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The sorption capacity of a number of sorbates, viz. alcohols and hydrocarbons, and the iso-
therms of sorption of methanol, n-hexane, and benzene in AIPQ4-5 at 313 K were measured by
gravimetric technique. The isotherms of sorption of n-hexane, cyclohexane, benzene, and pyridine
in the AIPO4-S, at higher temperatures (523-673 K) were determined by the GC peak maxima
method. The isosteric heats of sorption of these sorbates at different sorbate loadings were ob-
tained from the isotherm data. The heat of sorption near zero sorbate loading was determined
separately by the GC pulse technique in the temperature range 523-673 K. The sorption capacities
of AIPQ,-5 for the sorbates, differing widely in their dipole moments and critical molecular sizes,
have been found to be nearly the same (about 0.14 cm® - g='). The sorption of methanol, n-hexane,
and benzene at 313 K occurs by the volume filling mechanism and the total volume of the sorption
space in AIPQO,-5 has been found to be about 0.14 cm? - g~'. The sorption of n-hexane, cyclohexane,
benzene, and pyridine at the higher temperatures follows the Freundlich isotherm. The influence of
sorbate loading on the isosteric heat of sorption of benzene is very weak but the influence in the
case of the other sorbates is very strong, particularly at the higher sorbate loadings. With the
increase in the sorbate loading, the heat of sorption of n-hexane and pyridine increases and that of
cyclohexane decreases. The heat of sorption of pyridine is much higher than that of the other
sorbates. The values of the heat of sorption of n-hexane, cyclohexane, and benzene at near zero
sorbate loading, obtained by the two methods, are very close to each other, and there is very good
agreement between the heats of sorption obtained by the two methods. Analysis of the entropy
change data for the high-temperature sorption reveals that the sorption of all the sorbates is mobile;
the sorption of n-hexane at lower sorbate loading, in particular, and that of cyclohexane and
benzene are ‘‘supermobile.”” However, in the case of sorption of n-hexane at higher sorbate
loadings and pyridine, the sorbed molecules lose some of their rotational degrees of freedom.

© 1988 Academic Press, Inc.
INTRODUCTION

AIPO4-3, a zeolite-like aluminophosphate
introduced recently by Wilson et al. (I, 2),
has a novel three-dimensional structure
with one-dimensional cyclindrical channels
(formed by 12-membered rings) of uniform
cross section (pore diameter = 0.8 nm) ori-
ented parallel to the c-axis, which is crys-
tallographically polar (3). Because of its
neutral framework, it does not contain
framework cations. However, it conains
weak acid sites, both Lewis and protonic
(4, 5). It is moderately hydrophilic and has
interesting water sorption properties (2).
Water sorption on AIPO,-5 (at 297 K) fol-
lows a Type V isotherm shape, unusual for

! To whom all correspondence should be addressed.

microporous solids and zeolites. A knowl-
edge of the sorption properties of AIPQO,-5
for various organic compounds is of great
interest. Very little, however, is known
about these properties, as only a few re-
lated studies have been carried out so far,
Wilson et al. (2) have measured the sorp-
tion isotherms of water (at 297 K) and oxy-
gen (at 90 K) on AIPO,-5. Choudhary and
Akolekar (5) have investigated the chemi-
sorption and temperature-programmed de-
sorption (TPD) of pyridine on AIPO,-5.

In our earlier studies, the site energy dis-
tribution and catalytic properties of AIPO,-
5 (5) and the influence of thermal, hydro-
thermal, and acid-base treatments on its
structural stability and surface and catalytic
properties (6) have been reported. The ob-
jective of the present investigation was to
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determine the sorption capacity of AIPO,-5
for various hydrocarbons and alcohols, to
study its sorption properties at lower and
higher temperatures, and to investigate the
thermodynamics of sorption of n-hexane,
benzene, and pyridine in the aluminophos-
phate.

EXPERIMENTAL

The AIPO4-5 (Al/P = 1.03) was obtained
from Pr;N-AIPO,-5 by heating it in air at
813 K for 12 h, to remove the organic
template from it. The synthesis of Pr;N-
AIPQO4-5 has been described previously (5).
The AIPO,-5 was pressed without any
binder and crushed to particles of about 0.2
mm in size. The size of the hexagonal rod-
like crystals of the aluminophosphate was
about 22 um. A detailed characterization of
the aluminophosphate for its crystalline na-
ture, crystal size and morphology, acidity,
and site energy distribution is given in our
earlier paper (5).

