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Abstract

Inverse gas chromatography (IGC) has been used to measure the surface adsorption of some-gliahess(on a seriesC5 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 adsorptiomyH°), the standard free energy of adsorptia&xQx°), and the standard entropy of adsorpti&f) 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 energfsias also been calculated. The dispersive components of the surface energies
for CaY were found to be higher than the values for NaY.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction the most important industrial adsorbents and catalysts used
today. Among the zeolites utilized as catalysts, Y zeolite is
One of the advantages of zeolites in comparison with con- probably the most extensively used, essentially as a cracking
ventional adsorbents lies in the fact that their properties cancatalyst[2]. Several researchers have shown that both their
easily be altered by processes such as ion exchange, extracadsorptio{3-5] and catalytid6] properties can be strongly
tion of aluminium heat and water stream treatment. Using influenced by the exchangeable cations.
these methods zeolites can be modified to solve very different  For a long time, contact angle measurement was the only
separation processes. For example by cation exchange porexperimental method used for characterization of the sur-
diameters can be made to vary in such a way that molecules offace energy of solids. This technique can involve serious
different size and shape are separated. Different molecules ofexperimental difficulties and cannot be applied to such solid
comparable size can also be separated by their specific enersurfaces as porous and rugous materials. Moreover, this tech-
getic interactions with the zeolite adsorbent. nigue cannot be applied to powders and fibers, which do not
The openness of structure of type Y zeolites allows themto present film-like surfaces. It is best suited for low surface
adsorb larger quantities of gases and larger molecular speciesenergy solids, such as polymers, because for such materi-
This usually makes separation efficiencies based upon molec-als, finite contact angles can be achieved with recourse to
ular size to have lesser practical importance than the otherconvenient probe liquids. Mineral surfaces, however, are typ-
properties of these zeolites. Since its discovery by Breck ically wet out (contact angle close to 0) by most liquids.
nearly five decades agd], the Y zeolite has attained promi-  Although it is possible to use the “two liquid approach” to
nence both in science and technology. It has become one ofget a finite contact angle — as in the contact angle of a high
energy solid against water in octane — the results pertain to
Abbreviation: IGC, inverse gas chromatography the solids—octane interface, not the solid surface i{gesf.
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and IGC has thus become a useful and reliable analytical
Nomenclature method because of its relative rapidity, simplicity, and good
a surface area of the liquid probe moIecuﬁeZI accuracy, as well as the relat?vel_y low co.st and avajlabi[ity of
As available area for a molecule in standard the equipment associated with its practice essentially in gas
adsorbed state (4.08< 1076 cn?) chromatography. _ _ .
Fa volumetric flow rate (crﬁs‘l) _ In the IGC the molecular sieve zeolite to be (_:haractenzed
AG®  standard free energy change of adsorption is used.as t.he.st_at|onary phase, and a solute with well-known
(kJmot1) prope_rqes is |nje_cted as a probe. Several therquynamlc
AGY  dispersive component of the standard free quantltlesz including surface energy, can thus be derived from
energy change of adsorption (kJ m¥) the retgntlon \_/olume of probe passing through the column
AGSP  specific component of the standard free energy filled \_N'th zeolites. . . .
change of adsorption (kJ md) This work was thus gndgrtaken m_order to myesugate
AH®°  standard differential enthalpy of adsorption how IGC could be apphe.d n est|mat|ng.d|sperswe com-
(kJmot1) pongnts of surface energies of two alkalies exchangmg Y
j James—Martin gas compressibility factor zeolltes_ (I_\laYT Ccay). Ar_10ther purpose was to determine
m adsorbent mass in the column (g) the variation in adsorption thermodynamic parameters of
N Avagadro’s number some hydrocarbons on NaY and CaY by the exchangeable
p° standard state vapor pressure of adsorbate cations.
(mmHg)
R ideal gas constant (kJ mol K1) _
S specific surface area of adsorbenf@n?) 2. Experimental
2S two-dimensional translation entropy
(Imor1K-Y) 2.1. Materials and columns
3S three-dimensional translation entropy )
(Imol1K-1) Two adsorbents were used: Molecular Sieve NaY
AS  standard entropy change of adsorption (Aldrich), and Molecular Sieve CaY which was prepared by
(ImoFtK-1) a conventional ion exchange technique from NaY with solu-
tm dead time (s) tion of calcium chlorid¢17]. The surface areas of adsorbents
tr retention time of the probe (s) were determined by nitrogen adsorption (BET method) with
T column temperature (K) Micromeritics-Flowsorb Il 2300. The measurements were
Ta ambient temperature (K) performed in the laboratories of theJBITAK (Scientific
VN net retention volume (c) and Technical Research Council of Turkey) Research Insti-
w work of adhesion (mJ i) tute.
A 5.35mm i.d. and 150cm long stainless steel column
Greek letters was used in this work. The characteristics of the column and
e dispersive component of the surface free adsorbents were given ifable 1
energy of the solid (mJ nf) The adsorbates (probes) used wepentanen-hexanen-
yE dispersive component of the surface free heptanen-octane, cyclohexane, and benzene (Merck, reagent
energy of the liquid (mJ mf) grade). They were employed without further purification.
70 surface pressure (mJTh)

