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Thermodynamics of adsorption of hydrocarbons on molecular
sieves NaY and CaY by inverse gas chromatography
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Abstract

Inverse gas chromatography (IGC) has been used to measure the surface adsorption of some probes (n-alkanes on a series (n-C5 ton-
C8) cyclohexane and benzene) on NaY and CaY zeolites. From the retention volumes at infinite dilution over a range of temperatures, the
differential heat of adsorption (�H◦), the standard free energy of adsorption (�G◦), and the standard entropy of adsorption (�S◦) have been
determined for the probes on the NaY and CaY zeolites. It was found that interactions of probes with CaY stronger than that on NaY. The
dispersive (London) component of the surface free energies (γd), has also been calculated. The dispersive components of the surface energies
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or CaY were found to be higher than the values for NaY.
2005 Elsevier B.V. All rights reserved.
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. Introduction

One of the advantages of zeolites in comparison with con-
entional adsorbents lies in the fact that their properties can
asily be altered by processes such as ion exchange, extrac-

ion of aluminium heat and water stream treatment. Using
hese methods zeolites can be modified to solve very different
eparation processes. For example by cation exchange pore
iameters can be made to vary in such a way that molecules of
ifferent size and shape are separated. Different molecules of
omparable size can also be separated by their specific ener-
etic interactions with the zeolite adsorbent.

The openness of structure of type Y zeolites allows them to
dsorb larger quantities of gases and larger molecular species.
his usually makes separation efficiencies based upon molec-
lar size to have lesser practical importance than the other
roperties of these zeolites. Since its discovery by Breck
early five decades ago[1], the Y zeolite has attained promi-
ence both in science and technology. It has become one of

Abbreviation: IGC, inverse gas chromatography

the most important industrial adsorbents and catalysts
today. Among the zeolites utilized as catalysts, Y zeoli
probably the most extensively used, essentially as a cra
catalyst[2]. Several researchers have shown that both
adsorption[3–5] and catalytic[6] properties can be strong
influenced by the exchangeable cations.

For a long time, contact angle measurement was the
experimental method used for characterization of the
face energy of solids. This technique can involve ser
experimental difficulties and cannot be applied to such s
surfaces as porous and rugous materials. Moreover, this
nique cannot be applied to powders and fibers, which d
present film-like surfaces. It is best suited for low surf
energy solids, such as polymers, because for such m
als, finite contact angles can be achieved with recour
convenient probe liquids. Mineral surfaces, however, are
ically wet out (contact angle close to 0) by most liqu
Although it is possible to use the “two liquid approach”
get a finite contact angle – as in the contact angle of a
energy solid against water in octane – the results perta
the solids–octane interface, not the solid surface itself[7,8].

Recently, inverse gas chromatography (IGC) has
∗ Corresponding author. Tel.: +90 222 2392850; fax: +90 222 2393613.
E-mail address:aaskin@ogu.edu.tr (A. As¸kın). developed as a new complementary technique for surface
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Nomenclature

a surface area of the liquid probe molecule (Å2)
As available area for a molecule in standard

adsorbed state (4.08T× 10−l6 cm2)
Fa volumetric flow rate (cm3 s−1)
�G◦ standard free energy change of adsorption

(kJ mol−1)
�Gd dispersive component of the standard free

energy change of adsorption (kJ mol−1)
�Gsp specific component of the standard free energy

change of adsorption (kJ mol−1)
�H◦ standard differential enthalpy of adsorption

(kJ mol−1)
j James–Martin gas compressibility factor
m adsorbent mass in the column (g)
N Avagadro’s number
P◦ standard state vapor pressure of adsorbate

(mmHg)
R ideal gas constant (kJ mol−1 K−1)
S specific surface area of adsorbent (m2 g−1)
2St two-dimensional translation entropy

(J mol−1 K−1)
3St three-dimensional translation entropy

(J mol−1 K−1)
�S◦ standard entropy change of adsorption

(J mol−1 K−1)
tm dead time (s)
tR retention time of the probe (s)
T column temperature (K)
Ta ambient temperature (K)
VN net retention volume (cm3)
W work of adhesion (mJ m−2)

Greek letters
γd

S dispersive component of the surface free
energy of the solid (mJ m−2)

γd
L dispersive component of the surface free

energy of the liquid (mJ m−2)
π0 surface pressure (mJ m−2)

energy characterization of solid materials. The dispersive
component of surface energy of polymers[9], clays [10],
zeolites[11], carbon fibers[12], graphite[13], wood [14],
glass [15], and cellulose fibers[16] and various other
organic[7] and mineral fillers[8] have been reported in the
literature. The results obtained were entirely satisfactory

and IGC has thus become a useful and reliable analytical
method because of its relative rapidity, simplicity, and good
accuracy, as well as the relatively low cost and availability of
the equipment associated with its practice essentially in gas
chromatography.

