterdiffusion experiments, corresponds to two cases.
One where o-xylene was previously admitted and then displaced
by p-xylene (labelled as: p+o-xylene) and the second case, when p-
xylene was previously admitted and displaced by o-xylene (labelled
as: o+p-xylene). Both experiments were performed at the same
composition (Cp-x = 50%) and the same temperature, i.e., 400 K (see
Table 3). The reported results indicate that the effective diffusivity
is one order of magnitude higher for the process when o-xylene was
previously admitted and then displaced by p-xylene (p+o-xylene).
This is caused by the fact that the 10 MR channels are completely
free for p-xylene diffusion into the zeolite. In the other case (o+p-
xylene), both channels are occupied by p-xylene molecules and
then the rate of diffusion for the o-xylene molecule which could

only travel through the 12 MR channels, is slower. It is then possible
to state, that in the p+o-counterdiffusion case, the interconnected
channel structure diminish the obstruction owing to counterdif-
fusion, as both isomers could diffuses “in” and “out” the channel
system through different pores [53].
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.3. Possibility of molecular traffic control in a zeolite with 10
R/12 MR interconnected channels

Molecular traffic control (MTC) is an especially complicated
ffect, which is also difficult to clearly define [21]. Then, previous
o the discussion of the possibility of molecular traffic control in
he system studied here, we will comment different definitions of
he MTC concept proposed in the specialized literature. The orig-
nal MTC concept, suggested, that it is possible to improves the
peration of a zeolite catalyst by directing the reactive and the reac-
ion products molecules through different paths [19,54,55]. To be
recise, in some instances, in a zeolite or other microporous crys-
alline material, the molecules of the reactants will enter through
ne kind of channel and the molecules of the reaction products
ill leave the reaction site through a different channel [21]. It is

hen possible to state that, during MTC, the interconnected chan-
el structure diminish the obstruction owing to counterdiffusion,
s both molecules could diffuse in and out of the channel system
hrough different pores [53]. In other words, during MTC takes place
he following effect: molecules are able to diffuse in a channel sys-
em with pores of different sizes, along different paths, in such way,
hat the small molecules diffuses through the small channels and
he large through the large channels with the consequence that
ounterdiffusion is minimized [55]. Finally, it is also considered
hat the cause of MTC is the mutual correlation in the motion of
multicomponent fluid through two types of pores [56].

In our case, the zeolite with a 10 MR and 12 MR intercon-
ected channels tested was the H-CIT-1 zeolite, which shows a
ON framework [29]. In this structure, the codiffusion experiments
emonstrate that the movement of both isomers has a mutual cor-
elation. This is a necessary condition for MTC. But, in the present
ase is not enough, to prove the existence of MTC. Then, it is possible
o state, following our codiffusion data, that a certain manifestation
f molecular traffic control exist. However, the counterdiffusion
xperiment, is more informative, since it clearly shows that in the
nterconnected channel structure of the CIT-1 zeolite, the para-
nd ortho-xylene molecules are capable to diffuse along differ-
nt pores with the consequence that counterdiffusion is minimized
55]. Since, as p-xylene could freely diffuse, “in” and “out” the zeo-
ite through the 10 MR channels which are blocked for o-xylene

olecules, then, the p-xylene motion is not hindered by o-xylene
olecules during p+o counterdiffusion. As a result, it is feasible to

ffirm that, a molecular traffic control is taking place.

. Conclusions

With the FTIR method, the apparent diffusivities in two
omponent codiffusion and counterdiffusion experiments in the
ntersecting two-directional 10 MR and 12 MR channel system of
eolite H-CIT-1, were measured. The values of the diffusivities in the
odiffusion and counterdiffusion experiments were calculated. The
echanisms of codiffusion and counterdiffusion were discussed. A

elationship in the motion of both isomers, during codiffusion and
ounterdiffusion, was observed. During codiffusion, the p-xylene
olecule slows down the motion of o-xylene. Throughout, the

+o counterdiffusion case, one molecule, p-xylene, moves “in”, and
he other molecule, o-xylene, moves “out”; then, since the 10 MR
hannels are blocked for o-xylene molecules, are free for p-xylene
otion; taking place a molecular traffic control effect.
omenclature

spherical shape crystal diameter [�m]
absorbance of the IR peak (in arbitrary units [a.u.])
lar Catalysis A: Chemical 313 (2009) 7–13

Cp-x gas phase composition of p-xylene [%]
Co-x gas phase composition of o-xylene [%]
D Fickean diffusion coefficient or chemical diffusion coeffi-

cient for single component diffusion [m2/s]
D˛ˇ Fickean diffusivities for multicomponent diffusion [m2/s]
De effective diffusivity in counterdiffusion [m2/s]
DA DAA ≈ DA, diffusivity coefficient of component A in the case

of codiffusion [m2/s]
DB DBB ≈ DB, diffusivity coefficient of component B in the case

of codiffusion [m2/s]
De De = DA ≈ DB, effective diffusivity in counterdiffusion

[m2/s]
EA

a,A apparent activation energy for the codiffusion of compo-
nent A [kJ/mol]

EB
a,A apparent activation energy for the codiffusion of compo-

nent B [kJ/mol]
Ea,A apparent activation energy for counterdiffusion [kJ/mol]
Mt amount of sorbate taken at time, t [kg]
M∞ equilibrium amount of sorption [kg]
n˛ adsorbed phase concentration [mol/kg]
r radius of the zeolite crystallite [�m]

Greek symbols
ˇ time constant [s−1]
�m diffusion critical diameter of a molecule [nm]
�w maximum window, or channel diameter of a crystalline

microporous material [nm]
� particle density [kg/m3]
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