2.2. Instrumentation

energy characterization of solid materials. The dispersive  The chromatographic experiments were performed with a

component of surface energy of polymg®3, clays[10], Unicam 610 gas chromatograph equipped with a flame ion-
zeolites[11], carbon fiberd12], graphite[13], wood [14], ization detector. Retention times were recorded on a Unicam
glass [15], and cellulose fiberd16] and various other 4815 integrator.

organic[7] and mineral fillerd8] have been reported in the High purity nitrogen was used as carrier gas. The flow rate

literature. The results obtained were entirely satisfactory of carrier gas was measured at the detector outlet with a soap

Table 1
Characterstics of the columns and adsorbents

Adsorbent Particle size (mm)  Specific surface ared@in Packing weight of adsorbent (g) Column temperature (K)  Carrier gas flow rate (ml/min)

NaY 0.150-0.125 425 2.36 513-543 10, 15, 30
Cay 0.150-0.125 479 2.03 663—-693 10, 30
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bubble flowmeter and was corrected for pressure drop inthe  Then, the standard entropy change of adsorption of the
column by using James—Martin gas compressibility fag)or (  probe at zero coverag@ S, can be calculated by E¢5)
and correction at column temperature was also made. [21-24}

The adsorbents were conditioned at 693 K in the nitrogen AH® — AG®
gas flow for 24 h prior to the measurements. Retention timesAS® = —— (5)
were calculated from a chart recorder trace of the elution r
chromatograms and were corrected for column “dead time”. 5 o Dispersive component of surface energy

. Depending on the nature of the probes injecte@, will
3. Calculations be the result of nonpolar and polar interactions. Nonpolar

_ S probes such ag-alkanes would interact by dispersion inter-
Chromatographic peaks recorded at infinite dilution con- actions only:

centration region of hydrocarbons on zeolites were symmet- g

rical, with elution times and volumes being independent of AG®° = AG (6)

the |n]'e((:jt|on sge. ;I'hfe' fgct;['hat the elgthqn tltmefhar:d vo(;umt(;s For a polar probe, additional specific interactions with the
were independent of injection sizes indicates thal, under theg ;. ,q, g give a higher free energy of adsorption due to the

experimental condl'flons used in the present study, adsorptloncontribution of the specific free energy change of adsorption:
data obeyed Henry’s law. The net retention voluivig)(can

be calculated from the following relatidg,19} AG®° = AGY 4+ AGSP ©)
T . Since nonpolar liquids interact by dispersive interactions
VN =R —tm)Fa= 1 .
N = (R = im) aTaJ @) only, the free energy change of adhesiaiG° of a nonpolar

wheretg is the probe retention timey, the retention time probe can be related to the work of adhesion by

