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Diffusion of n-alkanes in mesoporous SA zeolites by ZL.C method
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Abstract Diffusion properties of mesostructured zeolite
5A were investigated by employing n-alkanes as probe
molecules using the zero length column (ZLC) method.
The mesopores were found to enhance molecule diffusion.
Moreover, the effective diffusion time constant (Deg/ R?%)
increased with mesoporosity in the zeolites between 308 K
and 393 K, whereas the activation energy decreased with
increasing mesopore volume. The effective diffusivity val-
ues of n-alkanes in mesoporous zeolite SA were gener-
ally higher than that the microporous zeolite 5A sample.
This clearly implied the important role of the mesopore
in zeolites crystals in facilitating the transport of reaction
molecules due to shorter average diffusion path length and
less steric hindrance.
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1 Introduction

Zeolite is a microporous crystalline material with ordered
pore structures which are composed of channels or cages
with diameters ranging from 0.3 to 1.2 nm. Many remark-
able features of zeolites such as narrow pore size distribu-
tion (or shape selectivity), high surface area, as well as high
thermal and hydrothermal stability, render its wide applica-
tions in heterogeneous catalysis and in the separation and
purification of gases. In most applications, molecular dif-
fusion plays an important role. The intracrystalline diffu-
sivity of molecular species involved in these processes is
often the rate limiting factor in the overall kinetics of the
processes (Gunadi and Brandani 2006). In many cases, the
adsorption or reaction rate is limited by the low effective
diffusivity in zeolite crystals, which is as a result of the size
similarity of the target molecules and the micropore diame-
ter of zeolites (Huang et al. 2006; Zheng et al. 2010). Dif-
fusion limitation can be minimized by reducing intracrys-
talline diffusion path length or creating mesopores in zeo-
lite crystals. Diffusion capability of large molecules in zeo-
lite channels has thereby been improved (Groen et al. 2006;
Zhao et al. 2008).

Mesostructured zeolite materials have recently attracted
much attention because they have the advantages of both
mesoporous and microporous zeolites. However, there are
only a few articles discussing the kinetics and the diffusion
of hydrocarbons in mesoporous zeolite materials (Gobin
et al. 2007; Newalkar et al. 2001, 2003; Thang et al. 2003).

Recently, our research group has reported a mesoporous
structured zeolite 5A with an intracrystalline nano-cage suc-
cessfully synthesized using organic functionalized fumed
silica as the silica source. The mesoporous zeolite SA has
nano-cages of 3 nm interconnected with each other through
0.8-1.2 nm channels (Xue et al. 2012). Using the zero-
length column (ZLC) method, this paper further investigates
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the diffusion properties of mesostructured zeolite SA with
probe molecules n-alkanes. The promotion effects of in-
tracrystalline mesopore on molecule diffusion in the zeolites
are also evaluated.

2 Experimental
2.1 Preparation and characterization of samples

Zeolite SA with intracrystalline mesopores was prepared
according to a synthetic method reported by our research
group. Before the synthesis, fumed silica was functionalized
with phenylaminopropyl—trimethoxysilane (Y-5669). Then
zeolite 4A with intracrystalline mesopores was prepared
with the organic functionalized fumed silica as the silica
source at a molar composition of Na;0:Al,03:Si0,:H,0 =
5:1:1:185. More detailed account of the procedure was pro-
vided elsewhere (Xue et al. 2012). By varying the degree
of silanization of the silica surface, two mesoporous zeolite
4A samples and corresponding Ca-exchanged mesoporous
zeolite SA with different mesoporosity were obtained and
denoted as SA-1 and 5A-2. The microporous zeolite SA-0
as a reference sample was synthesized following the same
procedure except that the silica source was the unfunction-
alized silica.

N, adsorption/desorption isotherms of samples at 77 K
were obtained on a Quantachrome NOVA 1200e. Field
emission scanning electron microscope (Fe-SEM) images
were recorded on a JEOL JSM-6700F.

