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Abstract

Inverse gas chromatography has been used to evaluate the adsorption paraxketeyS énd AG) of some probes, each representing
a class of organica¥hexane, cyclohexane and benzene) on 4A and 13X zeolites. The adsorption parameters of the probes on 4A were
determined in the finite concentration region, and those on 13X were determined in the infinite dilution region. The interactions between the
probes and the surface were discussed in the light of determined thermodynamic parameters of adsorption. It was found that the adsorption
isotherms for 4A conform with the Langmuir equation and benzene exhibits more nefybtitiean forn-hexane and cyclohexane on both
4A and 13X. Also, interactions of the benzene argexane with 13X were found to be stronger than that on 4A.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction A requirement for the application of IGC in such cases is
that diffuse boundaries of the peaks fall on a common curve.

The majority of physicochemical adsorption properties  In the infinite dilution region, the elution peaks are char-
studied by gas—solid chromatography (GSC) refers to the sta-acterized by a good symmetry with the retention volumes
tionary phase and its interaction with known probe solutes, independent of the vapor sample size indicating that the
and this is known as inverse gas chromatography (IGC), Henry’s law region is indeed reached.
since it has the stationary phase of the system as the main In this study, the adsorptions of some hydrocarbons
object of investigation. (probes), each representing a class of organidsekane,

IGC offers an alternative to the conventional gravimetric cyclohexane and benzene) on two molecular sieves (4A and
or volumetric methods of determining adsorption equilib- 13X) were investigated at finite concentration and infinite
rium isotherms. This method enables a fast yield of adsorp- dilution region by IGC.
tion data with an extended range of temperatures and partial This paper is a continuation of our work devoted to the
pressures and is even applicable under reaction conditionsstudy of the heats of adsorption of some hydrocarbons on
Many physicochemical properties such as surface activity, some natural and synthetic zeolites [4].
surface area, and adsorption enthalpy, entropy and free en- The objectives of this study were:
ergy can be measured by IGC [1-3].

IGC measurements may be carried out both at finite sur-
face coverage (finite concentration region) and zero surface
coverage (Henry's law region or infinite dilution region).
When adsorption takes place at finite concentration region, 4A in the finite concentration region;

e sy acg) 10 etermine the basc thermodynamic parameats,(
P P 9asp " AG, AS) for the adsorption of the probes on 4A in the

Abbreviations:ECP, elution by characteristic point method; GSC, gas— finite Conqentratlon region, .
solid chromatography; IGC, inverse gas chromatography d) to determine these parameters for the adsorption of the

* Corresponding author. probes on 13X in the infinite dilution region.

a) to give a brief review about the different methods used
to calculate the adsorption parameters in finite concen-
tration and infinite dilution regions;

b) to construct the adsorption isotherms of the probes on
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PIl: S1385-8947(02)00026-8



256 O. inel et al./Chemical Engineering Journal 88 (2002) 255-262

flame ionization detector was used in the infinite dilution

Nomenclature region. Retention times were recorded on an Unicam 4815

b adsorption equilibration constant (mm#g integrator.

F.  volumetric flow rate High purity nitrogen was used as carrier gas. The flow
AG free energy of adsorption rate of carrier gas was measured at the detector outlet with a
AH differential enthalpy of adsorption soap bubble flowmeter and was corrected for pressure drop
AHgt isosteric enthalpy of adsorption in the column using pressure gradient correction fagjor (

j James—Martin correction factor correction at column temperature was also made.