In the IGC the molecular sieve zeolite to be characterized
is used as the stationary phase, and a solute with well-known
properties is injected as a probe. Several thermodynamic
quantities, including surface energy, can thus be derived from
the retention volume of probe passing through the column
filled with zeolites.

This work was thus undertaken in order to investigate
how IGC could be applied in estimating dispersive com-
ponents of surface energies of two alkalies exchanging Y
zeolites (NaY, CaY). Another purpose was to determine
the variation in adsorption thermodynamic parameters of
some hydrocarbons on NaY and CaY by the exchangeable
cations.

2. Experimental

2.1. Materials and columns

Two adsorbents were used: Molecular Sieve NaY
( by
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w with
M ere
p
a Insti-
t

mn
w and
a

h gent
g .

2

ith a
U ion-
i icam
4

rate
o soap

Table 1
Characterstics of the columns and adsorbents

Adsorbent Particle size (mm) Specific surface area (m2/g) Packing weight l/min)

NaY 0.150–0.125 425 2.36
CaY 0.150–0.125 479 2.03
Aldrich), and Molecular Sieve CaY which was prepared
conventional ion exchange technique from NaY with s

ion of calcium chloride[17]. The surface areas of adsorbe
ere determined by nitrogen adsorption (BET method)
icromeritics-Flowsorb II 2300. The measurements w
erformed in the laboratories of the TÜBİTAK (Scientific
nd Technical Research Council of Turkey) Research

ute.
A 5.35 mm i.d. and 150 cm long stainless steel colu

as used in this work. The characteristics of the column
dsorbents were given inTable 1.

The adsorbates (probes) used weren-pentane,n-hexane,n-
eptane,n-octane, cyclohexane, and benzene (Merck, rea
rade). They were employed without further purification

.2. Instrumentation

The chromatographic experiments were performed w
nicam 610 gas chromatograph equipped with a flame

zation detector. Retention times were recorded on a Un
815 integrator.

High purity nitrogen was used as carrier gas. The flow
f carrier gas was measured at the detector outlet with a

of adsorbent (g) Column temperature (K) Carrier gas flow rate (m

513–543 10, 15, 30
663–693 10, 30
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bubble flowmeter and was corrected for pressure drop in the
column by using James–Martin gas compressibility factor (j)
and correction at column temperature was also made.

The adsorbents were conditioned at 693 K in the nitrogen
gas flow for 24 h prior to the measurements. Retention times
were calculated from a chart recorder trace of the elution
chromatograms and were corrected for column “dead time”.

3. Calculations

Chromatographic peaks recorded at infinite dilution con-
centration region of hydrocarbons on zeolites were symmet-
rical, with elution times and volumes being independent of
the injection size. The fact that the elution times and volumes
were independent of injection sizes indicates that, under the
experimental conditions used in the present study, adsorption
data obeyed Henry’s law. The net retention volume (VN) can
be calculated from the following relation[18,19]:

VN = (tR − tm)Fa
T

Ta
j (1)

wheretR is the probe retention time,tm the retention time
of the mobile phase (holdup time, dead-time),Fa the volu-
metric flow rate measured at column outlet and at ambient
t
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Then, the standard entropy change of adsorption of the
probe at zero coverage,�S◦, can be calculated by Eq.(5)
[21–24]:

�S◦ = �H◦ − �G◦

T
(5)

3.2. Dispersive component of surface energy

Depending on the nature of the probes injected,�G◦ will
be the result of nonpolar and polar interactions. Nonpolar
probes such asn-alkanes would interact by dispersion inter-
actions only:

�G◦ = �Gd (6)

For a polar probe, additional specific interactions with the
solid would give a higher free energy of adsorption due to the
contribution of the specific free energy change of adsorption:

�G◦ = �Gd + �Gsp (7)

Since nonpolar liquids interact by dispersive interactions
only, the free energy change of adhesion,�G◦ of a nonpolar
probe can be related to the work of adhesion by

�G◦ = NaW (8)

whereW is the work of adhesion,N the Avogadro’s number
a ules.
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emperature,Ta the ambient temperature (K),T the column
emperature (K) andj is James–Martin gas compressibi
orrection factor.