of the mobile phase (holdup time, dead-timig),the volu- AG°® = NaW (8)
metric flow rate measured at column outlet and at ambient ) . '
temperatureT, the ambient temperature (KJ,the column whereW is the work of adhesior\ the Avogadro’s number

temperature (K) anflis James—Martin gas compressibility andais the cross-section area of the liquid probe molecules.
correction factor. The work of adhesionV of a nonpolar liquid onto a solid

can be expressed as the geometric mean of the dispersive
components of the solig/g) and the liquid ¢{). Thus,

dy1/2

3.1. Adsorption thermodynamics

d
When adsorption takes place in the Henry’s law region, W =2(rsn ©)
the standard free energy change of adsorptiv@9), as a Combining Eqs(3), (8) and (9)
function ofVy, can be determined from: 12 12
RTInVy = 2N(y9) " “a(y®)”* + constant (10)
o VN Po
AG" = —RTIn (mSno> @ A straight line was obtained from a plot of the free energy

] ] change of adsorption of liquid probes onto solRiENn Vy as
whereR is the ideal gas constant the mass of adsor- 5 fynction of the product of the alkane the cross-section area

bent in the columnSthe specific surface area of adsorbent, ang the dispersive component of the alkane surface energy
Po the adsorbate vapor pressure in the gaseous standar(aa(yd)l/z) The dispersive component of the sol'ueg can
L .

state having a .value_of 101.3kPa (1atm) anglis the éhus be obtained from the slope of the I[26-27]
reference two-dimensional surface pressure whose standar

state is arbitrary. The standard reference state was taken as
7o =0.338 mJ/r proposed by de Bog¢R0]. Therefore AG®

L 4. Results and discussion
can be written:

AG° = —RT In Vy + constant (3) 4.1. Adsorption thermodynamics

At zero surface coveragaH® can be identified by the dif- In this study, thermodynamic parameters for adsorption

ferential heat of adsorption of the probe. Itis estimated from of all hydrocarbonsr-alkanes on a seriesCs to n-Cg),

the changes iy with temperature, i.e.: cyclohexane and benzene) on NaY and CaY were determined
din Vy in the infinite dilution region. Standard free energy changes

AH® = —R a7 (4) of adsorption AG®) were calculated by E¢2). Differential

heats of adsorption{H°) were calculated from plots of My
Since AH° is temperature independent, H§) predicts a against IT. The slopes of the lines are [AH°/R)] according
linear relationship betweeAG° and AH°. to Eq.(4). These plots are given iRig. 1. Standard entropy
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5.5 Nav — can be expressed by — »S). The values for the-alkanes
cay / are from —53.49 for n-pentane to—55.41JmottK-1
45 n-octane for n-octane on NaY and from-54.55 for n-pentane to
T 35 /Z;C:::: / reptane —56.46 Jmot ! K"l for n-octane on CaY. The theoretical
= f/ n-heptane / hexans entropy change is of the same order as the experimental
S 25 '_,/')n_hexane / cyclohexane value (Table 9. The entropy change decreasenedilkanes
£ /ovclohexane :jj//f n- pentane upon adsorption results in part from the loss of one degree
150 *7 nepentane of translational freedom. When the number of carbon atoms
os 7 increases, the values 6fAS’ are higher than the values of
14 15 16 17 18 19 2 2.1 theoretical entropy change. This additional entropy loss that
1000/, 1 is found experimentally may result from a restriction of rota-
T (K j tional and vibrational freedom on the surface.

Fig. 1. The plot of Invy vs. 11T for the adsorption of the probes on NaY
and Ca.

changes of adsorptiod\&’) were calculated by E@5). The
values of—AH°, —AS’ and— AG° 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
38t = RIn(M3/?1%2) — 9.62 (11)

whereM is the molecular weight of adsorbate. The two-

dimensional translation entropy is calculated by
28t = RIN(MTAs) + 27532 (12)

where As is the available area for a molecule in standard
adsorbed state (4.8 10~'6 cm?). Therefore, the theoreti-

cal entropy change upon the adsorption of a vapor on a solid

surface can be calculated from the difference betw&eand
35 [22,28]

The differential heats of adsorptionH°) at zero surface
coverage, the free energy changeds3(), the experimen-
tal entropy changesA(S’) and theoretical entropy changes
(3§ — 2S) are given inTable 2(these parameters are average
values for the temperature range studied).