K surface partition coefficient The adsorbents were conditioned at 523 K in the nitrogen
n amount adsorbed (motg) gas flow for 24 h prior to the measurements. Retention times
Nm  maximum amount adsorbed (mott) were calculated from a chart recorder trace of the elution
p partial pressure of adsorbate chromatograms and were corrected for column “dead time”.

p° standard pressure (1 atm)

Ps)g standard-state vapor pressure of
adsorbate (1 atm)

q amount adsorbed (molm) (see Eq. (9))

q heat of adsorptiorlg = —AH)

3. Calculations

3.1. Adsorption isotherms

st isosteric heat of adsorptio@st = —AHst) In order to obtain adsorption isotherms from the shape
R universal gas constant of a single gas chromatographic peak, “finite concentration”
S specific surface area of adsorbenf@n?) GC techniques were used [1-3]. When adsorption takes
AS  entropy of adsorption place at finite surface coverage, the isotherms are generally
tm  dead time. non-linear and hence retention volumes are dependent upon
tr  retention time of the probe the adsorbate concentration in the gas phase. In addition,
T column temperature (K) a non-linear isotherm results in asymmetrical peaks. The
Ta  ambient temperature (K) shape of which and the retention time being dependent on
Tay average temperature (K) the volume injected.
VN net retention volume If an adsorption isotherm is to be derived from the shape
of a single gas chromatographic peak, several conditions
Greek letters _ _ have to be met [1]. (1) The isotherm should not have a
0 fractional coverage of adsorbent (dimensionless)  point of inflection; otherwise, at least two peaks are needed
ms  two-dimensional surface pressure to construct the isotherm. (2) The so-called “coincidence

phenomenon” has to occur, namely all diffuse boundaries
of the peaks obtained by injecting varying amounts of the
probe have to be superimposable.

Each point on the diffuse boundary is related to a point
on the isotherm through the net retention voluie, at this

Two adsorbents were used: molecular sieve 13X (Alltech) Point and the partial pressure of the adsorbpte,
and molecular sieve 4A (Alltech). A 1.5m long, 5.35mm ID <3n>
T

2. Experimental

2.1. Materials and columns

stainless steel column was used in this work. The character-Yn = wRT % (1)
istics of the column and adsorbents were given in Table 1.
The adsorbates (probes) used warkexane, cyclohex-  wherenis the number of moles of probe adsorbed per gram

ane, and benzene (Merck, reagent grade) and were employe@f adsorbent ana is the mass of adsorbent. After integra-

without further purification. tion, one obtains
1 p
2.2. Instrumentation n=——[ Vndp 2)
wRT 0

The chromatographic experiments were performed with The V/wRTversusp values are plotted and the adsorption
an Unicam 610 gas chromatograph. Thermal conductivity isotherm is obtained by integrating this curve (Simpson’s
detector was used in the finite concentration region and approximation).

Table 1

Description of the columns and adsorbents

Adsorbent Particle size (mesh) Packing weight of adsorbent (g) Column temperature (K) Carrier gas flow rate (ml/min)
4A 80-100 15.53 373-473 25

13X 80-100 1.48 503-593 30-40
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The net retention volumevfy) was calculated from the  dependence of the free energy of adsorptia) at a given

following relation: coverage according to Eqg. (7) (Gibbs—Helmholtz equation):
T . I(AG/T)

VN = —tm) Fa— 3 ——— | = AH. 7

N = (IR — Im) aTa] 3) |: /T :|9 st (7)

wheretg is the probe retention timéy, the retention time  where the subscrip@ indicates quantities measured at a
of the mobile phase (holdup time, dead timig),the volu- given valued (= fractional coverage).
metric flow rate measured at column outlet and at ambient  If we assume as an approximation that over the small tem-
temperatureT, the ambient temperature (KJ,the column perature range examinetHg; remains essentially constant
temperature (K) anfthe James—Martin gas compressibility and therefore a plot oAG/T versus 1T at constant cover-
correction factor. age gives a straight line, the slope of which\ibls; and the
This method of deriving isotherm data from the profile of intercept is £AS) [8].
the diffuse boundary of an overloaded elution band in GSC  Free energies of adsorptiohG) were calculated from
is known as elution by characteristic point method (ECP). the classical equation:
ECP was introduced by Cremer and Huber [5].
In this study chromatographic peaks recorded for eval- AG = AHst— TasAS
uation of adsorption isotherms for 4A in finite concentra-
tion region have a sharp front and a diffuse rear boundary
and there was good coincidence of diffuse peak boundariess
forming a common envelope.

whereT,y is the average temperature.