.1. Adsorption thermodynamics

When adsorption takes place in the Henry’s law reg
he standard free energy change of adsorption (�G◦), as a
unction ofVN, can be determined from:

G◦ = −RT ln

(
VNP0

mSπ0

)
(2)

hereR is the ideal gas constant,m the mass of adso
ent in the column,S the specific surface area of adsorb
0 the adsorbate vapor pressure in the gaseous sta
tate having a value of 101.3 kPa (1 atm) andπ0 is the
eference two-dimensional surface pressure whose sta
tate is arbitrary. The standard reference state was tak
0 = 0.338 mJ/m2 proposed by de Boer[20]. Therefore,�G◦
an be written:

G◦ = −RT ln VN + constant (3

t zero surface coverage�H◦ can be identified by the di
erential heat of adsorption of the probe. It is estimated f
he changes inVN with temperature, i.e.:

H◦ = −R
d ln VN

d(1/T )
(4)

ince�H◦ is temperature independent, Eq.(5) predicts a
inear relationship between�G◦ and�H◦.
nda is the cross-section area of the liquid probe molec
The work of adhesion,Wof a nonpolar liquid onto a sol

an be expressed as the geometric mean of the disp
omponents of the solid (γd

S) and the liquid (γd
L). Thus,

= 2(γd
Sγd

L)
1/2

(9)

ombining Eqs.(3), (8) and (9):

T ln VN = 2N(γd
S)

1/2
a(γd

L)
1/2 + constant (10

straight line was obtained from a plot of the free ene
hange of adsorption of liquid probes onto solidsRTlnVN as
function of the product of the alkane the cross-section
nd the dispersive component of the alkane surface e

a(γd
L)

1/2
). The dispersive component of the solid,γd

S can
hus be obtained from the slope of the line[25–27].

. Results and discussion

.1. Adsorption thermodynamics

In this study, thermodynamic parameters for adsorp
f all hydrocarbons (n-alkanes on a series (n-C5 to n-C8),
yclohexane and benzene) on NaY and CaY were determ
n the infinite dilution region. Standard free energy chan
f adsorption (�G◦) were calculated by Eq.(2). Differential
eats of adsorption (�H◦) were calculated from plots of lnVN
gainst 1/T.The slopes of the lines are [−(�H◦/R)] according
o Eq.(4). These plots are given inFig. 1. Standard entrop
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Fig. 1. The plot of lnVN vs. 1/T for the adsorption of the probes on NaY
and CaY.

changes of adsorption (�S◦) were calculated by Eq.(5). The
values of−�H◦, −�S◦ and−�G◦ increase with increasing
carbon number and that the linear increase was obtained for
then-alkanes.

If we consider the adsorbate as an ideal gas, its three-
dimensional translation entropy can be written as

3St = R ln(M3/2T 5/2) − 9.62 (11)

whereM is the molecular weight of adsorbate. The two-
dimensional translation entropy is calculated by

2St = R ln(MTAs) + 275.32 (12)

whereAs is the available area for a molecule in standard
adsorbed state (4.08T× 10−l6 cm2). Therefore, the theoreti-
cal entropy change upon the adsorption of a vapor on a solid
surface can be calculated from the difference between2St and
3St [22,28].

The differential heats of adsorption (�H◦) at zero surface
coverage, the free energy changes (�G◦), the experimen-
tal entropy changes (�S◦) and theoretical entropy changes
(3St − 2St) are given inTable 2(these parameters are average
values for the temperature range studied).

When 1 mol gas goes across the gas phase to the adsorbe
phase, a decrease in translational entropy occurs. This change

can be expressed by: (3St − 2St). The values for then-alkanes
are from −53.49 for n-pentane to−55.41 J mol−1 K−1

for n-octane on NaY and from−54.55 for n-pentane to
−56.46 J mol−1 K−1 for n-octane on CaY. The theoretical
entropy change is of the same order as the experimental
value (Table 2). The entropy change decrease ofn-alkanes
upon adsorption results in part from the loss of one degree
of translational freedom. When the number of carbon atoms
increases, the values of−�S◦ are higher than the values of
theoretical entropy change. This additional entropy loss that
is found experimentally may result from a restriction of rota-
tional and vibrational freedom on the surface.

