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Diffusion of Paraffins in Dealuminated Y Mesoporous Molecular Sieve
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Abstract. Mesoporous materials have been intensely studied recently, mainly as possible component for FCC
(Fluid Catalytic Cracking) catalysts due to their large surface area and accessibility to large hydrocarbon molecules.
It is thus of interest for the oil industry to understand the diffusion behavior of some standard molecules in these
materials. Y Zeolites, usually employed in fluid catalytic cracking, can be modified by removal of aluminum atoms
from the zeolitic framework to present a greater mesoporous contribution. Dealumination of Y zeolite framework
is also known to improve the stability of the catalyst thus making it more suitable for the FCC operation. This
study presents diffusion measurements performed with the ZLC (Zero-Length Column) method, developed in the
late eighties by Eic and Ruthven (1988a, b). The ZLC method has been largely used for a number of systems,
either in gas or in liquid phases. We have now applied the ZLC method for gas phase diffusion measurements
of linear paraffins (C7—Cjg) in dealuminated Y zeolite (USY). Experimental data were obtained at different tem-
peratures (150 to 240°C) and flow rates (40 to 120 ml/min) and correlated through a transient Fickian diffusion

model.
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Introduction

Catalysts for Fluid Catalytic Cracking (FCC) processes
have been increasingly demanded to present enhanced
thermal and hydrothermal stabilities as well as selectiv-
ity towards products of molecular weight in the range
C;—Cy,, which have better commercial value. This can
be accomplished by removal of aluminum atoms from
the Y zeolite framework, thus modifying their crys-
tal structure with formation of mesoporosity and later
acid lixiviation to remove extra-framework aluminum

*To whom correspondence should be addressed.

(Sobrinho, 1993). These framework modifications may
cause changes in both catalyst selectivity and activity.
Particularly for Y zeolite, its dealumination may also
improve the mobility of larger molecules in the crystal
structure, specially for those compounds between C;
to Cy.

This study evaluated diffusivities of n-C7, n-Cg and
n-Cjo in dealuminated Y zeolite using the ZLC (Zero-
Length Column) method proposed by Eic and Ruthven
in the late eighties (1988a, b). The ZLC method has
the advantage of minimizing external heat and mass
transfer effects in measuring intracrystalline diffusion
coefficients.
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Table 1. Properties of dealuminated USY zeolite.

Surface Si/Al ratio 1.6
Overall Si/Al ratio 2.8
Framework Si/Al ration 5.4
BET surface area 655 cm?/g
Micropores volume 0.288 cm®/g
Mesopores volume 0.077 cm®/g
Average mesopore size 7 nm
Crystal average radius 0.39 um
Cluster average radius 12.5 pm

Experimental

The USY mesoporous dealuminated zeolite was ob-
tained from a NaY sample that was submitted to ion
exchange with NH, followed by thermal decomposi-
tion between 300 and 400°C and subsequent hydrother-
mal treatment at 600°C for removal of aluminum atoms
from the AI—O—Si bonds. Table 1 shows the properties
of the USY zeolite and SEM micrographs are shown
in Fig. 1.

The ZLC method was used, as proposed by Eic and
Ruthven (1988a). The method consists in following the
sorbate desorption from a sample of the zeolite that had
been pre-equilibrated with the sorbate at a given tem-
perature, at high flow rate of a inert gas (He or N»).
If the flow rate is sufficiently high, desorption is com-
pletely controlled by intracrystalline diffusion, and the
sorbate concentration at the outlet of ZL.C may be con-
veniently followed using a typical gas chromatograph
flame ionization detector. The experimental setup is
shown schematically in Fig. 2. Eic and Ruthven (1988a)
applied this method for aromatics diffusion in NaX
crystals and for linear paraffins and cyclohexane in 13X
and 5A zeolite crystals (Eic and Ruthven, 1988b). Since
then, the ZL.C method has been studied and applied for
anumber of zeolite crystal systems (Voogd etal., 1991;
Ruthvenetal., 1991; Hufton et al., 1994; Cavalcante Jr.
etal., 1995; Brandani and Ruthven, 1996a, b; Brandani
et al., 2000) and zeolite pelletized systems (Ruthven
and Xu, 1993; Brandani, 1996; Silva and Rodrigues,
1996; Brandani et al., 1998).