In finite concentration region, isosteric enthalpy of ad-
orption also can be calculated using isosteres obtained from
adsorption data (i.e. using plots of partial pressureg)(In
versus temperatures {[/at constant coverages) according
3.2. Adsorption parameters to the following equation (in IGC studies this equation is

so-called as Clausius—Clapeyron equation) [9,10].
3.2.1. Finite concentration region 9N AH
Assuming that the moving phase behaves as an ideal ga{ P } = st
mixture of carrier gas and adsorbate vapor at a partial pres- IA/T) g R
surep (atm), chemical potential of the adsorbate in the gas Eq. (8) may be derived from Langmuir equation and van't
phase () can be calculated from the following well known  Hoff equation [11].
equation [6].

(8)

3.2.2. Infinite dilution region

IGC may be performed either under finite concentration
conditions or under infinite dilution conditions. In the in-
This equation is the fundamental thermodynamic equation finjte dilution region injection of minor amounts of adsor-
for an ideal gas mixture. In Eq. (4)c is the chemical po-  pates to approach zero surface coverage, permitting neglect
tential of the adsorbate vapor in the gas phase at temperatureyf |ateral interactions between adsorbed molecules. Chro-
T, u° the chemical potential of pure ideal adsorbate vapor at matographic peaks recorded in this region were symmetri-
temperaturd” and at 1 atm pressure (the standard pressure),cal, with retention times and thus retention volumes being
p the partial pressure of the adsorbate vapor in the mixture essentially independent of injection sample size. This result
and p® = 1atm. Note tha® depends only off because  indicates that, under the experimental conditions employed,
the pressure fixed at 1 atm for the standard state. adsorption data obeyed Henry's law.

The fOIIOWing equation is a general criterion for adSOI’p- Based on Eq (6) free energy of adsorption is
tion equilibrium:

MG = ,l,LO ~|— RTIn% (4)

qR
s = G 5) AG = RTIn p = RTIn(cRT) = RTIn (73 (9)
whereus is the chemical potential of the adsorbate in the wherec is the concentration of the adsorbate in the gas
adsorbed state. Based on Egs. (4) and (5), Gibbs free energyphaseg the amount of adsorbate adsorbed per unit area of
of adsorption may be defined as: adsorbent and the surface partition coefficient of the given
probe between adsorbed and gaseous Hai®also called
as Henry's constant which is the slope of the isotherm at

wherep is in atm. According to Eq. ()AG is equal to  Infinite dilution (K = g/c). _ _
the difference in the chemical potential between 1mol of N the infinite dilution regionK is defined as the net
adsorbate on the surface at a given coverage and 1 mol of €tention volume per unit area of the adsorbent inside the
adsorbate in the “standard” state [1,7]. column:

Isosteric enthalpy of adsorptiom\Hst) and entropy of K — N (10)
adsorption AS) may be calculated from the temperature mS

AG = us—u® =RTInp (6)
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whereSis the specific surface area of adsorbemthe mass
of adsorbent in the column [1,12—-14]. Substitutiig/mS
for K in Eqg. (9) and solving foly one obtains

AG
=RT -——
W quexp( RT)’
AS AH
=RT —_— - — 11
VN n;eXp<R RT) (11)

wherens (mol) is the total amount of adsorbate in the ad-
sorbed state.