Table 2also shows that−�H◦ values of all studied probes
are higher on zeolite CaY than on zeolite NaY. For Y zeolites
exchanged with di-valent cation like Ca2+, a higher adsorp-
tion capacity could be expected than that with Na+ because
two mono-valent cations are replaced by a single di-valent
cation and the ionic radii of calcium are not greater than that
of sodium. Therefore, the net volume occupancy by these
di-valent cations would be less than one half as with sodium.

The results obtained from the differential heat of adsorp-
tion (�H◦) measurements in different studies are summarized
in Table 3. As can be seen from this table, the�H◦ measure-
ment results obtained by using the chromatographic method
are in agreement with the results obtained by static measure-
ment methods (gravimetric and calorimetric) in the previous
s hich
i
v v and
Y

ore
n atic
a tom
n eg-
a the
a y the
s d
t the
a nce:
c ent

T
T and Ca

A G◦ (kJ

N .25
.59
.51
.76
.30
.93

C .98
.69
.31
.96
.56
.40
able 2
hermodynamic parameters for the adsorption of the probes on NaY

dsorbent Probe −�H◦ (kJ mol−1) −�

aY n-Pentane 41.35 2
n-Hexane 46.13 5
n-Heptane 52.12 7
n-Octane 60.32 11
Cyclohexane 37.05 4
Benzene 62.84 14

aY n-Pentane 55.12 1
n-Hexane 66.89 3
n-Heptane 85.40 8
n-Octane 111.11 12
Cyclohexane 57.60 3
Benzene 81.70 10
d

tudies found in literature except in the case of benzene w
s a large molecule for which the gas chromatographic�H◦
alues deviate from the static ones as reported by Kisele
ashin[34].

It is evident from the data that benzene exhibits m
egative�H◦ than the corresponding values for aliph
nd alicyclic hydrocarbons with the same carbon a
umber (i.e.n-hexane and cyclohexane). The more n
tive the heat, the greater the interaction between
dsorbate and the adsorbent. This can be explained b
pecific interactions between benzene’s� electrons an
he surfaces. It was observed that on NaY and CaY
dsorption strength increases in the following seque
yclohexane <n-hexane < benzene. This is in agreem

Y

mol−1) −�S◦ (J mol−1 K−1) −(2St−3St) (J mol−1 K−1)

74.0 53.5
79.6 54.2
84.1 54.8
91.9 55.4
62.0 54.1
90.7 53.2

78.3 54.5
93.2 55.3

113.6 55.9
144.7 56.5

79.7 55.2
105.1 54.9
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Table 3
Comparison of the obtained and literature data on heat of adsorption

Adsorbent Probe −�H◦ (kJ mol−1) Methoda Reference

NaY n-Pentane 41 Grav. [29]
39.4, 46 Chrom. [30,31]
41.35 Chrom. Obtained

n-Hexane 47, 46 Grav., Calor. [29,2]
45.5, 50.2 Chrom. [30,31]
46.13 Chrom. Obtained

n-Heptane 51.9 Chrom. [30]
52.12 Chrom. Obtained

n-Octane 61 Grav. [29]
57.5 Chrom. [30]
60.32 Chrom. Obtained

Cylohexane 51, 54.42 Calor. [32,2]
48 Chrom. [32]
37.05 Chrom. Obtained

Benzene 79.5, 71.16, 74.92 Calor. [32,2,33]
62.84 Chrom. Obtained

CaY n-Hexane 39.76 Calor. [2]
66.89 Chrom. Obtained

Cylohexane 58.60 Calor. [2]
57.60 Chrom. Obtained

Benzene 92.09 Calor. [2]
81.70 Chrom. Obtained

a Grav., Calor., Chrom. = determined by gravimetric, calorimetric and
chromatographic.

with the literature results for NaY, NaX, alumina and silica
surfaces[35–37]. Any chromatographic�H◦ measurement
values could not be found for CaY in literature. Thus, the
measurements were performed in this study for CaY and
the obtained results fitted the increasing adsorption strength
sequence mentioned above. There is only one study on�H◦
measurements of CaY with static methods which could be
found in literature and, as can be seen inTable 3, there is
a deviation in static measurement results considering the
increasing order of adsorption strength values[2].

The synthetic faujasite analogues, zeolites X and Y, are
used extensively as catalysts in variety of reactions and in
separation processes. They are much more open than zeolite
A. Their largest windows have free diameters of≈7.4Å; for
zeolite A, it is 4.2Å [2]. The 12-ring windows of the faujasites
can admit molecules as large as benzene, mesitylene, and
tertiary amines.