Mathematical Model

The ZL.C model, for spherical particles in isothermal
conditions and linear equilibrium isotherm, is shown

Figure 1. SEM micrographs of USY sample.

in Egs. (1) (column mass balance) and (2) (adsorbent
crystal balance):
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Figure 2. ZLC experimental setup.

Brandani and Ruthven (1995) presented an analyti-
cal solution for the model, as shown in Egs. (6)—(8).
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In this study, the experimental runs will be analysed
following three different approaches: Long Time, Short
Time and Method of Moments.

Long Time Analysis

For long times, only the first term of the series in Eq. (6)
is significant, so that equation may be rewritten as:
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It may be observed that a plot of C/Cj versus time in
a semilog scale will yield in the long time asymptote
an estimate for the diffusivity value.

Short Time Analysis

Brandani and Ruthven (1996a) presented a solution for
the short time desorption data:

C | D _p

According to Eq. (10), a plot of C/Cy versus the
square root of 1/time will yield an estimate for the dif-
fusivity value. This solution can also be used to eval-
uate the main diffusional path in the crystalline struc-
ture (isotropic or anisotropic diffusion), as shown by
Cavalcante Jr. et al. (1997).

Moments Analysis

Brandani and Ruthven (1996b) proposed the use of the
moments analysis of the ZLC curves for estimation
of the diffusion coefficients. The first and second mo-
ments are estimated according to Eqs. (11a) and (11b),
respectively:
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The moments are related to the system parameters
by Egs. (12) and (13), from which the diffusion coeffi-
cients may be estimated:
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The parameters L and y may be estimated using
Egs. (14) and (15):
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where x is given by:
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The moments analysis also allows to discriminate
between a diffusion controlled and an equilibrium con-
trolled system, since for the equilibrium control the ra-
tio w?/¢? is flow rate independent and always equal to
unity (Brandani and Ruthven, 1996b).

Results and Discussions

Duplicate runs for the desorption of n-decane from
USY at 150°C and N, flow rate of 40 m/min are shown
in Fig. 3. Some runs with different flow rates were also
performed in order to evaluate external mass transfer
effects and are shown in Figs. 4 and 5. Runs for dif-
ferent linear paraffins with increasing carbon number
at same experimental conditions are shown in Fig. 6.
Figures 7 and 8 show application of the Long Time and
Short Time Analysis to some of our experimental runs.

The Moments Analysis is illustrated in Fig. 9 and the
full results, treated as shown by Brandani and Ruthven
(1996b), are shown in Table 2 for n-Cq to n-Cjg. It
may be observed that all values of w?/¢? are far from
unity, thus confirming absence of external mass transfer
resistance in the system studied, as had been previously
indicated from the runs using different inert gas flow
rates.

A summary of all experimental parameters obtained
from the 3 different approaches that were applied to

0,017 LS B R B B L B T T
0 600 120 180 240 300 360

t[s]

Figure 3. Duplicate desorption runs for n-decane from USY zeolite
at 150°C. Inert gas flow rate: 40 ml/min of Nj.
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Figure 4. Desorption curves for n-octane from USY at 150°C at
different flow rates.
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Figure 5. Desorption curves for n-decane from USY at 180°C at
different flow rates.
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Figure 6. Desorption curves of linear paraffins from USY at 150°C
and flow rate of 120 ml/min.
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Figure 7. Long Time Analysis for desorption of n-octane from
USY at 150°C and flow rate of 40 ml/min (straight line represents
the long time asymptote).
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Figure 8. Short Time Analysis for desorption of n-heptane from
USY at flow rate 30 ml/min. Lines represent the fitting according to
Eq. (10).
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Figure 9. Moments Analysis for desorption of n-decane from USY
at 210°C and flow rate 40 ml/min. (a) C/Co x t; (b) tC/C, x t; and
(c)1>C/Co x 1.

our data is shown in Table 3. Reasonable agreement
may be observed between the results obtained using
the three different approaches, so we decided to take an
arithmetic average as an estimate for both D./r2 and
L. Representation of the fitting of the full data using
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Table 2. Results from the moments analysis.