The sorption capacity of AIPO4-5 for wa-
ter, hydrocarbons (viz. n-hexane, cyclo-
hexane, benzene, p-xylene, o-xylene, and
isooctane), and alcohols (viz. methanol,
ethanol, and n-butanol) was determined
gravimetrically by passing the sorbate va-
pors along with helium (flow rate, about 100
cm® - min~!) at a relative pressure of 0.4
over the aluminophosphate (0.5 g) keptin a
glass cell (capacity, 10 cm®) at 313 K until
the sorption equilibrium was established.
The relative pressure (p/p;) is the ratio of
the partial pressure (p) of the sorbate in the
sorbate/helium mixture to the saturated va-
por pressure of the sorbate at the sorption
temperature. The glass cell was provided
with Teflon stopcocks at the inlet and the
outlet and could be detached from the flow
system for direct weighing on an electronic
analytical balance, without exposing the
sorbate—sorbent system to the atmosphere.
Before the sorption measurement, the
aluminophosphate was pretreated in situ in
a flow of pure helium (flow rate, 100 cm?
min~!) at 623 K for 2 h.

Isotherms of sorption of n-hexane, ben-
zene, and methanol in the aluminophos-
phate at 313 K were obtained by measuring
gravimetrically the sorption of the individ-
ual sorbate at different relative pressures
(p/ps = 0 — 0.4) by the procedure described
above.

The irreversible sorption of n-hexane,
cyclohexane, and benzene in AIPO,-5 was
measured by the GC methods based on
TPD under chromatographic conditions (7)
and stepwise thermal desorption (8).

Isotherms of reversible sorption of n-
hexane, cyclohexane, benzene, and pyri-
dine in AIPO,-5 at higher temperatures
(523-573 K) were measured by the GC
pulse method (9) using helium (10 cm? -
min~!) as a carrier gas. Sorbate pulses of
different sizes were injected into the Al
PO4-5 column [o.d., 3 mm; i.d., 2 mm, and
length, 17 ¢cm (for pyridine pulse experi-
ments); length, 51 cm (for the pulse experi-
ments for other sorbates)] at a known tem-
perature and the elution chromatogram of
each pulse was recorded until the recorder
pen reached the baseline. The detailed ex-
perimental arrangement and procedures for
the pulse experiments have been given in
previous papers (10, 11).

Heats of sorption of n-hexane, cyclohex-
ane, and benzene in AIPO,-5 at near zero
intracrystalline sorbate concentration were
determined by the GC pulse method (/2)
based on the variation of sorbate retention
volume with temperature. The GC reten-
tion data were collected at different temper-
atures (483-673 K) using helium (10 cm -
min~!) as the carrier gas with the pulses of
the sorbate vapor diluted with helium (con-
centration of sorbate in the pulse, about 1.0
mol%). The size of the pulse was 0.1 cm?®. A
column (o.d., 3 mm; length, 17 ¢m) packed
with 0.42 g of AIPO,-5 was used in these
experiments.

All the pulse experiments for determining
the sorption and heat of sorption measure-
ments were carried out in a Perkin—Elmer
Sigma 3B gas chromatograph with a flame
ionization detector.
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TABLE 1

Sorption Capacity of AIPO,-5 (at p/p, = 0.4)

Sorbate Critical Dipole Sorption capacity
diameter® moment
(nm) (D) (cm? - g7')  (mmol - g7!)

Water 0.32 1.8 0.22 12.02
n-Hexane 0.49 0.0 0.14 1.03
Cyclohexane 0.67 0.2 0.13 1.20
Benzene 0.66 0.0 0.13 1.46
p-Xylene 0.66 0.0 0.13 1.04
o0-Xylene 0.74 0.5 0.15 1.24
Isooctane 0.70 0.0 0.13 0.79
Methanol 0.45 1.7 0.15 3.61
Ethanol 0.45 1.7 0.13 2.21
n-Butanol 0.49 1.8 0.13 1.42

4 Critical diameters of water, n-hexane, cyclohexane, and benzene are taken
from Ref. (/4), whereas that of the other sorbates were estimated from their

molecular structure.

RESULTS
Sorption Capacity

The sorption capacity of AIPO,-5 for wa-
ter, hydrocarbons, and alcohols (measured
at 313 K in terms of their sorption at the
relative pressure of 0.4) is given in Table 1
along with the critical diameter and dipole
moment of the sorbate molecules. The
sorption capacity for water and n-hexane is
consistent with that reported earlier by
Wilson et al. (13). It may be noted that the
sorption capacity (expressed as the volume
of liquid sorbate sorbed per gram of
aluminophosphate) for the hydrocarbons
and alcohols, which differ from each other
widely in their dipole moments and/or criti-
cal molecular diameters, is 0.14 = 0.01
cm? - g~'. The sorption capacity for water
is, however, much higher than that ob-
served for the other sorbates.

Sorption of n-Hexane, Methanol, and
Benzene at 313 K

Isotherms of sorption of methanol, ben-
zene, and n-hexane in the aluminophos-
phate at 313 K are shown in Fig. 1.