Table 2also shows that AH° values of all studied probes
are higher on zeolite CaY than on zeolite NaY. For Y zeolites
exchanged with di-valent cation like €3 a higher adsorp-
tion capacity could be expected than that with* N@cause
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 (AH°) measurements in different studies are summarized
in Table 3 As can be seen from this table, thél° 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
studies found in literature exceptin the case of benzene which
is a large molecule for which the gas chromatograptit
values deviate from the static ones as reported by Kiselev and
Yashin[34].

It is evident from the data that benzene exhibits more
negative AH® than the corresponding values for aliphatic
and alicyclic hydrocarbons with the same carbon atom
number (i.e.n-hexane and cyclohexane). The more neg-
ative the heat, the greater the interaction between the
adsorbate and the adsorbent. This can be explained by the
specific interactions between benzene'selectrons and
the surfaces. It was observed that on NaY and CaY the

When 1 mol gas goes across the gas phase to the adsorbeadsorption strength increases in the following sequence:
phase, a decrease in translational entropy occurs. This changeyclohexane fi-hexane <benzene. This is in agreement

Table 2
Thermodynamic parameters for the adsorption of the probes on NaY and CaY

Adsorbent Probe —AH° (kJmott) —AG° (kJmol 1) —AS (Imol1K-1) —(25—3S) Imor1K-1)

NaY n-Pentane 41.35 2.25 74.0 53.5
n-Hexane 46.13 5.59 79.6 54.2
n-Heptane 52.12 7.51 84.1 54.8
n-Octane 60.32 11.76 91.9 55.4
Cyclohexane 37.05 4.30 62.0 54.1
Benzene 62.84 14.93 90.7 53.2

Cay n-Pentane 55.12 1.98 78.3 54.5
n-Hexane 66.89 3.69 93.2 55.3
n-Heptane 85.40 8.31 113.6 55.9
n-Octane 11111 12.96 144.7 56.5
Cyclohexane 57.60 3.56 79.7 55.2
Benzene 81.70 10.40 105.1 54.9
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Table 3 20
Comparison of the obtained and literature data on heat of adsorption 18 - 240°C
Adsorbent Probe —AH° (kIJmol 1)  Method Reference =0 : zzgog
O 7 \0,
NaY n-Pentane 41 Grav. [29] E - 270°C
39.4,46 Chrom. [30,31] 2 141
41.35 Chrom. Obtained z 12]
n-Hexane 47, 46 Grav., Calor.[29,2] E
45.5,50.2 Chrom. [30,31] 104
46.13 Chrom. Obtained
n-Heptane  51.9 Chrom. [30] 81
52.12 Chrom. Obtained 6 . . . .
n-Octane 61 Grav. [29] 175 200 225 250 275 300
57.5 Chrom. [30] d\172 1702 m |12 e
60.32 Chrom. Obtained ()™ (wEmITm)
Cylohexane 51, 54.42 Calor. [32,2] ) al/2 )
48 Chrom. [32] Fig. 2. RTInVy vs.a(y)" " plot for the adsorption afi-alkanes on NaY.
37.05 Chrom. Obtained
Benzene 79.5,71.16,74.92 Calor. [32,2,33] The thermodynamic parameters for the adsorption of some
62.84 Chrom. Obtained  hydrocarbons on NaX were found in our previous study
Cay n-Hexane  39.76 Calor. 2] [36,41] In this study, it was observed that theAH° val-
66.89 Chrom. Obtained  yes of the studied hydrocarbons on NaY were lower than
Cylohexane  58.60 Calor. [ those obtained for NaX. Since the dispersion interactions are
57.60 Chrom. Obtained L. . . . . g
Benzene 92.09 Calor. 2] similar in both zeolites, this implies that the electrostatic field