2.2 Adsorption isotherms measurements

The adsorption isotherms of the representative probe adsor-
bate n-octane on three samples were measured by a high-
precision intelligent gravimetric analyzer (IGA-002, Hiden)
for verification of the linear region used in the ZL.C measure-
ments. Before the measurement, the zeolite sample was out-
gassed at 723 K under vacuum below 10~/ mbar until a con-
stant sample weight. During the measurement, a small dose
of high purity n-octane vapor enough to keep the adsorption
process isothermal was introduced directly to the sample
chamber. After reaching a stable equilibrium pressure, the
weight change was recorded. Further measurements were
made by increasing the vapor pressure in steps.

2.3 ZLC experiments and mathematical modeling

ZLC experimental set-up is shown in Fig. 1. ZLC column
was packed with 1-2 mg of the zeolite sample, placed be-
tween two porous sintered discs in a 1/8 in Swagelok union
and located inside a gas chromatograph oven (Agilent 1790).
The adsorbate concentration at the ZLC column was ad-
justed and maintained at a low level enough (0-0.05 mbar
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Fig.1 Schematic diagram of ZLC experiment device

absolute pressure range) to ensure that the measurements
were carried out within the linear region of the adsorption
isotherm (Henry’s law region) as required by the ZLC the-
ory. The desorption part of the measurements was performed
by purging with pure helium (99.99 %) at a flow rate high
enough to maintain a very low adsorbate concentration at
the adsorbent surfaces. This ensured good heat transfer and
a desorption process that was controlled by intra-particle dif-
fusion rather than external mass transfer (Hoang et al. 2005;
Jiang et al. 2001; Lima et al. 2008; Qiao and Bhatia 2005).
The change of effluent adsorbate concentration from the
ZLC column was determined by a flame ionization detector
(FID), which was connected to a computer for data acquisi-
tion and analysis.

ZLC chromatographic technique was proposed by Eic
and Ruthven (1988a) to measure intracrystalline diffusiv-
ities in microporous materials. At present, the application
of this method has been extended to other systems includ-
ing biporous materials with both micro- and mesoporos-
ity (Cavalcante et al. 2003; Hufton and Ruthven 1993;
Qiao and Bhatia 2005; Stefano 1996).

For a linear equilibrium system with uniform spherical
particles and negligible gas hold-up in the voids of the ZLC
bed, assuming perfect mixing throughout the ZLC cell, the
relative effluent gas concentration (c¢/cg) is given by the fol-
lowing equations:

. i exp(— 2Dt 0
2+ L(L—1)]
where B, is given by the roots of the auxiliary equation
BrneotB, +L—-1=0 (2)
and
1 F R?
== 3)
3 KV Degy

in which F is the interstitial gas velocity, R is individual
particle radius, Vs is the volume of the solid bed, and K is
the dimensionless Henry’s Law constant.
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Table 1 The pore structural parameters of the different 5A zeolites

Samples SBET (m2/ 2)? Shic (m2/ g)b Sext (m2/ g)b Vinic (ml/g)b Vineso (ml/g)°
5A-0 510 481 29 0.18 0.02
5A-1 501 224 276 0.12 0.08
5A-2 519 149 370 0.09 0.18

2BET surface area obtained from Ny adsorption isotherm in the relative pressure range of 0.05-0.30

YMicropore volume was calculated from the 7-plot method

“Mesopore volume was calculated from the BJH method

Fig. 2 SEM images of zeolites
5A-0, 5A-1 and 5A-3 (from left
to right)

15.0kvV  X5,000

Tum

Effective diffusion time constant (Det/ Rz) could be ex-
tracted by fitting Eqgs. (1)-(3) with the experimental ZL.C
data using matlab software tool in the complete time range
(Hoang et al. 2005; Stefano 1996; Thang et al. 2003). The
effective activation energies were calculated from Arrhenius
plots of the corresponding effective diffusivities measured at
different temperatures.