Efforts were made to fit the sorption iso-
therm data in the Langmuir, Freundlich,

and Dubinin-Polanyi adsorption equations
(14). The data for all the sorbates could not
be fitted in the Langmuir equation, indicat-
ing that the sorption of methanol, benzene,
and r-hexane in AIPO4-5 is not of the
Langmuir type. The sorption data for ben-
zene and n-hexane could be fitted satisfac-
torily in the Langmuir equation, but the
data for methanol could not be fitted. How-
ever, the sorption data for all these sorbates
could be fitted very well in the Dubinin-
Polanyi equation, as shown in Fig. 2. The
total volume of sorption space (Wy) in Al
POy-5, estimated from the intercept (which
is log Wy/V,,,, where Vi, is the molar volume
of sorbate in liquid state) of the linear log g,
vs [log(ps/p))? plot (Fig. 2), has been esti-
mated to be 0.16, 0.14, and 0.14 cm? - g~!
from the sorption data of methanol, ben-
zene, and n-hexane, respectively.

Sorption of n-Hexane, Cyclohexane,
Benzene, and Pyridine at Higher
Temperatures

Sorption isotherms. Isotherms of the re-
versible sorption of n-hexane, cyclohex-
ane, benzene, and pyridine at the different
temperatures are presented in Figs. 3-6.
The pulse maxima method (9) was em-
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F1G. 1. Isotherms of the sorption of methanol, benzene, and n-hexane in AIPO,-5 at 313 K.
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FiG. 2. Dubinin-Polanyi plots for the sorption of methanol, benzene, and n-hexane in AIPO,-5 at
313 K.
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F1G. 3. Isotherms of the sorption of n-hexane in AIPO,-S at different temperatures.

ployed for evaluating the sorption iso-
therms from the pulse data as the desorp-
tion edges of the elution curves for the
sorbates on the aluminophosphate at all the
temperatures showed a strong dependence
on the amount of sorbate injected. The de-
tailed procedure for the estimation of sorp-
tion data from superimposed elution curves
by the pulse maxima method has been given
elsewhere (10).

The absence of film diffusional and inter-
crystalline mass transfer effects on the
sorption is confirmed by varying the parti-

cle size of the aluminophosphate from 0.2
to 0.1 mm. It may also be noted that the
peak maxima method minimizes the effect
of longitudinal diffusion, convectional mix-
ing, and mass transfer and hence gives a
more accurate estimate of the isotherm
than the single injection method (9). The
assumption in the evaluation of equilibrium
sorption data from transient pulse experi-
ments that a sorption equilibrium is always
established locally between the mobile gas
phase and the AIPO,-5 particles is also sat-
isfied in the present case as the time re-
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F1G. 4. Isotherms of the sorption of cyclohexane in AIPO,-5 at different temperatures.

quired for the adsorption [which is esti-
mated to be less than a microsecond for the
sorption of n-hexane, cyclohexane, ben-
zene, and pyridine] is extremely small as
compared to the residence time of the gas
flowing through the AIPQO4-5 particles.
Here, the heat of sorption of n-hexane, cy-
clohexane, and benzene is assumed to be
about 60 kJ - mol~!, and that of pyridine
about 90 kJ - mol™1.

The irreversible sorption of n-hexane,
cyclohexane, and benzene in AIPQ4-5 at the
temperatures at which the sorption iso-
therms were measured was found to be ab-
sent. The irreversible sorption of pyridine
at 603, 633, and 673 K was found to be 10.0,
5.0, and 2.5 umol - g~!, respectively.

All the data for the reversible sorption of
n-hexane, cyclohexane, benzene, and pyri-
dine (Figs. 3-6) fitted very well in the

Freundlich adsorption equation,
da = kp”, )

where ¢, is the amount adsorbed, & is the
Freundlich adsorption constant, and » is
the exponent to the sorbate pressure. The
sorption data for benzene at 523 K could be
fitted satisfactorily in the Dubinin—Polanyi
equation., However, no attempt was made
to fit the data for benzene at higher temper-
atures or the data for other sorbates since
their sorption temperatures were very close
to or higher than the critical temperatures
of the corresponding sorbate. Efforts were
also made to fit the sorption data for all the
sorbates in the Langmuir adsorption equa-
tion but these were without success.

The Freundlich parameters (k and n) for
the sorption of n-hexane, cyclohexane,
benzene, and pyridine are presented in Ta-
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F1G. 5. Isotherms of the sorption of benzene in AIPO,-5 at different temperatures.

ble 2. Figure 7 shows the temperature de-
pendence of Freundlich sorption constant
(k) for the different sorbates; for all the sor-
bates, In % is inversely proportional to the
sorption temperature, thus satisfying on
Arrhenius-type equation. The exponent to
the sorbate pressure (n) is expected to be
independent of temperature. However, the
results (Table 2) indicate a small increase in
the value of # for all the sorbates with the
increase in the sorption temperature.
Isosteric heat of sorption. Figure 8 shows
the dependence of the isosteric heat of
sorption (Q,) of n-hexane, cyclohexane,
benzene, and pyridine in AIPO4-5 on the

sorbate loading in the aluminophosphate.
The isosteric heat of sorption at the differ-
ent intracrystalline sorbate concentrations
was evaluated from the sorption isotherm
data (Figs. 3-6) by means of the Clausius—
Clapyron equation (/4).