81.70 Chrom. Obtained does not increase with increase in the Si/Al ratio. In spite of
2 Grav., Calor., Chrom. =determined by gravimetric, calorimetric and this, the aQSorption heat decreased as Si/Al ratio increased
chromatographic. (for NaY Si/Al=2.45, for NaX Si/Al=1.25).

with the literature results for NaY, NaX, alumina and silica 4.2. Dispersive component of surface energy
surfaceqd35-37] Any chromatographicA\H®> measurement
values could not be found for CaY in literature. Thus, the This parameter;@) is very important for the determina-
measurements were performed in this study for CaY and tion of surface characteristics of adsorbent materials, provid-
the obtained results fitted the increasing adsorption strengthing an knowledge of the force field of the high energy sites.
sequence mentioned above. There is only one studytdéh According to general knowledgerg is proportional to the
measurements of CaY with static methods which could be surface density of atoms, their polarizability and their ion-
found in literature and, as can be seerTable 3 there is ization energy42].
a deviation in static measurement results considering the  Plots ofRTIn Vi VerSUSa(yE)l/z were found to be linear
increasing order of adsorption strength val[&s for both zeolites at all studied temperatures thereby confirm-
The synthetic faujasite analogues, zeolites X and Y, are ing the validity of Eq.(10). Figs. 2 and 3llustrate typical
used extensively as Catalysts in Variety of reactions and in results. The dispersive Components of the Zeo”?g);\@ere
sepira_ticl)n proces_,sgs. Thﬁy ar;e mu(;:_h more S(igren Eh?n zeolitg - lated from slopes which arev2yd)"/?. The values of
A. Their [argest windows have free diameters:of. 44, for a and yE were obtained from the literaturddble 4. The

zeolite A, itis 4.2A [2]. The 12-ring windows of the faujasites gispersive components of NaY and Ca)@Xare tabulated at

can admit molecules as large as benzene, mesitylene, an .
. : ' '’ 7 “experimental temperatures Tiable 5 It was observed that,
tertiary amines. p P

It was reported38,39] that benzene molecules interact
both with N& 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 fotirit\zs
were located in each supercage and others are in the hexag
onal and sodalite cages.

By studying adsorption on zeolite Y, itbecomes possible to
compare the properties of zeolites X and Y and thus to explore
the influence of charge density on the physical adsorption of 150 170 190 210 230 250 270 200 310
gases in the same aluminosilicate structure. Such a compatri- a(f)"”2 (A°2 my"2m)
son is also relevant to the different catalytic activities of the
two forms of synthetic faujasiti@O]. Fig. 3. RTInVy VS.a(yE)l/z plot for the adsorption afi-alkanes on CaY.

5

RTINVN (kJ/mol)

54
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Table 4
Properties of the probid3,44]
Probe a(A?) Y8 (manT?)
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 ofyg measured on adsorbents at various temperatures
Adsorbent ¥ (manr?)

240°C 250°C 260°C 270°C
NaY 52.6 51.8 47.4 47.3
Adsorbent yd (manT?)

390°C 400°C 410°C 420°C
Cay 139 133 120 110

yd values decrease with temperature. The variatiorlafs a
function of temperature is linear and heneeat room tem-
perature can be obtained by extrapolation. No valu,%dlfas
been found published for NaY and CaY to compare to our
results.

Cay presents a higher value pg than does NaY. CaY
shows a highyg varying between 139.5 and 109.9 m3/m
with temperatures between 390 and 420 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
(AH°, AG®, AS, ¥9) of zeolites.

In CaY, the specific interactions are greater for the
exchanged zeolite containing divalent ion than for NaY.
Itis concluded that the interaction strength increases with
increasing cation charge and decreasing cation size.

)

3)
NaY in comparison with the respective NaX zeolites
shows that the aluminium content of the zeolites modifies
the energetic state of the adsorption sites.

The adsorption strength on NaY and CaY zeolites
increases according to the following sequence: cyclohex-
ane <n-hexane <benzene. The interaction between the

(4)

The weaker adsorption of the investigated probes on the

(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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