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Abstract: Adsorption rates of n-hexane on the SA zeolite at 100
to 300 C and 0. 01 to 10 kPa are determined by an intelligent
gravimetric analyzer (IGA-100), and the adsorption diffusion
performance of n-hexane on 5A zeolite pellets with different
secondary pore distributions is analyzed. The results indicate
that 5A-1 and 5A-6 zeolites have similar micropore and
mesopore size distribution, while the 5A-6 zeolite has a larger
secondary pore volume when the pore diameter is between 0. 1
and 1 pm and more secondary pores when the pore diameter is
less than 0. 01 pwm. The effective diffusion coefficient of n-
hexane on the SA-6 zeolite pellet is 10 ~° to 10 * cm’/s, about 2
to 5 times higher than that on the 5A-1 zeolite. The effective
diffusion coefficient of n-hexane on the 5A-1 zeolite pellet
improves from 5 x 107 to 2 x 10 ~°cm’/s when the temperature
increases from 100 to 300 C. However, the effective diffusion
coefficient of n-hexane on the 5A-6 zeolite remains almost
unchanged at different temperatures. The molecular average free
path of n-hexane decreases from 627. 15-963. 28 to 0. 63-0. 96
pm with the adsorption pressure increasing from 0. 01 to 10 kPa.
Such a free path is close to the secondary pore diameter,
resulting in significant Knudsen diffusion in the secondary pores.
Thus, the effective diffusion coefficient of n-hexane on the 5A
zeolite pellets increases before 1 kPa and decreases after 1 kPa.
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s a typical non-polar solvent, n-hexane has been wide-

ly used as an extracting agent, a diluent agent of med-
ical synthesis, and an advanced solvent. In particular, high
purity n-hexane ( mass content =98. 5% ) is an attractive
material for developments in biochemistry, pharmacentics
and so on ", Generally, n-hexane can be obtained from
straight-chain gasoline, the condensate of natural gas, raffi-
nate oil or pyrolysis gasoline. Meanwhile, the remaining
isoparaffins, after n-hexane has been abstracted, are also
good additives for the octane improvement of gasoline
pools'™. However, it is impractical to separate n-hexane
from its isomers thoroughly using conventional methods like
distillation owing to their close boiling points. Adsorption
separation has been proven to be a promising approach in
segregating iso/normal paraffins by means of molecule fin-
gerprinting with 5A zeolite employment, leading to an ef-
fective utilization of petroleum naphtha and value-added
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58 . .
products . However, using such a technique to produce

high purity n-hexane or other single normal paraffins is
still not feasible in China. In previous studies, we success-
fully established a method of separating n-hexane from in-
dustrial hexane and C6 mixture'” """ and evaluated the per-
formance of various adsorbents upon iso/normal paraffins
severance '

For the industrial application of 5A zeolite on iso/normal
paraffins separation, the adsorbents are prepared as particu-
lated zeolite containing small microporous crystals inside
macroporous pellets. The adsorbents generally offer two dis-
tinct resistances against the mass transfer: the secondary
pore resistance of the pellet and the microporous resistance
of the crystals """, which gives rise to the complication in
the diffusion of adsorption and interferes with the sieving
effect of adsorbents, adsorption/desorption rate, etc. (677, 157181
Furthermore, the effect of the secondary pore on the diffusivity
of n-hexane on 5A zeolite pellets has rarely been reported.

Therefore, this paper investigates the effects of different
secondary pores distribution, adsorption temperature and
pressure on effective diffusivity performance of n-hexane on
5A zeolite pellets by IGA.

1 Materials and Methods
1.1 Materials

The adsorbents are binder-free SA zeolites differentiated at
secondary pores and bulk properties (see Tab.1). The parti-
cle size is — 10 to + 14 US standard mesh. The particle densi-
ty and porosity are determined by a mercury intrusion poro-
simetry (MIP). The crystallite dimension is analyzed by a
scanning electron microscope (SEM), and the amount of cal-
cium cation exchange is measured by X-ray fluorescence
(XRF). The n-hexane is of 99% purity, purchased from Si-
nopharm Chemical Reagent Co., Ltd., Shanghai, China.