By taking logarithms on both sides, Eqg. (11) can be trans-
formed into a convenient linear form:

InVy = In(RT AS _AH1
nVn =In(RTry) + R T
Thus, by determining/y at various temperatures, one can
calculateAH from the slope and\S from the intercept of
the plot of InVy versus 1T, provided that the range dfis
narrow enough foAH and ASto be regarded as tempera-
ture independent. The interceptis equal tddfry) +AS/R,

but in ordinary gas chromatography the first term is negli-
gible and can be ignored [7,15AH which is calculated by
Eqg. (12) is the “differential” enthalpy of adsorption (it is not
the “isosteric”) [7]. An analogous way for calculating dif-

(12)

ferential enthalpy of adsorption by GSC has been described

by Milonjic and Kopecni [16].

It is known for a long time [2,16] that the differential en-
thalpy of adsorption4H) is related to the isosteric enthalpy
of adsorption AHs;) by the equation:

|AHst| = |AH| + RTav (13)

where Ty, is the average temperature for the interval
studied.

The isosteric enthalpy of adsorption in the infinite dilution
region may be calculated from a plot \f(/T) or In(K/T)
against 1T where the slope is{AHs/R) [1,2,9,16].
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smaller than the actual value for tHeT product [1,16].
This difference, being only a few kilojoules per mole, is
insufficient to influence the linearity of the plots and is
usually within the expected experimental error &H.
This fact was clearly pointed out by Habgood and Hanlan
[17].

Some authors have calculated the free energy of adsorp-
tion at infinite dilution from the relation:

KP
AG = —RTIn <—S/ 9) (14)
s
or
AG = —RTINVy + ¢ (15)

whereK is the surface partition coefficier®g/q the adsorb-

ate standard-state vapor pressure sagithe two-dimensional
spreading or surface pressure of the adsorbed gas in the stan-
dard adsorption state [14,16,18]. The standard reference
states are taken [19] aBsyg = 101kN nm2 (Latm) and

s = 0.338 MmN nT L. Constant takes into account the mass
and the specific surface area of the adsorbent in the column
and the standard states of adsorbates in the mobile and
adsorbed states [20].

4. Results
4.1. Finite concentration region

In this study, the adsorption isotherms mhexane, cy-
clohexane and benzene on 4A were determined in the finite
concentration region and thermodynamic parameters in this
region were calculated from the plots &fG/T versus 1T at
constant coverages according to Eq. (7).

The isotherms are drawn in Figs. 1-3. The plot2\@&/T
versus 1T are given in Figs. 4-6 and thermodynamic pa-

It should be noted here that many authors use the depen+tameters (average values) are tabulated in Table 2.

dence Irivy against 1T to evaluate the isosteric enthalpy
of adsorption. The calculated value from this relation is

Elution peaks with a sharp front and a tailing (diffuse rear
boundary) give Langmuir type isotherms (type | according to

7
110°C 120°C 130°C 140°C
6
5
=
°
g 4
> 3
X
= 2
1
0 r T T
0 1 2 3 4 5
P (mmHg)

Fig. 1. Adsorption isotherms af-hexane on 4A at various temperatures.



0. inel et al./Chemical Engineering Journal 88 (2002) 255-262 259

10
100°C 110°C 120°C 130°C
9
8
o~ 7 1
L0
ERCEE
CRERE
= 4]
3
2 . : . -
0 2 4 6 8 10 12
P (mmHg)
Fig. 2. Adsorption isotherms of cyclohexane on 4A at various temperatures.
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Fig. 3. Adsorption isotherms of benzene on 4A at various temperatures.

Brunauer’s classification) [1]. The same result was observedwhere p is the partial pressure of probe in mmHgy.the
in this study and the adsorption data were analyzed accord-amount of probe adsorbed per unit weight of adsorbent at

ing to the Langmuir equation [6].

1
Pl = (26)
n nm “mb
0.08

Q//O/—/) 1107 mol/g
/ 3x107 mol/g

0.04 T T
24 25 2.6 2.7

1000 (., _
&)

Fig. 4. The plot of AG/T versus 1T for n-hexane adsorption on 4A at
various coverages.

5% 107 mol/g

~AG/T (kJ mol K1)
(=)
[=)
<

p in molg~1, ny, the amount adsorbed in the high pressure
limit when monolayer covers the entire surface in nolg
and b the adsorption equilibration constant in mniHg
(nm andb are called as Langmuir constants).