It is interesting to note from Fig. 8 that
the heat of sorption of pyridine, n-hexane,
and cyclohexane is strongly influenced by
the sorbate loading, particularly at the
higher sorbate loadings, whereas the influ-
ence of sorbate loading on the heat of ben-
zene sorption is very weak. In the case of
sorption of n-hexane and pyridine, Q, in-
creases with the increase in the sorbate
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F1G. 6. Isotherms of the sorption of pyridine in AIPO,-S at different temperatures.

TABLE 2

Freundlich Parameters for Sorption of n-Hexane,
Cyclohexane, Benzene, and Pyridine in AIPO,-5

Sorbate Temperature k x 10° n
(K) (gmol - g™
- Torr™1)
n-Hexane 523 15.58 0.70
573 4.78 0.75
623 1.97 0.82
673 0.90 0.86
Cyclohexane 598 8.07 0.70
623 4.80 0.74
648 3.04 0.81
673 2.07 0.84
Benzene 523 6.61 0.82
573 2.75 0.84
623 1.35 0.86
673 0.47 0.88
Pyridine 603 13.57 0.51
633 6.77 0.58
673 4.24 0.60

loading. In contrast, the heat of sorption of
cyclohexane decreases with the increase in
the sorbate loading. It may also be noted
that the heats of sorption of n-hexane, cy-
clohexane, and benzene are of comparable
values at the lower sorbate loadings but dif-
fer from each other in a more and more
significant manner at the higher sorbate
loadings. At the sorbate loading of 0.1
mmol - g, the heat of sorption of these
sorbates is in the following order: pyridine
> n-hexane > benzene > cyclohexane.
Heat of sorption by GC pulse technique.
The heat of sorption of n-hexane, cyclohex-
ane, and benzene in AIPO4-5 at near zero
sorbate loading was determined from the
GC pulse retention data obtained at the dif-
ferent temperatures using the relation (/2)

log(Vx) = a — (AH/2.303R)(1/T), (2
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F1G. 9. Log Vi vs 1/T plots according to Eq. (2) for determining the heats of sorption of n-hexane,
cyclohexane, and benzene in AIPO,-5 by the GC pulse technique.

where Viy is the retention volume of sor-
bate, which is equal to (¢, — t3) - V; tnand ¢4
are the retention times for sorbate and non-
sorbate, respectively; V is the carrier gas
flow rate (corrected for the column condi-
tions); A H is the heat of sorption; R is the
gas constant; T is the temperature; and « is
a constant.

The values of the heat of sorption (AH)
of the sorbates, obtained from the slopes of
the linear plots of log Vi vs 1/T, shown in
Fig. 9, are as follows.

Benzene
49.9

n-Hexane
50.1

Sorbate:
—AH (K] - mol~):

Cyclohexane
51.0

The results indicate that the values of the
heat of sorption of the sorbates at near zero

sorbate loading are close to each other and
also to the isosteric heat of sorption of the
sorbates at the lower sorbate loadings (Fig.
8).

In order to obtain a reliable value of the
heat of adsorption by the GC pulse method,
the condition that the adsorbate concentra-
tion falls essentially in the linear portion of
the isotherm must be satisfied (15). This
was accomplished in the pulse experiments
of n-hexane, cyclohexane, and benzene by
using a very small and dilute sorbate pulse
(pulse size, 0.1 cm?; sorbate concentration,
1 mol%) and was confirmed by the observa-
tion that the carrier gas flow rate had no
effect on the retention volume of the sor-
bate. However, it was not possible to col-
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lect pyridine pulse data by satisfying the
above condition because of the highly non-
linear nature of the pyridine sorption iso-
therm (Fig. 6), even at a very low sorbate
concentration.

Free energy and entropy changes in
sorption. The thermodynamic data for the
sorption of n-hexane, cyclohexane, ben-
zene, and pyridine in AIPO,-5 at different
sorbate loadings and temperatures are pre-
sented in Tables 3—6. The data were evalu-
ated from the sorption isotherm data (Figs.
3-6) using the following relations,

AG = —RTIn Plp 3)
AG = AH - TAS 4)
S.= S, + AS, )

where AG, A H (which is equal to isosteric
heat of sorption under isothermal condi-
tions, neglecting gas imperfections), and
AS are the standard free energy, enthalpy,
and entropy changes in the sorption pro-
cess, respectively; S,, is the entropy of sor-
bate vapor at the standard pressure P; S, is
the entropy of sorbed phase; and P and p

are the equilibrium pressures of the sorbate
phase in a standard state and the state at
which the studies were conducted, respec-
tively. The standard state pressure (P) is
taken as 760 Torr. The values of S, for the
various sorbates were taken from the data
given elsewhere (16).