Tab.1 Bulk properties of the used SA zeolite

Property 5A-1 5A-6
Bulk density/(g - cm %) 0.79 0.73
Particle density/(g + cm %) 1.25 1.19
Porosity &, 26.19 29.26
Crystallite dimension/pum 2.2 2.2
Amount of calcium cation exchange/% 78 78

1.2 Characterization

The BET specific surface area, the micropore size distri-
bution, and the volume of the micropore are calculated by
the BET equation and the HK equation, which are based on
carbon dioxide adsorption isotherms at 0 C"” by a Micro-
meritics ASAP 2020 surface area and porosimetry analyzer.

The BJH specific surface area, the mesopore size distribu-
tion and the volume of the mesopore are calculated by the
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BJH method from nitrogen adsorption isotherms at liquid ni-
trogen temperature by a Micromeritics ASAP 2020.

The porosity and macropore size distribution of the SA ze-
olite are measured by mercury ( Poremaster GT-60).

1.3 Theory of adsorption kinetics

The adsorption rate curves of n-hexane on 5A zeolite
(100 to 300 C, 0 to 12 kPa) are measured by an intelligent
gravimetric analyzer ( IGA-100, HIDEN ISOCHEMA,
UK). Prior to measuring, the zeolite sample is activated by
heating from ambient temperature to 400 ‘C at 0. 1 Pa for 12 h.

2 Results and Discussion
2.1 Porous structure of SA zeolites

Figs. 1 to 4 show the micropore, the mesopore, the sec-
ondary pore size distribution and the secondary pore number
fraction of SA zeolites in sequence. Tab.2 summarizes the
specific surface areas and the pore volumes of 5A zeolites.

5A-1 and 5A-6 zeolites have similar micropore and meso-
pore size distributions, as shown in Figs. 1 and 2. Since the
amount of calcium cation exchange is about 78% , SA-1 and
5A-6 zeolites have a uniform pore size distribution between
0.42 to 0. 56 nm (see Fig. 1). Considering the crystal
defects and gaps between crystals, SA-1 and 5A-6 zeolites
also have pore sizes greater than 0.6 nm, enabling the pro-
motion of the diffusion of n-hexane in 5A zeolites. Tab. 2
shows that 5A-1 and 5A-6 zeolites have a similar micropore
BET surface area of about 590 m’/g and the pore volume of
about 0.24 cm’/g. From Fig.2, we can see that 5A-1 and
5A-6 zeolites only have a few mesopores from 2.5 to 4.0
nm. As listed in Tab. 2, the mesopore volumes of SA zeo-
lites are from 0.063 2 to 0.069 1 cm’/g.
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Fig.4 Secondary pore number fraction of SA zeolites

Tab.2 Pore volume, diameter and specific surface area of
5A zeolites

Pore structure parameters S5A-1 zeolite 5A-6 zeolite
Micropore BET surface area/(m” + g=')  585.3362  593.4943
( <2 nm) Pore volume/(cm® - g™ ') 0.2427 0.246 1
Mesopore BIH surface area/(m? - g~') 64.504 0 69.4570

(21050 nm)  pore volume/(cm® - g~ ') 0.069 1 0.0632
Surface area/(m? - g~1) 1.321 2.211
Macropore N 1
( >50 nm) Pore volume/(cm® - g~ ') 0.173 0.211
Porosity/ % 26.190 29.260

Fig. 3 and Tab. 2 show the differences of the secondary
pore distribution between 5SA-1 zeolites and 5SA-6 zeolites.
The 5A-6 zeolite has a secondary pore surface area and a
pore volume of 2.211 m*/g and 0.211 cm’/g, respective-
ly, while those of the 5A-1 zeolite are 1.321 m’/g and
0.171 cm’/g, respectively. Fig. 4 indicates that the SA-6
zeolite has a large amount of pores less than 0.01 um, de-
spite the fact that the size of 0.1 to 1 wm provides a larger
secondary pore volume. The secondary pores of the SA-1
zeolite are mainly distributed between 0.01 to 0.1 ym, and
no portion of less than 0.01 pwm is observed.

2.2 Adsorption rate curve of n-hexane on 5A zeolite

The adsorption rate curves of n-hexane on 5SA-1 and 5A-6
zeolites at 100 to 300°C measured by IGA-100 are presented
in Figs.5 and 6.

Fig. 5 shows that, under low coverage, the adsorption
rate of n-hexane on the 5A-6 zeolite is higher than that of
5A-1 at 100 C . When the temperature increases from 200
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Fig.5 Adsorption rate curves of n-hexane on SA zeolites under

low coverage.