0.06
};4 5% 107 mol/g
"g‘ 0.05 1 7% 107 mol/g
g 9 % 10”7 mol/g
S 0.04 1
<
|
0.03 T T
24 2.5 2.6 2.7

1000 {
199 )

Fig. 5. The plot of AG/T versus 1T for cyclohexane adsorption on 4A
at various coverages.
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Table 3

Langmuir constants and correlation coefficients for the adsorption of the

probes on 4A

260
0.06
5% 107 mol/g
::;4 / 7% 107 mol/g
'—g "] / 9% 107 mol/g
E /
& ]
5 004
<
!
0.03 T T
24 25 26 27

()

Fig. 6. The plot of AG/T versus 1T for benzene adsorption on 4A at

various coverages.

Probe T Nm (x10° b (x1C? Correlation
(K) molg™1) mmHg 1) coefficient
n-Hexane 383 1.403 49.608 0.9999
393 1.451 29.819 0.9997
403 1.375 23.069 0.9998
413 1.277 20.876 0.9974
Cyclohexane 373 1.567 39.679 0.9996
383 1.683 21.385 0.9946
393 1.971 15.217 0.9945
403 1.677 10.479 0.9926
Benzene 443 2.075 33.347 0.9986
453 1.786 31.414 0.9979
463 1.804 21.657 0.9998
473 1.727 18.224 0.9997

The plot of p/n againstp should give a straight line of

slope 1hy, and the intercept hf,b. Straight lines were fit-

ted to the points by the method of least squares which had

highly significant correlation coefficients)( indicating a
good fit to the Langmuir equation. The Langmuir constants

2.00

Table 2
Thermodynamic parameters for the adsorption of the probes on 4A
Probe — AHgt —AS —-AG
(kdmol1) (kImolr K1) (kI mol 1)
n-Hexane 42.564 52.01% 1073 21.862
Cyclohexane 49.791 83.276 1073 17.480
Benzene 54.711 72.508 1073 21.505
6.00
5.80 1
g 5.60
o
g 5.40
& 5201
o
5.00 1
4.80 ) T T L] T T
1.86 1.88 1.90 1.92 1.94 1.96 1.98
1000 (.
)
Fig. 7. The plot of InVy versus 1T for n-hexane adsorption on 13X.
5.80
. 5601 °
= 540+
3
= 5.20
5.00 1 &)
4.80 T T T L T T
1.86 1.88 1.90 1.92 1.94 1.96 1.98

Fig. 8. The plot of Invy versus 1T for cyclohexane adsorption on 13X.

1000 (., _
&)

2.00

and correlation coefficients are tabulated in Table 3.
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Fig. 9. The plot of Invy versus 1T for benzene adsorption on 13X.

Table 4
Thermodynamic parameters for the adsorption of the probes on 13X

Probe —AHgt —AS —AG

(kI molt) (kI molrt K1) (kI mott)
n-Hexane 59.676 61.149 1073 27.988
Cyclohexane 47.283 38.77¢ 1073 27.189
Benzene 63.787 47578 1073 36.278

4.2. Infinite dilution region

In this study, thermodynamic parameters for adsorption

Kiselev [21] has found more negativeH for benzene
than forn-hexane on 13X (infinite dilution). Papaioannou
et al. [22] have studied the adsorption of the benzene, cy-
clohexane, cyclohexene and methylcyclopentane on X and
Y zeolites by GC and they have found that the adsorption
strength on NaX and NaY decreases according to the follow-
ing sequence: benzene cyclohexene> cyclohexanex
methylcyclopentane. Milonjic and Kopecni [16] have inves-
tigated the adsorption properties of thermally treated silicas
by GC method and have found that benzene exhibits more
negativeAH than the corresponding values for hexane and
cyclohexane due to the specific interaction between the ben-

of n-hexane, cyclohexane and benzene on 13X were deter-zane ring and the SiOsurface.

mined in the infinite dilution region.

