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Abstract

The adsorption of several alkanes, cyclic hydrocarbons, aromatic hydrocarbons and chlorinated compounds on NaX, CaA, and exchanged
Co, Mn and Fe zeolites as adsorbents was investigated. Zeolite composition and structure was determined by ICP-mass spectroscopy, XRD,
and nitrogen adsorption. Adsorption parameters (enthalpy of adsorption and free energy of adsorption) as well as dispersive surface energy
interaction and specific interaction parameters were determined for each solute—adsorbent system by inverse gas chromatography (IGC). The
original zeolites NaX and CaA show the higher values of enthalpy of adsorption but specific interactions depend on the metal exchanged.
Zeolites Mn—NaX and Co—NaX exhibit the strongest interactions with benzene, whereas zeolite Co—CaA shows the strongest interactions
with chlorinated compounds. The trivalent cation¥Pedoes not affect the either the adsorption efficiency or specific interaction.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Zeolites are also a suitable support for transition metals
due to their open structure and ion exchange capagties
Zeolites and molecular sieves are porous materials of with many applications in heterogeneous catalysis. Transi-
widespread use as catalysts, sorbents and ion exchangers ition metal (C8+, Fét, Ci2t and Cu") exchanged zeolites
petroleum refining and other chemical procegd¢sZeo- ZSM-5 have been successful tested for the oxydehydrogena-
lites are a group of crystalline aluminosilicates with a cage- tion of ethane with oxygefv] and the oxidation of propane
like structure of SiQ and AlQ, tetrahedra bound by shared has been carried out over¥e C?t and Mret exchanged
oxygen atoms. The negative charges of the Alits are zeolite ZSM-5[8]. SO, oxidation has been carried out with
balanced by exchangeable cations—NK*, C&+, Mg+ Mn2t heterogenised on NaX zeolifé]. Moreover, Fét,
or Feé*. These ions can be easily exchanged by other ions Co?t and Mr?t have been found to be the most active metals
and the high exchange capacity of zeolites makes out of themin methane combustid@,10]. Although data are available on
very efficient adsorbents or catalysts. the sorption behaviour ekhexane on C&", Ni%*, Zr?+ and
Zeolites are a versatile alternative to alumina and activated Ci#*+ exchanged NaX zeolitdd 1], they are scarce for tran-
carbon for recovery of volatile organic compounds (VOCSs). sition metal exchanged zeolites in connection with removal
Hydrocarbon adsorption has been extensively studied on NaXof pollutants[12].
zeolite[2,3], and more recently, on CaA molecular sieves  The techniques of gas—solid chromatography or inverse
[4,5]. gas chromatography (IGC) provide information on thermo-
dynamic, surface energy, morphological parameters (such as
* Corresponding author. Tel.: +34 985 103437; fax: +34 985 103434, Surface area and porosity) and reaction kinetics, associated
E-mail addresssordonez@uniovi.es (S. Chidez). with gas—solid adsorption and catalytic reactions. IGC has
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been widely utilized in the past years to study zeolj,
adsorbentfl4] foods[15], carbon blackEL6] and fibergl17].

In the present work, transition metals &¢ Mn?+ and
Fe*t) were incorporated into the zeolitic structures of NaX
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adsorption at-196°C (Micromeritics ASAP 2000 surface
analyser), assuming a value of 0.1644for the cross-section
of the nitrogen molecule.

The solutes used as supplied wangentanen-hexane,

and CaA. Adsorbents surface properties such as surfacen-heptane andh-octane (Fluka >99.5% purity), and cyclo-

area and acidity were characterized by nitrogen adsorptionhexane, cycloheptane, benzene, chloroform, trichloroethy-
and ammonia-temperature programmed desorption (TPD),lene and tetrachloroethylene (Panreac >99% purity). Helium
respectively. Adsorbents performance for the removal of as carrier gas (>99.9995% purity, according to the manufac-

several alkanes, cyclic hydrocarbons, aromatic hydrocar-
bons and chlorinated compounds was determined by IGC
following the same procedure used in our previous works
[18,19]

2. Experimental
2.1. Materials

Two adsorbents, zeolites NaX and CaA (40/60 mesh, All-
tech), have been studied and compared with several metal
cation-exchanged zeolites. The exchange procedure con
sisted of keeping the zeolite in an aqueous solution of the
metal ion under stirring at 7CC for 24 h, followed by heat-
ing in a furnace at 500C for 4 h.

Metal ion solutions (0.25M) were prepared by dis-
solving 18.18g of Co(N@)2-6H,O (Merck), 25.25¢g of
Fe(NG)3-9H20 (Panreac) and 15.68 g of Mn(NJR-4H,0
(Panreac) into a 250 chof distilled water. lon exchange
between zeolites and &b, Fe*tand Mrf+ solutions was
carried out by suspending 3 g of zeolite into the metal ion
solution at 70 C with mild stirring in a water bath for 24 h.
The preparation of Fe exchanged LTA zeolites (CaA) has
to be carried out at low pH, in order to avoid the precipitation
of iron hydroxide[20]; the pH was adjusted by addition of
H>SOy. The suspension was then filtered and the cake rinsed
with distilled water; the solid was then heated in a furnace
at 500°C for 4 h. The unit cell chemical composition of all
samples was determined by ICP-mass spectroscopy. Result
are shown infable 1