3 Results and discussion

The pore structural parameters of microporous zeolite SA-
0, mesoporous zeolite 5A-1 and 5A-2 samples calculated
from N, adsorption/desorption isotherms are listed in Ta-
ble 1 and their corresponding SEM images shown in Fig. 2.
It is clear from SEM micrographs that microporous zeolite
5A-0 has a typical single-crystal morphology and the crys-
tals are in cubic shapes with truncated edges, while both
mesoporous zeolites S5A-1 and SA-2 are round in shape with
rugged surfaces. However, the distributions of the crystals
for three samples are similar and the particle diameters fall
in the range of 700 to 1000 nm. Moreover, the mesoporous
5A zeolites have greater external surface and mesoporous
volume than the microporous zeolite SA under the same to-
tal surface area (SggT), reflecting the coexistence of microp-
ore and mesopore in the mesoporous zeolite SA-1 and 5A-2
samples. Owing to the similar crystalline particle sizes of
the three samples, it is reasonably assessed that the meso-
pores have existed in the interior of the zeolite crystals.

10.0kv 10,000

LEI 150KV X10,000 1 um Tum

The synthesis and characterization of the zeolite SA with
intracrystalline mesopores was in detail reported in the liter-
ature (Xue et al. 2012).

The adsorption equilibrium isotherms of n-octane on the
different zeolite 5A samples at various temperatures are
shown in Fig. 3. At three temperatures, zeolite SA-0 dis-
plays a typical type-I isotherm with the characteristic sharp
increase of the isotherm curve at low pressures (<0.1 mbar)
corresponding to micropore filling, followed a plateau re-
gion at relatively high pressure. The adsorption isotherms
of zeolites 5A-1 and 5A-2 show a similar shape to that of
zeolite 5A-0 at low pressure region (<0.1 mbar). The ad-
sorption capacities increase sharply with increasing pres-
sure, the extent of which goes in order of 5A-2 < 5A-1 <
5A-0. At relatively high pressure, the adsorption capacities
increase progressively with increasing pressure but with-
out the plateau region. The increasing trends are more pro-
nounced on 5A-2 than on 5A-1. Both above observations
and results from N» adsorption/desorption isotherm data can
confirm the microporous and mesoporous characteristics of
zeolite SA-1 and 5A-2.

Figure 4 shows the representative plots of ZLC desorp-
tion curves of n-octane on zeolite SA-2 at 308 and 318 K
at flow rates of 50 ml/min and 80 ml/min respectively. The
partial pressure of n-octane was maintained at 0.04 mbar in
order to ensure a dilute system (Gunadi and Brandani 2006).
The two desorption curves at the same temperature have
similar long time slopes, ensuring that the system is con-
trolled by kinetics. In addition, adsorption isotherms of n-
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Fig. 3 Adsorption isotherms of n-octane on different SA samples at
various temperatures

octane on the three samples at different temperatures (Fig. 3)
confirm that the ZLC experiments were conducted in the
linear region of the isotherms. i.e. At a low level enough
absolute pressure range (0-0.05 mbar), the isotherms for
the samples have good linearity (insets in Fig. 3). Only for
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Fig. 4 Desorption curves for n-octane on 5A-2 sample at 308 K and
318 K at different flow rates

