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Evaluation of adsorption properties of zeolites using inverse gas
chromatography: comparison with immersion calorimetry
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Abstract

Adsorption properties (enthalpy of adsorption, free energy of adsorption as well as the dispersive and specific components of free energy
of adsorption) of several hydrocarbons on zeolites 13X and 5A have been evaluated by inverse gas chromatography (IGC). A parallelism
between the effects of the molecular diameter on the enthalpy of immersion and the parameter of specific interaction was found for series of
hydrocarbon with the same number of carbon atoms. For polar compounds, dipolar moment presents a key role on the relationship between
calorimetric and chromatographic data.
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. Introduction

The understanding of adsorption phenomena at the
olid/gas and solid/liquid interfaces requires experimental
ethods able to characterize the solid surface in terms of

urface area, porosity, nature and energy of active sites. Sorp-
ion measurements are very common in the characterization
f solid/gas interfaces for various materials. These measure-
ents can provide thermodynamic information (for instance

urface energy or heat of adsorption) as well as kinetic in-
ormation, such as diffusion rates. The thermodynamic data
an be used to estimate and compare the relative strengths
f intermolecular forces between the adsorbent and differ-
nt adsorbates and to study the interactions between the ad-
orbate and the adsorbent. In gas adsorption studies, inverse
as chromatography (IGC) is the most common method to
btain heats of adsorption[1]. Surface free energy of the
dsorbent, obtained by IGC, allows the exhaustive study of
urfaces since it can be divided into dispersive and specific
omponent, the latter due to adsorbates other thann-alkanes
2,3].

IGC offers an alternative to the conventional gravime
or volumetric methods for determining adsorption equ
rium isotherms, due to its simplicity, the shorter measurem
time and a wider range of experimental possibilities. IGC
been widely utilized in the last years to study adsorbents[3,4],
foods[5], carbon blacks[6] and fibers[7].

On the other hand, when a solid is immersed in
non-reacting liquid a given amount of heat is evolved. T
heat, related to the formation of an adsorbed layer of li
molecules on the solid surface, is called ‘heat of immers
or ‘heat of wetting’. The heats of immersion of a given s
into different liquids are usually different, and they are
related only to the surface area available to the liquid
also to the physico-chemical interaction between the
surface and the probe liquid. The measurement of hea
immersion into liquids with different molecular sizes i
widely used technique to determine the pore size dist
tion of solids with similar surface chemistry. When po
surfaces are analyzed, the total value of heat of imme
is due to both the surface accessibility of the immersion
uid and the specific interactions between the solid su
and the liquid molecules. Moreover, immersion calorim
∗ Corresponding author. Tel.: +34 985 103 437; fax: +34 985 103 434.
E-mail address:sordonez@uniovi.es (S. Ordóñez).

has also been applied to the characterization of acidic and
basic sites, through the determination of the enthalpies of
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neutralization of acidic and basic groups by titrated solu-
tions of NaOH, NaHCO3 and HCl[8] and correlations be-
tween the enthalpy of immersion and various surface groups
characterized by direct titration have been established. Re-
cent applications of immersion calorimetry for surface stud-
ies are applied to microporous adsorbents, such as carbon
surfaces[9–11] and zeolites[12]. Immersion calorimetry
data for the wetting of a solid in a pure liquid could be ob-
tained by two different procedures. Either the dry solid is
immersed into a liquid or it is first covered by an adsorbed
layer of the corresponding vapour and then immersed in the
liquid.

The scope of this work is to find a relationship between
parameters of adsorption obtained by IGC and the enthalpy
of immersion taking the data reported in the literature[13].
These studies have been carried out with two kinds of zeolites,
and usingn-hexane, cyclohexane and benzene, as well as
chlorinated compounds (chloroform, trichloroethylene and
tetrachloroethylene), as adsorbates.

Zeolites, crystalline aluminosilicates with empirical for-
mula M2/nO·Al2O3·xSiO2·yH2O, where M is an exchange-
able cation of valencen, are widely used as adsorbents and
catalysts due to: (i) their molecular sieve ability due to their
internal structure, composed by cavities and channels with
uniform dimensions, (ii) their catalytic function, attributed
to their surface acidity (presence of Al3+ ions replacing some
S ge
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Measurements were carried out in the temperature range
of 200–270◦C, and the thermodynamic equilibrium in ad-
sorption measurements is ensured employing the flow rate of
carrier gas for which there was no contribution of molecu-
lar diffusion: 50 mL/min was found to be the proper carrier
gas flow rate for cyclohexane, benzene, trichloroethylene and
tetrachloroethylene over zeolite 13X, whereas for chloroform
andn-hexane in the case of the same zeolite 13X and for all
the compounds studied for the zeolite 5A, at 30 mL/min have
reached constant specific retention volume,Vg:

Vg = Fj
tR − tM

m

(
po − pw

po

) (
T

Tmeter

)
(1)

wheretR is the retention time in min,tM the retention time of
non-adsorbing marker (hold up time),po the outlet column
pressure,pw the vapour pressure of water at the flowmeter
temperature in Pa,T the column temperature,Tmeterthe ambi-
ent temperature in K, andj the James-Martin compressibility
factor.