It was reported[38,39] that benzene molecules interact
both with Na+ ions (acting as Lewis acids) and highly nega-
tive charged framework oxygen atoms (intrinsic basic sites)
of 12-ring windows of NaY, synthesized from the sodium
aluminosilicate gel. The amount of benzene adsorbed in a
supercage has led to the conclusion that about four Na+ ions
were located in each supercage and others are in the hexag
onal and sodalite cages.

By studying adsorption on zeolite Y, it becomes possible to
c plore
t n of
g pari-
s the
t

Fig. 2. RT lnVN vs.a(γd
L)

1/2
plot for the adsorption ofn-alkanes on NaY.

The thermodynamic parameters for the adsorption of some
hydrocarbons on NaX were found in our previous study
[36,41]. In this study, it was observed that the−�H◦ val-
ues of the studied hydrocarbons on NaY were lower than
those obtained for NaX. Since the dispersion interactions are
similar in both zeolites, this implies that the electrostatic field
does not increase with increase in the Si/Al ratio. In spite of
this, the adsorption heat decreased as Si/Al ratio increased
(for NaY Si/Al = 2.45, for NaX Si/Al = 1.25).

4.2. Dispersive component of surface energy

This parameter (γd
S) is very important for the determina-

tion of surface characteristics of adsorbent materials, provid-
ing an knowledge of the force field of the high energy sites.
According to general knowledge,γd

S is proportional to the
surface density of atoms, their polarizability and their ion-
ization energy[42].

Plots ofRTlnVN versusa(γd
L)

1/2
were found to be linear

for both zeolites at all studied temperatures thereby confirm-
ing the validity of Eq.(10). Figs. 2 and 3illustrate typical
results. The dispersive components of the zeolites (γd

S) were

calculated from slopes which are 2N(γd
S)

1/2
. The values of

a andγd
L were obtained from the literature (Table 4). The

dispersive components of NaY and CaY (γd
S) are tabulated at

e t,

.

ompare the properties of zeolites X and Y and thus to ex
he influence of charge density on the physical adsorptio
ases in the same aluminosilicate structure. Such a com
on is also relevant to the different catalytic activities of
wo forms of synthetic faujasite[40].
-

xperimental temperatures inTable 5. It was observed tha

Fig. 3. RT lnVN vs.a(γd
L)

1/2
plot for the adsorption ofn-alkanes on CaY
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Table 4
Properties of the probe[43,44]

Probe a (Å2) γd
L (mJ m−2)

n-Pentane 45.0 16.1
n-Hexane 51.5 18.4
n-Heptane 57.0 20.3
n-Octane 62.8 21.3

Table 5
Values ofγd

S measured on adsorbents at various temperatures

Adsorbent γd
S (mJ m−2)

240◦C 250◦C 260◦C 270◦C

NaY 52.6 51.8 47.4 47.3

Adsorbent γd
S (mJ m−2)

390◦C 400◦C 410◦C 420◦C

CaY 139 133 120 110

γd
S values decrease with temperature. The variation ofγd

S as a
function of temperature is linear and henceγd

S at room tem-
perature can be obtained by extrapolation. No value ofγd

S has
been found published for NaY and CaY to compare to our
results.

CaY presents a higher value ofγd
S than does NaY. CaY

shows a highγd
S varying between 139.5 and 109.9 mJ/m2

with temperatures between 390 and 420◦C. These values are
characteristic for high energy inorganic surfaces and are in
accordance with the values obtained for the differential heat
of adsorption.

5. Conclusion

From the results obtained in this study, the following con-
clusions can be drawn:

(1) IGC at infinite dilution is a convenient method for the
evaluation of the adsorption thermodynamic magnitudes
(�H◦, �G◦, �S◦, γd

S) of zeolites.
(2) In CaY, the specific interactions are greater for the

exchanged zeolite containing divalent ion than for NaY.
It is concluded that the interaction strength increases with
increasing cation charge and decreasing cation size.

(3) The weaker adsorption of the investigated probes on the
ites
ifies

( lites
hex-
the

ons is
ener-
. The
ified

(5) The diffusion of a particular species in the zeolite is,
therefore, expected to be strongly dependent on the
chemical environment of the diffusing species, which
in turn depends on the zeolite parameters (Si/Al ratio,
nature of the cation and its degree of exchange and pre-
treatment conditions, etc.).
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