(a) 100 C;(b) 200 C;(c) 250 CT;(d) 300 C

to 300 C, the adsorption rates become analogical to each
other. This indicates that the major factor to n-hexane diffu-
sion on the 5A zeolite is due to the difference of secondary
pore size distribution at low temperatures. But at a higher

temperature,

the molecular thermal motion will be

intensified. As a result, the diffusion of n-hexane on 5A-1
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Fig.6 Adsorption rate curves of n-hexane on 5A zeolites under
high coverage. (a) 100 C;(b) 200 C; (c) 250 C; (d) 300 C



Effect of secondary pore distribution on adsorption diffusion performance of n-hexane on SA zeolite pellets 287

and 5A-6 zeolites mainly depends on the surface property
and the micropore structure of the adsorbents.

Fig. 6 shows the adsorption rate curves of n-hexane on
5A-1 and 5A-6 zeolites under high coverage, indicating that
the diffusion properties are related to the secondary pore
structure. The adsorption rate of n-hexane on the SA-6 zeo-
lite is higher than that of n-hexane on the SA-1 zeolite at the
range of 100 to 300 C, owing to the larger secondary pore
volume and more secondary pores of the SA-6 zeolite.

2.3 Effective diffusivity coefficient of n-hexane on SA
zeolite

According to the adsorption rates of n-hexane on 5A-I1
and 5A-6 zeolites at 100 to 300 C, the effective diffusivity
coefficients of n-hexane on 5A-1 and 5A-6 zeolite pellets are
calculated by

172

m 6 (D
=) (1
m. Ju\R,

where ¢ is the time, s; m, is the mass adsorbed at time ¢,
g/100 g; m,, is the mass adsorbed as t—o, g/100 g; D, is
the effective diffusivity, cm’/s; R, is the adsorbent pellet ra-
dius, cm. The curves of the effective diffusion coefficients
of n-hexane on 5A-1 and 5A-6 zeolites at 100 to 300 C are
shown in Fig. 7.
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Fig.7 Effective diffusion coefficients of n-hexane on 5A-1 and
5A-6 zeolites at 100 to 300 . (a) 5A-1 zeolite; (b) 5A-6 zeolite

Fig.7 shows that the adsorption pressure significantly in-
fluences the effective diffusivity coefficient of n-hexane on
5A-1 and 5A-6 zeolites under conditions of 100 to 300 C
and 0.01 to 10 kPa. At 0.01 kPa, the 5A-1 zeolite is simi-
lar to the 5A-6 zeolite in terms of the effective diffusivity
coefficient which is related to the surface properties of the

5A zeolite at the low pressure. In addition, the effective
diffusivity coefficient of n-hexane on the 5A-6 zeolite is
10 ° to 10 “em?®/s at 100 to 300 € and 0. 01 to 10 kPa,
which is almost 2 to 5 times higher than that on the 5A-1
zeolite.
2.3.1 Effect of temperature on effective diffusivity
coefficient

Fig. 7(a) reveals that the effective diffusivity coefficient
of n-hexane on the SA-1 zeolite is 2 x 10 ~cm’/s at 300 C,
about 10 times higher than that at 100C. However, the
effect of the effective diffusivity coefficient on the SA-1 ze-
olite is not distinguished at 100 to 300 C and 0. 01 to 10
kPa, as shown in Fig.7(b). With the increase in tempera-
ture, the thermal motion of the n-hexane molecule intensi-
fies so as to enhance the diffusion of n-hexane on 5A-1 zeo-
lite. The 5A-6 zeolite has more pathways for mass transfer
due to the secondary pores, so the effect of thermal motion
of the n-hexane molecule is not significant.
2.3.2 Influence of free path of n-hexane molecule on

effective diffusivity coefficient

Tab. 3 shows the Maxwell free path of n-hexane at differ-

ent temperatures and pressures calculated by

T
= Kiz
Rwo’p
where p is the adsorption pressure, Pa; [ is the mean free
path of gas molecules, m; k is the Boltzmann constant, k =

1.380 66 x 10 ?J/K; o is the effective molecular diameter,
m.