3. Results and discussion

3.1. Enthalpy of adsorption

Commercial zeolites used in chromatographic study were
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i4+ ions in the framework), (iii) their capacity to exchan
ations to transition metals, that can act as catalysts t
elves. Molecular sieve zeolites such as 13X zeolite
nown as NaX) have been used for hydrocarbon adsor
14], and more recently, molecular sieves of 5A type (C
15,16].

. Experimental

Zeolites 13X and 5A were used in this work, both s
lied by Alltech, and available in the range 40–60 m
olutes employed in adsorption studies were hexane
luka (>99.5% purity), and cyclohexane, benzene, ch

orm, trichloroethylene and tetrachloroethylene from Pan
>99% purity), in order to study thermodynamics of the
orption of several kinds of common volatile organic co
ounds (VOCs). Helium (>99.9995% purity) was supp
y Air Liquide.

Basically, chromatographic measurements were ca
ut in a Varian 3800 gas chromatograph with a thermal
uctivity detector, as described elsewhere[17,18]. The zeo

ite (0.6 g) was placed into a 27 cm length of stainless
olumn, with passivated inner walls and an inside dia
er of 5.3 mm (o.d. 1/4 in.). Packing of the catalyst was
omplished with mechanical vibration, and the two end
he column were plugged with silane-treated glass wool.
olumns were then stabilized on the GC system at 30◦C
vernight under a helium flow rate of 30 mL/min.
haracterized by nitrogen adsorption, obtaining a Lang
urface area of 571 m2/g (13X) and 550 m2/g (5A). Moreover
heir mesopores pore volume were 0.165 and 0.062 c3/g
or 13X and 5A and micropores pore volume 0.170
.176 cm3/g, respectively.

Silvestre-Albero et al.[13] claim that immersion calorime
ry is able to evaluate the microporous network of zeolite
sing liquids with similar chemical interaction but differe
olecular size. Since diameter of molecules is known,
ossible to establish pore size distribution. The experim
alues of enthalpy of adsorption obtained in this work
erived with Eq.(2), for both types of investigated zeoli
s adsorbents, and forn-hexane, cyclohexane and benze
s adsorbates, and compared with the enthalpy of imme

nto the same liquids at 30◦C [13], in J/g (gram of zeolite
ig. 1:

Hads= −R
∂(ln Vg)

∂(1/T)
(2)

Zeolite 13X, which has an entrance window of ab
.75 nm, allows three adsorbates studied here (n-he
.43 nm; cyclohexane, 0.48 nm; benzene, 0.57 nm[13]) to
enetrate into its supercage. Enthalpies of immersion fo
xactly the same trend as the enthalpies of adsorptio
he case of zeolite 5A,n-hexane can enter the micropor
ty of the zeolite, but the entrance of about 0.44 nm is
tricted to cyclohexane and benzene. However, the fac
he molecules cannot penetrate the zeolitic structure doe
mpede to maintain values of enthalpy of adsorption ne
s those obtained in the case of zeolite 13X.
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Fig. 1. Representation of enthalpy of adsorption and enthalpy of immersion
vs. size of molecules of adsorbates for (a) zeolite 13X and (b) zeolite 5A.

It is important to note that the diffusion of molecules
through the pores of zeolite crystal has been minimized at
the conditions of IGC experiments[18]. On the other hand,
both diffusion and capillarity forces play an important role
in the enthalpy of immersion. The diffusion of molecules
in the pores can be classified into different regimes depend-
ing on pore diameter. For macropores, collisions between the
molecules occur much more frequently than collisions with
the wall, and molecular diffusion is the dominant mechanism.
As the size of the pores decreases, the number of the colli-
sions with the wall increases until it finally becomes smaller
than the mean free path. At this point, Knudsen diffusion
takes over and the mobility starts to depend on the dimen-
sions of the pore. At even smaller pore sizes, in the range of
2 nm and smaller, when the pore diameter becomes compa-
rable to the size of the molecules diffusion takes place in the
micropores of zeolites and is called configurational diffusion.
Due to the small distance between the molecules and the pore
wall, the molecules are more or less physically bonded to it,
and the mechanism is comparable to a surface diffusion. In
this regime, diffusion will depend strongly on the pore diam-
eter, the structure of the pore wall, the interactions between
the surface atoms and the diffusing molecules and the way
the channels are connected. Uryadov and Skirda[19] have
studied the system 13X/n-decane and they find self-diffusion
as the channel diameters and diameters of fluid molecules