Purge flow
(§®) rate
Sorbate Temp. (ml/min) 7 »? ?/¢?
n-hexane 150 120 4341 3.16x10°  1.68
n-heptane 150 30 6517 6.46x10°  1.52
180 627.1 584x10°  1.49
210 5148 4.68x10°  1.77
n-octane 150 40 567.8 5.02x10°  1.56
180 529.4 436x10°  1.55
150 120 4149 346x10° 201
n-decane 150 40 6609 7.08x10°  1.62
180 739.7 823x10°  1.50
210 6309 6.54x10°  1.64
150 80 4195 355%x10°  2.02
180 4373 3.65x10° 191
150 120 5100 4.85x10°  1.86

the averaged parameters are shown in Fig. 10 for some
of the runs.

The blank response of the system for n-decane (i.e.
an experimental run without adsorbent in the ZL.C col-
umn) is shown in Fig. 11, along with a typical run
at identical conditions of temperature and flow rate
(150°C and 80 ml/min). In the blank experiment, C/ C
decays by two orders of magnitude in about 10 sec,
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Figure 10. Experimental data and model representation for desorp-
tion of n-hexane, n-heptane and n-octane from USY at 150, 180 and
180°C, respectively, at different flow rates.

whereas the typical run shows a very slow concentra-
tion decay over a time range of more than 600 sec.

From the diffusivity parameters shown in Table 3,
estimates for the activation energy may be obtained,
according to Arrhenius equation:

o _E
D = D"exp —
RT

Values obtained for n-heptane and n-decane were,
respectively, 0.8 Kcal/mol and 1.1 Kcal/mol. These

a7

Table 3. Parameters obtained from desorption curves of linear paraffins from USY (D./ rf in s~!; L dimensionless; KV,/60 in ml).

LTA STA MA Avg
T F

Sorbate (°C)  (ml/min) D./r? L D./r? L D./r? L D./r? L KVy/60
n-hexane 150 120 176 x 107% 564 2.00x10™* 714 166x107* 633 1.80x10~* 63.7 58
n-heptane 150 30 142x107% 121 191x107* 11.1  143x107* 124 159x10~* 119 88
180 30 146x107% 155 195x10™* 167 141x107* 180 161x10~* 167 62
210 30 149%x107% 324 243x107* 323 148x107* 342 1.80x10~* 33.0 28
n-octane 150 40 1.60x 107% 127 1.66x107* 125 1.65x107* 123 1.64x10™* 125 109
150 120 1.63x 107 486 1.64x107* 400 180x10™* 415 1.69x10™* 434 91
180 40 1.69x 107* 146 1.74x107* 154 166x10~* 156 1.70x107™* 152 86
n-decane 150 40 126x107%  21.0 236x107™* 154 123x107* 228 1.62x107% 19.7 69
150 80 1.62x107% 275 148x107* 200 200x10~* 195 1.70x10™* 223 117
150 120 141 x107% 420 1.94x10™* 345 147x10* 407 1.61x10~* 39.1 106
180 40 121x107* 175 1.97x107* 167 1.12x107* 205 143x10™* 182 85
180 80 1.65x107% 350 1.92x10™* 312 1.75x107* 331 177x10™* 33.1 76
210 40 128x107% 264 322x107* 189 123x107* 302 191x10~* 251 46

LTA: long time analysis; STA: short time analysis; MA: moments analysis; AVG: arythmetic average.
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Figure 11. Blank Response of the ZLC system (without USY sam-
ple) for desorption of n-decane at 150°C and flow rate 80 ml/min
(also shown is a typical run at identical conditions for a system con-
taining USY sample).

values are relatively low as compared to regular Y ze-
olite which may be explained from the opening of the
pore structure due to dealumination.

Table 3 also brings a parameter (KV;/60) that may
be used to estimate the energy of adsorption for these
systems, according to vant Hoff equation:

8 0
lim (2L} — g = Ko AURT (1)
c—»o0\oC T

Energies of adsorption were estimated as 7.7 Kcal/mol
and 7.3 Kcal/mol for n-heptane and n-decane,
respectively.