The results (Tables 3-6) reveal that, in
the sorption of n-hexane, cyclohexane,
benzene, and pyridine, the free energy
change (—AG) decreases with the increase
in the sorbate loading and the temperature,
whereas the entropy change (—AS) shows
a variation with sorbate loading, but is more
or less independent of the sorption temper-
ature. For the sorption of n-hexane, ben-
zene, and pyridine, S,, and consequently
the mobility of the sorbed phase, tend to
decrease with the sorbate loading and in-
crease with the temperature. However, in
the case of the cyclohexane sorption, S, in-
creases not only with the temperature but
also with the sorbate loading.

Figure 10 shows a comparison between
the observed entropy change (—AS,,) asso-
ciated with the sorption (after correcting for
the contributions for the entropy change in

TABLE 3

Thermodynamic Data for the Sorption of n-Hexane in AIPO,-S

Amount Temperature -AG —AS Se Sa
sorbed, g, (K) (kJ - mol™}) J - K" molY J - K- mol" J-K-!' mol")
(mmol - g71)
0.02 523 26.0 56.5 489.0 432.5
573 22.5 57.7 510.4 452.7
623 19.7 57.6 531.4 473.8
673 17.3 56.8 552.3 495.5
0.04 523 22.0 66.1 489 4229
573 18.4 66.7 510.4 443.7
623 15.4 66.1 531.4 465.2
673 12.7 65.2 552.3 487.1
0.06 523 20.0 76.7 489.5 412.8
573 15.8 77.2 510.4 433.2
623 12.7 75.9 531.4 455.5
0.08 523 18.3 87.4 489.5 402.1
573 13.8 87.8 510.4 422.6
0.10 523 16.8 95.2 489.5 394.3
573 12.0 95.2 510.4 415.2
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TABLE 4

Thermodynamic Data for the Sorption of Cyclohexane in AIPO,-5

Amount Temperature -AG —-AS A Sa
sorbed, g, (K) (kJ - mol™Y) (- K- mol™) (J-K'-mol™) J-K'-mol™)
(mmol - g™
0.02 598 25.1 50.0 410.0 360.0
623 23.7 50.2 418.4 368.2
648 23.0 494 431.0 381.6
673 21.7 49.5 4393 389.8
0.04 598 21.2 47.4 410.0 362.6
623 19.0 49.1 418.4 369.3
648 18.5 479 431.0 383.1
673 17.3 479 439.3 391.4
0.06 598 18.5 44.5 410.0 365.5
623 16.4 46.1 418.4 372.3
648 15.8 45.1 431.0 385.9
673 14.7 45.1 4393 394.2
0.08 598 16.3 43.8 410.0 366.2
623 14.3 45.4 418.4 373.0
648 13.8 44.4 431.0 386.6
673 12.8 442 439.3 395.2
0.10 598 14.6 43.4 410.0 366.6
623 12.6 449 418.4 373.5
648 12.1 438 431.0 387.2
673 11.2 43.5 439.3 395.8
0.12 598 13.0 43.5 410.0 366.5
623 11.1 44.8 418.4 373.6
648 10.7 43.7 431.0 387.3
673 10.0 43.2 4393 396.1
TABLE 5

Thermodynamic Data for the Sorption of Benzene in AIPO,-5

Amount Temperature -AG —-AS S, Sa
sorbed, g, (K) (kJ - mol™") (J:-K'"-mol™") J-K!' mol™" J-K! mol™
(mmol - g7)
0.02 523 22,0 63.2 330.5 267.3
573 20.3 60.6 345.2 284.6
623 17.8 59.7 355.6 295.9
673 13.3 62.0 370.3 308.3
0.04 523 19.0 67.1 330.5 263.4
573 16.4 65.8 345.2 279.4
623 13.9 64.5 355.6 291.1
673 8.7 67.4 370.3 302.9
0.06 523 17.2 66.7 330.5 263.8
573 14.1 66.2 345.2 279.0
623 11.2 65.5 355.6 290.1
0.08 523 13.2 75.8 330.5 254.7
573 12.4 75.3 345.2 269.9
0.10 523 14.6 80.1 330.5 250.4