are similar. This process is an equilibrium process (whereas
the transport diffusion requires a chemical potential gradi-
ent), and satisfies the single-file diffusion regime (molecules
diffuse through a zeolite with a one-dimensional channel net-
work), characterized by a dramatic decrease in mobility of the
molecules. Likewise, the capillarity forces play an important
role; in fact, the immersion calorimetry in its standard form is
well suited for wetting systems. However, the transition from
capillarity to diffusion phenomena is not completely under-
stood[20]. So, as it was shown inFig. 1, both the interaction
between the liquid molecule and the adsorbent and the en-
thalpy of immersion increase as the pore aperture increases.
Likewise, the enthalpies of adsorption, less affected by the
diffusion of molecules into the zeolitic structure and by the
capillarity forces are not so influenced by the pore diameter.

3.2. Dispersive and specific components of surface free
energy

For a given adsorbate, the free energy of adsorption is
the sum of energies of adsorption attributed to dispersive
and specific interactions. As in the case of the free energy
of adsorption, the surface free energy of the adsorbent,γS
(J/m2), may be split into dispersion,γD

S , and specific,γS
S,

contributions, corresponding to the dispersion and specific
i
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S = γS
S + γD

S (3)

The dispersive component, intrinsic and unspecific fo
olecules, is due to London forces. The specific compo
f the surface free energy is closely related with the pa
ter of specific interaction of polar solutes (Isp). This param
ter involves the surface properties in terms of potentia
cid–base interactions and may be determined from th

erence of free energy of adsorption,�(�G), between a pola
olute and the real or hypotheticaln-alkane with the same su
ace area[22], so it could be calculated for all molecules w
he exception ofn-alkanes:

sp = �(�G)

Nap
(4)

hereap is the polar solute surface area.
Fig. 2 shows the parallelism between the paramete

pecific interaction of polar solutes,Isp and the enthalpies
mmersion forn-hexane, cyclohexane and benzene.

When the structure of the zeolite allows the entranc
he molecules of the liquid (zeolite 13X), there is a lin
elationship between enthalpy of immersion and the diam
f the molecule of the liquid for the same number of car
toms. Moreover, the slope of the straight line of the evolu
f Ispand�Him with molecular size of the adsorbate is alm
qual to that of the representation of the parameter of sp

nteraction versus the size of the adsorbate. The evol
f the parameter of specific interaction with the size of
dsorbate for zeolite 5A exhibits a similar behaviour as in
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Fig. 2. Representation of the parameter of specific interaction of cyclohex-
ane and benzene (�) and the enthalpies of immersion (�) forn-hexane,
cyclohexane and benzene on (a) zeolite 13X and (b) zeolite 5A.

case of the zeolite 13X, however the enthalpy of immersion
is nearly null for those molecules whose diameters are higher
than the aperture diameter of the zeolite.

The three molecules tested up to now,n-hexane, cyclo-
hexane and benzene are apolar molecules. However, in order
to study the polarity of the zeolitic surface, polar molecules
must be used for establishing the specific interactions be-
tween the surface and the wetting molecule or adsorbate.
Representation of enthalpy of immersion versus diameter of
wetting molecule (from[13]) for polar ones gives a curve
(not shown). Chessick et al.[23] and Zettlemeyer et al.[24]
aimed that if data of immersion calorimetry are plotted as a
function of the dipole moment of the wetting molecule, they
could fit them reasonably well to a straight line. They aimed
that the slope of this straight line allowed estimating the av-
erage field strength of the surface and the intercept gave the
non-specific contribution to the interaction energy. On the
other hand, Silvestre-Albero et al.[13] indicated that there is
a relationship between the enthalpy of immersion into chlo-
rinated compounds and the dipole moment, but the intercept
gives a positive value, which would mean that the process is
endothermic, which is not possible.

The evolution of the parameter of specific interaction of
polar compounds, obtained by IGC, as function of dipole

Fig. 3. Evolution of parameter of specific interaction of zeolite 13X at
250◦C for chloroform, trichloroethylene and tetrachloroethylene as func-
tion of dipolar moment: compounds with the same number of carbon atoms
(discontinuous line) and compounds with the same number of chlorine atoms
(continuous line).

moment (chloroform, 1.01 D; trichloroethylene, 1.78 D; and
tetrachloroethylene, 1.32 D) is depicted inFig. 3. The evolu-
tion of Ispversus the dipole moment is represented as function
of the number of carbon atoms and the number of chlorine
atoms. The representation according to the number of carbon
atoms gives also a positive value of the intercept, however, the
representation as function of the number of chlorine atoms
leads to a reasonable value of non-specific interaction.