the SA-0 sample, at a lower temperature of 298 K, the lin-
earity is poorer than these at higher temperature for the
samples possibly because of microporous structure of ze-
olite SA without mesopores. However, at 308 and 318 K,
the linearity for the three samples is not much doubt. Ta-
ble 2 shows a summary of diffusion parameters extracted
from model fitting of the experimental desorption curves
for the three samples at different temperatures and differ-
ent purge flow rates. At the same temperature, all L val-
ues obtained from the theoretical fittings are significantly
higher than 10, while F'/L and KVs values keep nearly con-
stant. The dimensionless Henry’s law constant K decreases
with the increase of mesoporosity of 5SA, indicating the ad-
sorption weakening of adsorbates on the zeolite surface. The
diffusion time constant, Deff/ R, is essentially independent
of the purge flow rate, although the desorption curves are
sensitive to purge flow rate. This has also shown that dif-
fusion is kinetically controlled and diffusivities should be
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Table 2 Variation of parameters with temperature and purge flow rate for n-octane on different SA samples
T (K) F L F/L (cm?/min) Desr/R? x 10* (s™1) Degr x 1018 KVs K x 1073
(cm3/min) Individual Average Individual Average (m?%/s) (cm?)
5A-0
308 50 38.8 1.29 1.26 0.42 0.42 6.72 166.7 77
70 57.7 1.21 0.42
80 62.6 1.28 0.43
318 50 30.5 1.64 1.66 0.68 0.68 10.9 135.6 22
70 423 1.65 0.68
80 472 1.69 0.69
333 50 25.3 1.98 2.01 0.90 0.91 14.6 122.7 5.6
70 35.0 2.00 0.90
80 39.0 2.05 0.92
5A-1
308 50 21.3 235 2.38 0.72 0.72 11.5 183.6 11
70 28.7 2.44 0.73
80 34.0 2.35 0.71
318 50 27.8 1.80 1.84 0.88 0.88 14.1 116.2 3.7
70 37.4 1.87 0.87
80 433 1.85 0.88
333 50 27.7 1.81 1.83 1.08 1.08 17.3 94.1 1.2
70 37.5 1.87 1.08
80 442 1.81 1.08
5A-2
308 50 19.1 2.62 2.59 0.98 0.98 15.7 146.8 2.8
70 27.8 2.52 0.98
80 30.5 2.62 0.98
318 50 223 2.24 231 1.09 1.11 17.7 115.6 1.4
70 30.3 231 1.11
80 33.5 2.39 1.12
333 50 19.8 2.53 2.48 1.37 1.35 21.6 102.1 0.5
70 28.7 2.44 1.34
80 32.3 248 1.34
Table 3 Diffusivity Data of n-alkanes for different samples at different temperatures
Samples 308 K 333K 393K E,,
L Der/R?, 57! L Dei/R2, 571 L Deg/R2, 571 kJ/mol
n-Heptane
5A-0 88.8 0.65x10~* 94.4 0.93%x10~4 69.5 2.08x107* 13.7
5A-1 69.0 1.03x10~4 85.7 1.66x10~4 45.0 2.94x107* 11.1
5A-2 63.1 1.25%107* 71.1 1.72x1074 63.4 3.21x10~* 10.7
n-Octane
5A-0 57.7 0.42x1074 354 0.90x10~* 15.0 1.80x10~* 14.8
5A-1 28.7 0.73x1074 37.6 1.08x10~4 22.3 2.00x1074 11.8
5A-2 28.1 0.98x10~* 28.7 1.34x10~4 22.4 2.41x107* 10.8
n-Decane
5A-0 54.9 0.63x10~* 97.0 1.48x10~4 15.6
5A-1 51.5 0.80x10~* 106.7 1.56x10~4 12.1
5A-2 66.3 1.09x10~4 56.2 2.00x10~4 11.1
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Fig. 5 Experimental (symbols) and theoretical (solid lines) ZLC
curves for n-octane at the purge flow rate 70 ml/min and different tem-
peratures: (a) 5A-0, (b) SA-1 and (c) 5SA-2

the same at a given temperature (Qiao and Bhatia 2005;
Gunadi and Brandani 2006).