573 11.0 79.5 345.2 265.7




TABLE 6

Thermodynamic Data for the Sorption of Pyridine in AIPO,-5

Amount Temperature -AG -AS Se S,
sorbed, g, (K) (kJ - mol™) J - K" mol™ J K mol) (J-K'- mol!)
(mmol - g7!)
0.02 603 30.0 99.7 359.8 260.1
633 24.8 103.1 368.2 265.1
673 23.4 99.1 378.7 279.6
0.04 603 22.4 114.0 359.8 245.8
633 18.5 114.6 368.2 253.6
673 16.3 111.1 378.7 267.6
0.06 603 18.6 128.4 359.8 231.4
633 15.0 128.0 368.2 240.2
0.08 603 15.8 135.6 359.8 224.2
633 12.3 134.8 368.2 233.4
0.10 603 13.73 146.4 359.8 213.4
633 10.14 145.1 368.2 223.1
a) n-Hexane (at 523-673 K) b) Cyclohexane (at 598-673 K)
80
(S430 =~ Sy20 ! (Si3p~ Sy2p )
4ol
3 2o} (-85m)
¥
1‘
~ o 1 L 1 1 e
- c)Benzene (at 523 -673K) d)Pyridine
& 100l (0t 603-673 K)
0
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b
¢ eol (-asy
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€ (Sy3p=S120)
[45]
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FiG. 10. Comparison between the observed entropy change (—A S,,) at different sorbate loadings and
the theoretical entropy change for mobile sorption (Ssp — Spp) in the sorption of #-hexane, cyclohex-
ane, benzene, and pyridine in AIPO,-5.
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TABLE 7

Theoretical Entropy Changes in the Mobile and Localized Sorption of n-Hexane, Cyclohexane,
Benzene, and Pyridine

Sorbate Temperature Sup Sep Entropy change (J - K-! - mol-")
(K) J-K'!'-mol™) (J-K?!-mol?)
Mobile sorption Localized sorption

(Sup — Sep) (Sup)

n-Hexane 523 176.0 121.9 54.1 176.0

573 177.9 123.4 54.5 177.9

623 179.6 124.7 54.9 179.6

673 181.2 126.0 55.2 181.2

Cyclohexane 598 178.5 123.9 54.6 178.5

623 179.3 124.4 54.9 179.3

648 180.1 125.2 54.9 180.1

673 180.9 125.8 55.1 180.9

Benzene 523 174.8 121.1 53.7 174.8

573 176.7 122.2 54.5 176.7

623 178.4 124.0 54.4 178.4

673 180.0 125.2 54.8 180.0

Pyridine 603 177.9 125.0 52.9 177.9

633 178.9 125.8 53.1 178.9

673 180.2 126.8 53.4 180.2

the vapor phase and in the sorbed phase) at
the different sorbate loadings and the theo-
retical entropy change (Ssp — Spp) (Where,
Sap and Spp are the translational entropies
of the three-dimensional and two-dimen-
sional sorbate vapors, respectively) for the
mobile film model (I7) in the sorption of -
hexane, cyclohexane, benzene, and pyri-
dine.

The results reveal that when the sorbate
loading is increased, the entropy change
(—AS.) in the sorption of n-hexane, ben-
zene, and pyridine increases but that of cy-
clohexane decreases. Also, for the sorption
of n-hexane (at lower sorbate loadings, ¢, <
0.08 mmol - g!), cyclohexane, and ben-
zene, the observed entropy change is much
smaller than the theoretical value. In the
case of the pyridine sorption, the observed
entropy change is higher than the theoreti-
cal entropy change.

The values of the translational entropies
of the three-dimensional and two-dimen-
sional vapors of the sorbates at different
temperatures are given in Table 7. These

values were obtained from the expressions
(17, 18)

Sup = R In(M'5 - T2%) — 9.61  (6)

and

Sep = 0.667 Sgp + 2.76 In T - 12.71, (7)

where M is the molecular weight (the val-
ues of Sup and Spp are expressedinJ < K-!
- mol~1). The change of entropy in the sorp-
tion for the mobile and localized sorption
models (with no loss of rotational degrees
of freedom of sorbed molecules) is ex-
pected to be equal to (Sip — Sep) and Sup,
respectively. The values of the entropy
change for the two sorption modeis are in-
cluded in Table 7. It may be noted that al-
though the Sip and Syp increase with tem-
perature (the increase, however, is small),
(Sup — Sip), and consequently the entropy
change in the mobile sorption, is almost in-
dependent of temperature.

A S, values, at the different sorbate load-
ings, were obtained from observed A S, av-
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eraged over the sorption temperature
range, using the relation (I17)

AS, = AS + R In(A*/A), ®)

where A* is the standard molecular area
(equal to 4.08 7 % 1071 ¢m?) and A is the
molecular area of the sorbate, calculated
from the density of the sorbate liquid using
the relation suggested by Emmett and Bru-
nauer (/9).