As may be seen from Fig. 1, our USY sample con-
sisted of agglomerated clusters (average radius ca.
12.5 um) of small crystals (average radius ca. 0.4 pum).
Diffusivity values, calculated using both the crystal size
and the cluster size, are shown in Table 4. Even consid-
ering that the diffusional length is the cluster radius, the
diffusivity values obtained still seem to be extremely
low, compared to other reports from the literature for
similar faujasite structure material (NaX crystals, see
Table 5). This may be attributed to the protonized na-
ture of the sample of USY that was used, since this is a
material to be used in FCC catalysts. The higher acid-
ity of our USY sample (as compared to the acidity of
NaX), could probably slow down the diffusion process
and be responsible for the large difference in diffu-
sivities that was observed between our USY samples
and NaX crystals (as previously reported in Kérger and
Ruthven, 1992). This could explain the much lower
time constants that were observed in this study, yielding
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Table 4. Diffusivity values of linear paraffins in USY. Results are
calculated using both the crystals radius (0.39 pm) and the clusters
radius (12.5 pm).

D, (cm?/s)
Sorbate T (°C) F (ml/min) Crystal Cluster
n-hexane 150 120 2.68 x 10713 2.81 x 10710
n-heptane 150 30 237 x 10713 248 x 10710
180 30 240 x 10713 2,53 x 10710
210 30 2.68 x 10713 2.81 x 10710
n-octane 150 40 244 x 10713 2,55 x 10710
150 120 251 x 10713 2,63 x 10710
180 40 253 x 10713 2,65 x 10710
n-decane 150 40 241 x 10713 253 x 10710
150 80 253 x 10713 2,65 x 10710
150 120 239 x 10713 2,50 x 10710
180 40 2,13 x 10713 220 x 10710
180 80 263 x 10713 275 x 10710
210 40 2.84 x 10713 293 x 10710

Table 5. Diffusivity values from this study (USY) compared to NaX
crystals diffusivities (from Kéarger and Ruthven, 1992).

D (cm?/s)
Temp. USY using USY using

Sorbate (°C) NaX crystals* crystals radius clusters radius

n-hexane 150  3.0x 107>  27x 10713  28x 10710
(NMR)

n-heptane 150  2.0x 1077 24 x 107183  25x 10710
(ZLC)

n-octane 150  1.0x 107>  25x 10713  2.6x 10710
(NMR)

n-decane 150 7.0 x 1078 24x1071B  25x 10710
(ZLC)

*From Kirger and Ruthven (1992).

such lower apparent diffusivity values for USY samples
when compared to typical NaX or Y zeolite crystals.

Conclusions

We have applied the ZLC Method to study the dif-
fusional behavior of linear paraffins in USY zeo-
lites. A Fickian diffusion model, using three differ-
ent approaches (Long Time Analysis, Short Time
Analysis and Moments Methods), provided a good
representation of the experimental data. However, our
diffusivity values were extremely lower than the values
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reported for a similar structure material (NaX crystals).
This observation may be due to the high acidic nature
of the employed USY samples, which were in the pro-
tonized form as used in FCC catalysts. No significant
difference in diffusivities was observed between Cg to
Cjointhe USY sample studied, which may be due to the
larger pore opening of the mesoporous structure created
by the dealumination of the zeolite Y framework. This
might also be the reason for the low activation energies
that were estimated from the diffusion results.

Nomenclature

Gas phase concentration

Gas phase concentration at time zero
Diffusion coefficient
Intracrystalline diffusivity
Pre-exponential factor in Eq. (17)
Activation energy

Volumetric fluid flow rate
Dimensionless Henry’s constant
Parameter defined in Eq. (8a)
Adsorbed phase concentration
Crystal-averaged adsorbed phase
concentration

Ve N ATMEYEOO0

9o Adsorbed phase concentration at time zero
R Gas constant

R Adsorbent particle radius

r Radial distance

Te Crystal (or cluster) radius

T Temperature

t Time

—AU Energy of adsorption

Vi Fluid volume in ZLC

Vi Adsorbent volume in ZLC
Bn Roots of Eq. (8b)

Greek Letters

Y First moment

w Second moment

y Parameter defined in Eq. (7)
X Parameter defined in Eq. (16)
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