Differential enthalpy of adsorptior(H) and entropy of
adsorption AS) were calculated from the slopes and inter-
cepts of the plots of Iy versus 1T according to Eq. (12).
These plots were given in Figs. 7-9.

Isosteric enthalpies of adsorptionlifls;) were calculated
by Eq. (13) and checked by the values found from the plots
of In(Vn/T) against 1T. Free energies of adsorptionG)
were calculated from the following equation:

AG = AHst — TavAS

Thermodynamic parameters in the infinite dilution region
are tabulated in Table 4.

5. Discussion

It is evident from the data that benzene exhibits more neg-
ative AH than the corresponding values for aliphatic and
alicyclic hydrocarbons with the same carbon number (i.e.,
n-hexane and cyclohexane). The more negativethe the

According to the classification of Kiselev and Yashin [2]
silica is an adsorbent of the second type due to the free
hydroxyl groups on the surface, OH groups linked to silicon
acts as a weak acid, with the H partly protonized. So, silica
can interact specifically with the molecules containing
electrons (group B adsorbates). Due to its threbonds,
benzene is strongly attached to the surface of the silica.

The walls in the channels of porous zeolites consist of
Si—0 and AI-O tetrahedra. The coordination number of Al
(four) exceeds the valency (three), so the Al-O tetrahedra
have excess negative charge, which is distributed over the
numerous Al-O-Si bonds within the framework, whereas
the compensating positive charge is localized on exchange-
able cations, usually of small radius. This charge distribu-
tion is somewhat similar to that on a hydroxylated acidic
oxide, e.g., silica, so we expect generally similar behavior
and zeolites are adsorbents of the second type.

If the surface of adsorbent bears no functional groups
or exchangeable ions, these adsorbents interact largely non-
specifically with the adsorbate molecules. These adsorbents
are classified as type | adsorbents by Kiselev, and graphi-

greater the interaction between the adsorbate and the adsottized carbon black is a typical example.

bent. This stronger adsorption of benzene on 4A and 13X
was attributed to the contribution of the special interaction
between the N& adsorption sites and theelectrons of the
benzene ring.

The “heats” of adsorption of benzene and cyclohexane
are less than that af-hexane on graphitized carbon black
[2]. (The heat of adsorption is written ag™and is de-
fined asq = —AH.) This sequence of heats of adsorption
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corresponds to the sequence of nonspecific (mainly dispers- [4] A. Askin, O.1Inel, Evaluation of the heats of adsorption of some
ion) interactions. The order of release of these six-membered  n-alkanes on alumina and zeolite by inverse gas chromatography,
compounds is mainly due to differences in spatial structure, __Separ. Sci. Technol. 36 (3) (2001) 381-397. _
Th . | ific int ti ith th d bent [5] E. Cremer, H. Huber, Measurement of adsorption isotherms at high
(_ere _IS only no_nspem IC Interacton YVI € aadsorbent, temperature with the help of gas—solid elution chromatography,
which is almost independent of the dipole or quadrupole Angew. Chem. 73 (1961) 461-465.
moment and of the local charge distribution in the bonds or [6] I.N. Levine, Reaction equilibrium in ideal gas mixtures, in: Physical
links. Chemistry, McGraw-Hill, New York, 1995, pp. 149-165.