DISCUSSION
Low-Temperature Sorption

The sorption capacity of AIPO,4-5 for all
the sorbates (except water) at the relative
pressure of 0.4 has been found to be about
0.14 cm?® - g1 and this is very close to the
values reported by Wilson et al. (13) for the
sorption of oxygen (0.15 cm?® - g~!), n-hex-
ane (0.14 cm?® - g71), cyclohexane (0.14 cm®
- g1, and neopentane (0.14 cm? - g71). The
sorption capacity for nitrogen (at 78 K rela-
tive pressure of 0.3) has also been found to
be about 0.16 cm?® - g~! (6).- The sorption
capacity for water (0.22 cm?® - g~!) is much
higher than that for the other sorbates. The
difference in the sorption capacities for wa-
ter and the other sorbates is attributable (2)
to the presence of both the large-pore voids
(cylindrical channels formed by 12-mem-
bered rings parallel to the c-axis) and the
small-pore voids (columns of twisted chains
of 4- and 6-membered rings parallel to the c-
axis) in the structure of AIPO4-5. The small-
pore voids are accessible only to water mol-
ecules because of their very small kinetic
diameter (0.265 nm), whereas the large-
pore voids are easily accessible to all the
sorbates. It is interesting to note that al-
though the cylindrical channels in AIPO,-5
are polar, its sorption capacity is not
strongly influenced by the polarity (or di-
pole moment) of sorbate molecules. It may
also be noted that the sorption capacity (ex-
cept for water) is not affected by the config-
uration and/or critical molecular size of the
sorbates.

The fitting of the low-temperature (313

K) sorption isotherm data for methanol,
benzene, and n-hexane in the Dubinin-Po-
lanyi equation (Fig. 2) indicates that their
sorption in AIPO,4-5 occurs by the volume
filling mechanism. The total volume of
sorption space in AIPO,-5 is estimated to be
0.14 cm?® - g~ from the sorption of n-hexane
and benzene, and 0.16 cm® - g~! from the
sorption of methanol. The observed small
difference in the sorption space probably
arises from the differences in the bulk liquid
density of the sorbate (which is used in the
calculation of sorption space) and its actual
density in the channel of AIPO,-5 at the sat-
uration. The two densities are expected to
be somewhat different since the molecular
size of the sorbates is quite comparable to
the channel diameter and also since the sor-
bate molecules in the channels are sub-
jected to large surface tension forces. Du-
binin et al. (20) observed that the density of
polar substances sorbed in zeolite micro-
pores at the saturation exceeds that of the
liquid owing to the closer packing of the
polar molecules in the zeolite than in the
corresponding liquid, but in the case of
the nonpolar sorbates the density in the
sorbed state is somewhat lower than that in
the liquid state. This may be the reason for
the higher sorption space obtained from the
methanol sorption data and also for the ob-
served higher sorption capacity for o-xy-
lene than that for p-xylene.

High-Temperature Sorption

The sorption of n-hexane (at 523-673 K),
cyclohexane (at 598-673 K), benzene (at
523-673 K), and pyridine (at 603-673 K) in
AIPO4-5 follows the Freundlich sorption
isotherm. The fact that the sorption data
could not be fitted in the Langmuir model
indicates the absence of ideal localized
sorption of the sorbates in the alumino-
phosphate.

The isosteric heat of sorption of benzene
in AIPO,-5 is influenced by the sorbate
loading only to a small extent, but for the
other sorbates, it is strongly dependent on
the sorbate loading. The increase in the iso-
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steric heat of sorption of pyridine and a-
hexane with the increase in the sorbate
loading shows the presence of attractive in-
teractions between the sorbed molecules.
The decrease in the isosteric heat of sorp-
tion of cyclohexane with the sorbate load-
ing, however, is expected to be due to the
repulsive interaction between the sorbed
molecules.

The values of isosteric heat of sorption of
n-hexane, benzene, and cyclohexane at the
lower sorbate loadings are close to each
other, as are the values of the heat of sorp-
tion of these sorbates measured by the GC
pulse method. Further, a comparison of the
values of the isosteric heat of sorption ex-
trapolated to zero sorbate loading (Fig. 8),
obtained from the sorption isotherm data,
with those at near zero sorbate loading ob-
tained with the GC pulse method shows
that there is very good agreement among
the heats of sorption of n-hexane, benzene,
and cyclohexane as measured by the two
methods.

The heat of sorption of pyridine is much
higher than that observed for the other sor-
bates. The higher heat of sorption of pyri-
dine is mainly attributable to its very high
molecular polarity (dipole moment of pyri-
dine in gas phase, 4.37 D). Since the chan-
nels of AIPO,-5 are polar, their interaction
with the polar sorbate molecules is ex-
pected to result in a much higher heat of
sorption than that expected from their in-
teraction with the nonpolar sorbate mole-
cules, such as n-hexane and benzene.