The dispersive component, intrinsic and unspecific for all
molecules, is given from chromatographic data by:

γD
S = 1

4

�G2
CH2

γCH2N
2a2

CH2

(5)

whereN is the Avogadro number,aCH2 is the area occupied
by a−CH2 group (0.06 nm2), andγCH2 (mJ/m2) the surface
tension of a surface consisting of CH2 groups, which is a
function of temperature in◦C:

γCH2 = 35.6+ 0.058(20− T ) (6)

In order to explain the relationship between the negative
intercept, due to non-specific interaction (if we assumed that
the aim of Chessick and Zettlemoyer is also appropriate in the
representation of parameter of specific interaction obtained
by IGC instead of the enthalpy of immersion), and the disper-
sive component of the surface free energy of the adsorbent,
b
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oth are represented as function of temperature,Fig. 4.
The same trend is observed between both representa

hey decrease as temperature increases, although ther
high difference between two series of values (the first s

s multiplied by 2) and the variation ofγD
S is much slighter.

On the other hand, with the aim to find a relationship
ween the slope of the straight line ofFig. 3with the strength
f the interaction between the adsorbate and the adso
ata of the slope ofIsp of zeolite 13X versus dipolar m
ent for compounds with the same number of chlorine a
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Fig. 4. Relationship between interceptIsp of zeolite 13X vs. dipolar mo-
ment for compounds with the same number of carbon atoms (black) and the
dispersive component of surface energy,γD

S (grey).

are represented as function of temperature,Fig. 5. Likewise,
data of the free energy of adsorption are represented versus
temperature for chloroform and trichloroethylene, both com-
pounds implied in the study.

From chromatographic data, the standard free energy of
adsorption at infinite dilution,�Gads (J/mol), can be ex-
pressed as[2,3,16]:

�Gads= −RT ln

[
p0Vg

π0A

]
(7)

whereA is the specific surface area, andπ0 is the spreading
pressure of the adsorbed gas in the De Boer standard state
which was taken as 338�N/m [25].

Fig. 5shows an unexpected coincidence between the shape
of the curves, which represent the evolution of the free en-
ergy of adsorption, and the parameter, which would represent
the strength of the interaction between adsorbate and adsor-
bent (slope ofIsp versus dipolar moment). Furthermore, al-
though the unit of measure is different for both parameters
to consider, the sum of the slopes corresponding to free en-

F form
( s
f

ergy of adsorption as function of temperature for chloroform
(−2.124) and trichloroethylene (−1.395), is approximately
the slope of the first parameter (−3.552).

4. Conclusions

Adsorption parameters obtained by IGC on zeolites 13X
and 5A have been compared and related to data obtained by
calorimetry of immersion. The following conclusions were
reached:

(1) For series of hydrocarbons (null dipolar moment) with
the same number of carbon atoms (n-hexane, cyclohex-
ane and benzene), there is a constant difference between
the enthalpy of adsorption and the enthalpy of immer-
sion when they are represented as function of the size
of the molecules, as long as the aperture diameter of the
zeolite allows to penetrate into its structure the wetting
liquid. Moreover, representations of enthalpies of im-
mersion versus size of molecules of wetting liquid gives
a straight line whose slope is equal to that resulting of
representing the parameter of specific interaction,Isp, as
function of the size of adsorbate.

(2) In the case of polar molecules (chlorinated compounds), a
representation of�Himm versus dipolar moment leads to
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ig. 5. Relationship between free energy of adsorption (kJ/mol), chloro
�) and trichloroethylene (�) and the slope ofIsp vs. dipolar moment a
unction of temperature (�).
,

a straight line, however its intercept, which would m
the non-specific interaction, gives a positive value w
compounds of the same number of carbon atoms are
If compounds of the same number of chlorine atoms
represented, the intercept gives a negative value. I
lows the same trend with temperature that the dispe
component of surface energy obtained by chromato
phy, however its variation is much more pronounced

3) The slope of the straight line resulting of represen
�Himm versus dipolar moment means the strengt
interaction between the solid and the wetting liquid.
series of chlorinated compounds with the same numb
chlorine atoms, its evolution as function of tempera
reveals that its slope is the sum of the slopes of the l
which represent−�Gadsversus temperature.
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[17] E. D́ıaz, S. Ord́oñez, A. Vega, J. Coca, Micropor. Mesopor. Mater.

70 (2004) 109–118.
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