Similar results were obtained for active carbons. Grajek 7] N-A-Katsanos, R. Thede, F. Roubani-Kalantzopoulou, Diffusion, ads-

| h dthe h fad . " h orption and catalytic studies by gas chromatography, J. Chromatogr.
etal. [23] have measured the heats of adsorption of some hy- A 795 (1998) 133-184.
drocarbons including-hexane, cyclohexane and benzene on [g] H.L. Lee, P. Luner, Adsorption characteristics of alkylketene dimer
some active carbons and heats of adsorption sequence has sized papers determined by inverse gas chromatography at finite con-

Th . . . [9] A.S. Gozdz, H.D. Weigmann, Surface characterization of intact fibers

e studies on the heats of adsorption of the studied ! X
. ) . by inverse gas chromatography, J. Appl. Polym. Sci. 29 (1984) 3965—

probes on the zeolites in the literature generally belong 3979

to 13X. Some of thegs; data available are as follows: [10] R.L. Grob, Physicochemical measurements by gas chromatography,

13X—n-hexane: 45.19 kJ mot [24], 58.4kJ motl [25], in: Modern Practice of Gas Chromatography, 3rd Edition, Wiley/Int-
61.51kImot?! [21], 63.60kJmot! [26]; 13X—benzene: erscience, New York, 1995, pp. 503-534. _ _
64.85 kJ motl [24] 75.31 kJ motL [21] [11] P.W. Atkins, The properties of surfaces, in: Physical Chemistry, 5th

. Edition, Oxford University Press, Oxford, 1994, pp. 961-1006.
4A presents pores of free diameter 4 A, therefore 4A pores [12] M. Sidgi, G. Ligner, J. Jagiello, H. Balard, E. Papirer, Character-

cannot be invaded by the studied probes. These molecules ization of specific interaction capacity of solid surfaces by adsorption
may still be adsorbed on the external surface. The exter- of alkanes and alkenes. Part |. Adsorption of open surfaces, Chroma-
nal surface of 4A corresponds to the zone of meso-porosity, __ tographia 28 (11-12) (1989) 588-592.

h terized by extra-crvstalline pores of larger dimen- [13] T.J. Bandosz, J. Jagiello, B._Andersen: J.A. Schwarz, Inversg gas
C_ arac y_ y - p 9 chromatography study of modified smectite surface, Clay Clay Miner.
sions than the micro-pores. Zeolite 13X presents pores of 40 (3) (1992) 306-310.

free diameter 7.5A, so that the probe molecules can be[14] S.K. Milonjic, Surface properties of metal ions modified silicas,

sorbed into the cavity. The heats of adsorptiomdfexane Colloid Surf. A 149 (1999) 461-466. .
and benzene on 13X were found to be higher than those[15] N.A. _Katsanos, N. Rakintzis, F. Roubani-Kalantzopoulou, _E.
Arvanitopoulou, A. Kalantzopoulous, Measurement of adsorption
on 4A. o . . energies on heterogeneous surfaces by inverse gas chromatography,
The contribution of the interaction between the J. Chromatogr. A 845 (1999) 103-111.
electrons of the benzene ring and zeolite surface can[16] S.K. Milonjic, M.M. Kopecni, A gas chromatographic study of the
be evaluated consideringA\(AG) values. For the pair adsorption of organics on thermally treated silicas, Chromatographia

- _ 19 (1984) 342-346.
benzene—cyclohexan&(AG) = AGpenzene- AGcyclohexane [17] H.W. Habgood, J.F. Hanlan, A gas chromatographic study of the ads-

This value represents the difference m_ the mtgractlon ability orptive properties of a series of activated charcoals, Can. J. Chem.

between benzene and cyclohexane with zeolite surface. The 37 (1959) 843-855.

values of A(AG) for 13X and 4A are—9.09 and—4.03, [18] H.L. Lee, P. Luner, Analysis of the adsorption of alkanes on high

respectively. Interaction of the benzene ring with 13X was i“ffﬁcelaflega (Cl‘i”éll'gzz)bll’z";velfjj gas chromatography, J. Wood Chem.

; ; : . . echnol. —144.

found to be 'stronger in cqmparlson to the interaction with [19] S. Katz, D.G. Gray, The adsorption of hydrocarbons on cellophane,

4A. Comparison of the pair benzenmehexane leads to the J. Colloid Interf. Sci. 82 (2) (1981) 318-325.
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