The comparison of the observed entropy
change (—AS,) with the theoretical one
predicted for the mobile and localized film
models (Fig. 10 and Table 7) clearly shows
that the sorption of n-hexane, cyclohexane,
benzene, and pyridine in AIPO4-5 at the
higher temperatures (523-673 K) is mobile.
The mobility of sorbed molecules is, how-
ever, strongly dependent on the sorbate
loading. It increases in the sorption of cy-
clohexane and decreases in the sorption of
n-hexane, benzene, and pyridine, with the
increase in the sorbate loading.

In the sorption of n-hexane (for ¢, < 0.08
mmol - g71), benzene, and cyclohexane, the
observed entropy change is much less than
the theoretical value expected for the mo-
bile sorption (i.e., the sorption with a com-
plete loss of the degree of translation). This
implies that, in these cases the degree of
translation normal to the surface is con-
verted into a vibration and the entropy as-
sociated with the vibration normal to sur-
face is quite appreciable. For example, at
the sorbate loading of 0.02 mmol - g™!, the
entropies of vibration of sorbed n-hexane,
cyclohexane, and benzene are found to be
32.2,41.3,and 29.8 K : k™! - mol™!, respec-
tively, and the frequencies of vibration of
these molecules and the wavelengths of the
undulatory motion or vibratory flight result-
ing from the vibration, estimated by the
procedure given by de Boer (21), have been
found to be about 7.3 x 10!, 2.6 x 10", and
9.6 x 10! s~ and 0.53, 1.54, and 0.42 nm,
respectively. It may be noted that the
wavelength of the vibratory flight of the
sorbed molecules in the channels is some-
what greater than the atomic distances of
the aluminophosphate; in the case of cyclo-
hexane sorption, it is even greater than the
channel diameter. Thus, in addition to the
unrestricted freedom of movement in two
directions along the surface, the mobility of
these sorbate molecules in the channels of
AIPQ,-5 is greatly enhanced by their vibra-
tory flight. For such cases, Kemball (I8)
has introduced the term ‘‘supermobile
sorption.”’

Although the sorption of n-hexane of
higher sorbate loading (¢, > 0.08 mmol -
g~ ") and pyridine is also described by the
mobile film model, the observed entropy
change in these cases is greater than the
one predicted for the model. This shows
that the two-dimensional translational mo-
tion parallel to the surface is itself some-
what restricted. The entropy change in ad-
dition to that entailed by the loss of one
degree of translation reveals that some of
the rotational degrees of freedom of the
sorbed molecules are lost. It is to be noted
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here that the restriction on the rotation of
sorbed pyridine increases to a large extent
and consequently its mobility decreases
with the increase in the sorbate loading.

CONCLUSIONS

The following conclusions have been
drawn from the present investigation.

(i) The sorption capacity values of Al
PO,-5 {measured in terms of the volume of
liquid sorbate per gram of the adsorbent)
for the various sorbates (except water) are
close to each other (about 0.14 cm? - g™}
although their dipole moments and critical
molecular sizes differ widely from each
other.

(ii) The sorption of methanol, n-hexane,
and benzene at 313 K occurs by the volume
filling mechanism, thus satisfying the Du-
binin—Polanyi equation; the total volume of
sorption space in AIPO,-5 is estimated to be
about 0.14 cm?® - g,

(iit) At higher temperatures (523-673 K),
the reversible sorption of n-hexane, cyclo-
hexane, benzene, and pyridine in AIPO,-5
follows the Freundlich sorption isotherm.
Pyridine is sorbed irreversibly to a very
small extent but the other sorbates undergo
only reversible sorption.

(iv) The isosteric heat of sorption of n-
hexane, cyclohexane, and pyridine is
strongly influenced by the sorbate loading,
whereas that of benzene is only slightly af-
fected by it. The variation of the heat of
sorption with the sorbate loading indicates
that the interactions between the sorbed
molecules are attractive in the sorption of
pyridine and n-hexane, but repulsive in the
sorption of cyclohexane. The heat of sorp-
tion of pyridine is found to be much higher
than that of the other sorbates, mainly be-
cause of its very high molecular polarity
which causes a strong dipole-dipole inter-
action with the polar channels of AIPO,-5.
The values of the isosteric heat of sorption
(obtained from the sorption isotherm) at a
very low sorbate loading and at a near zero
sorbate loading obtained by the GC pulse

method for n-hexane, cyclohexane, and
benzene are very close to each other. There
is also very good agreement between the
values obtained by the two methods.

(v) The analysis of the entropy change in
the sorption has indicated that the sorption
of n-hexane (at lower sorbate loadings), cy-
clohexane, and benzene in AIPO,4-5 is su-
permobile, whereas although the sorption
of n-hexane at a higher sorbate loading and
of pyridine is also mobile, the two-dimen-
sional translational motion of the sorbed
molecules is restricted to some extent be-
cause of the loss of some of their rotational
degrees of freedom. The mobility of sorbed
n-hexane, benzene, and pyridine decreases
but that of cyclohexane increases with the
increase in the sorbate loading.
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