The representative ZLC desorption curves of n-octane in
5A zeolites with different mesoporosities at different tem-
peratures are fitted by the ZLC model as shown in Fig. 5.
The extracted effective diffusion time constants and corre-
sponding L values of n-alkanes series (C7, Cg, and Cjg)
are listed in Table 3. All L values obtained from the the-
oretical fittings are greater than 10, indicating that desorp-
tion is kinetically controlled as required by the ZLC theory
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(Hoang et al. 2005). A good agreement between the exper-
imental (symbols) and theoretical (solid lines) curves con-
firms the accuracy of the diffusion time constant extracted
from the experiments. As shown in Table 2 and Table 3,
the effective diffusion time constant (Degr/R?) of n-alkane
in zeolite 5A are consistent with the diffusivities reported
previously (Eic and Ruthven 1988b; Gunadi and Brandani
2006). The effective diffusion time constant (Der/R?) of
n-alkanes in zeolite SA samples in the measured range of
308-393 K confirms the qualitative assessments previously
made for the desorption curves. These values increase with
mesoporosity in zeolites at each temperature. The effective
diffusion time constant (Degr/R?) of linear alkanes in the
mesoporous zeolite SA is generally found to be higher than
that of the reference zeolite SA sample, indicating an en-
hanced mass transfer process as a result of the mesoporous
structure of the zeolite SA samples (Fig. 6). Figure 6 also
shows that the diffusivity decreases monotonically with in-
creasing chain length from n-C7 to n-Cyg. The variation of
diffusivity with the carbon number of n-alkanes at differ-
ent temperature follows a consistent pattern. The effective
diffusivity Degr was calculated and listed in Table 2. Obvi-
ously, The Degr increases with mesoporosity of SA. This re-
sult is in reasonably good agreement with the earlier report
(Gunadi and Brandani 2006). The strong relationship be-
tween micro-/meso-structures and diffusivity in the zeolites
5A could be confirmed by the above results. The mesopore
structure appears to have strong influence on facilitating the
overall transport rate. The limiting step in the diffusion pro-
cess is dominated by mesopore diffusion influenced by the
adsorbate-adsorbent interactions (Lima et al. 2008).

From the measurements at different temperatures, the ac-
tivation energy (E,) may be estimated according to the Ar-
rhenius equation. Figure 7 illustrates the dependence of the
activation energy of diffusion for linear alkanes on meso-
pore volume. Effective activation energies of linear alkanes
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in 5A samples with different mesoporosity follow the or-
der of 5A-2 < 5A-1 < 5A-0, which is in an opposite trend
from to the effective diffusion time constants ( Desr/ Rz). As
shown in Table 1 and Fig. 7, there is a significant decrease
in activation energy for linear alkanes (e.g. from 14.8 kJ/mol
to 10.8 kJ/mol for n-octane) with the increase of the meso-
pore volume. This suggests that the mesopores in the zeo-
lites facilitated the transport of reaction molecules and de-
creased the adsorption energy barrier due to shorter aver-
age diffusion path length and less steric resistance. Figure 8
shows that the activation energy of diffusion increases sig-
nificantly with carbon number (C7—C1g) in microporous ze-
olite 5A. This result is in good agreement with the earlier
ZLC results by Gunadi and Brandani (2006). However, for
the mesoporous zeolites 5A, the activation energy is nearly
independent of the carbon number. These results reveal that
more pore mouths and shorter diffusion length in the meso-

porous structure SA zeolites significantly decrease the ad-
sorption energy barrier, thus facilitate the transport of reac-
tion molecules.

4 Conclusions

A study of desorption kinetics of n-alkanes (C7—-Cjp) in
the mesoporous 5SA zeolites was performed using the ZLC
method. The effective diffusion time constant ( Desr/ R%) ob-
tained from the mesoporous 5A zeolites was higher than
that from the microporous zeolite SA at the same temper-
ature. Effective activation energies on the mesoporous zeo-
lite 5A samples were lower than those on the microporous
5A sample. Compared to the microporous zeolite 5A, the
effective activation energy only changed slightly with the
carbon number in the mesoporous 5A zeolites. These results
suggest that the very short diffusion length and probable in-
tracrystalline mesoporosity in the SA zeolite samples facili-
tate kinetics of the molecules through the pores.
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