(2)

Tab.3 Mean free path of n-hexane molecule pm
Pressure/kPa 100C 150 C 200C 250 C 300 T
0.01 627.15  711.18 795.21  879.25  963.28

1 6.27 7.11 7.95 8.79 9.63

2 3.14 3.56 3.98 4.40 4.82

10 0.63 0.71 0.80 0.88 0.96

The mean free path of the n-hexane molecule increases
from 6.27 to 9. 63 pum under the same pressure at 100 to
300 C, while it decreases rapidly from 6.27-9.63 pm to
0.63-0.96 pm when the pressure increases from 1 to 10
kPa. The results suggest that the pressure plays a more
important role in determining the mean free path.

With the increase in the adsorption pressure, the effective
diffusivity coefficient of n-hexane on 5A-1 and 5A-6 zeo-
lites first increases and then decreases at 1 kPa, as shown in
Fig.7. From Figs. 3 and 4 and Tab. 3, it is observed that
with the increase in the pressure, the mean free path of the
n-hexane molecule decreases immediately till it reaches the
level of secondary pore size, enlarging the Knudsen diffu-
sion of the n-hexane molecule in the secondary pore of the
5A zeolite. For example, when the pressure is 0. 01 kPa,
the mean free path of the n-hexane molecule is about
627.15 t0 963.28 wm, as shown in Tab. 3, which is similar
to the distance of the gaps between zeolite pellets. The
mean free path is then influenced by the diffusion of n-hex-
ane zeolite pellets. When the pressure increases to 1 kPa,
the mean free path of n-hexane decreases rapidly to 6.27 to
9.63 um, which is much smaller than the distance between
zeolite pellets but much greater than the size of the seconda-
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ry pores inside the SA zeolite, as shown in Fig. 3. So the
effective diffusivity coefficients of n-hexane on 5A-1 and
5A-6 zeolites reach 10~ and 10~* cm’/s, respectively.
When the pressure increases to 2 kPa, the mean free path of
n-hexane decreases to 3. 14 to 4. 82 um, close to the size of
the secondary pores, resulting in enhanced Knudsen diffu-
sion. Both the effective diffusivity coefficients of SA-1 and
5A-6 zeolites are maintained to be 10~ and 10" cm?®/s,
respectively. When the adsorption pressure is 10 kPa, the
mean free path of n-hexane becomes 0.63 to 0.96 pm, and
the effective diffusivity coefficient begins to decrease, espe-
cially for the 5A-6 zeolite. Due to the large amount of sec-
ondary pores less than 0.8 pum, the Knudsen diffusion of
n-hexane on the SA-6 zeolite is further consolidated and the
effective diffusivity coefficient of n-hexane on the SA-6 zeo-
lite decreases to 10> cm’/s. There are fewer secondary
pores smaller than 0. 1 wm on 5A-1 zeolite, especially for
the size of pores smaller than 0.01 pm. Thus, there is a
slight effect of the Knudsen diffusion of n-hexane on the
5A-1 zeolite between 2 and 10 kPa.

3 Conclusions

The effect of secondary pore distribution on adsorption
diffusion of n-hexane on 5A zeolite pellets is investigated.
The important findings are shown as follows:

1) 5A-1 and 5A-6 zeolites have similar micropore and
mesopore size distributions, while the 5A-6 zeolite has lar-
ger secondary pore volume of less than 0.01 pm and more
secondary pores between 0.1 and 1 pm.

2) The diffusion of n-hexane on the 5A zeolite is related
to the surface property and the micropore structure of adsor-
bents under low coverage, but the adsorption diffusion per-
formance is controlled by the secondary pore distribution un-
der high coverage.

3) The effective diffusion coefficient of n-hexane on the
5A-6 zeolite pellet is from 10 ° to 10" cm’/s under the
conditions of temperatures of 100 to 300 ‘C and pressures of
0.01 to 10 kPa, which is about 2 to 5 times higher than that
of the SA-1 zeolite.

4) The effective diffusivity coefficient of n-hexane on the
5A-1 zeolite is 2 x 10> cm’/s at 300 C, about 10 times
higher than that at 100 C. The effect of temperature on dif-
fusion of n-hexane over the SA-6 zeolite is not significant.

5) The molecular average free path of n-hexane decreases
from 627.15-963.28 to 0.63-0.96 pm with the increase in
adsorption pressure from 0. 01 to 10 kPa. The decreased free
path enhances the Knudsen diffusion in the secondary pores.
Thus, the effective diffusion coefficient of n-hexane on the
5A zeolite pellets increases before 1 kPa and decreases after
1 kPa.

This study provides critical data for designing special
adsorbents and provides a practical application in the separa-
tion of iso/normal paraffins.
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