Zeolites structures were determined by X-ray diffraction
(XRD) (Philips PW1710 diffractometer) working with the
Ka line of copper. The powder diffraction standards (JCPDS)
were used for proper interpretation of the crystal structure.
Surface area and pore volume were determined by nitrogen

Table 1
Unit cell composition of zeolites

Zeolites Unit cell composition Na/Ca exchanged (%)
NaXx Nagg(AlO2)gs(Si02)104 -

Co-NaX Na7C020.3(Al02)ss(SiO2)104 46.59

Mn-NaX Nayg 57Mn20(Al02)ss(SiOz)104 44.81

Fe—NaX NaFes3(Al02)ss(SiO2)104 97.73

CaA Cays,85(Al02)96(Si0O2)06 -

Co-CaA Ca7.91C017.94(Al02)06(SiO2) 96 39.13

Mn—-CaA Ca52Mn4232(Al02)96(SiO2)96 92.32

Fe-CaA CasgsFess5(Al02)9s(SIO2) 96 98.15

turer Air Liquide) was used as supplied.

2.2. Apparatus and procedure

A conventional gas chromatograph (Varian 3800) with a
thermal conductivity detector (TCD) was used for the ad-
sorption measurements. A loading of 0.6 g of each zeolite
was placed into a 27 cm length of Supelco Premium grade
304 stainless steel column, with passivated inner walls and
an inside diameter of 5.3mm (0.d. 0.25in.). Each column
was packed with mechanical vibration, and the two ends

were plugged with silane-treated glass wool. The columns
were stabilized in the GC system at 2%Dovernight under

a helium flow rate of 30 mL/min. In order to avoid detector
contamination, the column outlet was not connected to the
detector during this period.

Measurements were carried out in the temperature range
of 200-270°C. Heliumwas used as carrier gas, and flow rates
were measured using a calibrated soap bubble flowmeter.
In order to meet the requirement of adsorption at infinite
dilution, corresponding to zero coverage and GC linearity
[21], the samples injected were in the range from 0.05 to
0.8pL. For each measurement, the sample was injected three
times, obtaining reproducible results (0.5%). The specific
retention volumeVy, in cmf/g, was calculated from the

’1” ete

whereF is the carrier gas flow-ratér the retention time in
min, ty the retention time of a non-adsorbing marker (air),
po the outlet column pressurg, the inlet pressurepy the
vapour pressure of water at the flowmeter temperaiiyger
the ambienttemperature in K, ajid the James—Martin com-
pressibility factor.

In order to separate the surface adsorption contribution
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from the total retention data, the absence of mass-transfer

effects must be ensured. Preliminary experiments show that
in the most stringent case (cyclohexane, cycloheptane, ben-
zene, trichloroethylene and tetrachloroethylene over X zeo-
lites), flow rates higher than 50 mL/min leadsvgindepen-
dent from gas flow rate. So, a gas flow rate of 50 mL/min

was used in the adsorption experiments carried out in this
work.
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Table 2

Textural properties of zeolites under investigation

Zeolites S angmuir (m2/g) Vmesopored BJH) (cm3/g) Vhicropores(t-Lippens) (Crﬁ/g) Average pore diameteAI ag (A)a
NaX 571 0.165 0.170 22.75 25.10
Co-NaX 633 0.176 0.178 21.25 25.00
Mn—NaX 720 0.135 0.220 19.61 24.95
Fe—NaX 245 0.253 0.001 48.31 25.11
CaA 549 0.062 0.176 22.75 24.52
Co-CaA 422 0.138 0.093 42.13 24.49
Mn-CaA 553 0.071 0.167 21.64 24.40
Fe—-CaA 301 0.333 0.004 50.88 24.57

@ Calculated from the 10 most intense diffraction peaks in the rafige3D—90.

3. Results and discussion Textural properties were evaluated for the NaX and CaA
zeolites before and after thermal treatment at §D0Zeo-
3.1. Textural characterization of zeolites lite NaX undergoes a slight reduction of surface area and

change in porous structure, whereas zeolite CaA has the op-
Zeolites surface area and pore volume, measuredby N posite behaviour. Results reveal that the maximum in the pore
physisorption, are summarizediiable 2 and pore size distri-  size distribution for all the exchange zeolites is shifted to
bution is shown irFig. 1. According to IUPAC recommenda-  higher pore volumes. Cobalt and manganese exchanged ze-
tions for microporous materials, surface area and microporeolites show only small variations with respect to the original
volume were calculated using the Langmuir and Lippens “t” ones. However, iron exchanged zeolites show a large decrease
method[22,23] Mesopore volumes were obtained from the in surface area and micropore volume, whereas its mesopore
analysis of the desorption branch of the nitrogen isotherm volume and average pore diameter increase. Being the treat-
using the Barrett—Joyner—Halenda (BJH) method. ment conditions the same in all cases, this behaviour must
be due to deposition on the zeolite channels as well as outer
surfaces of Fe species. This is supported by the XRD pat-
terns that show evidence of the presence-¢%,03 species

[24]. The slight increase in the average pore diameter can
o be explained by two simultaneous effects: slight increase
mg of the mesopore volume, and sharp decrease of micropore
Y volume.
g HN%H XRD profiles were obtained for the eight zeolitic sam-
S ples and are shown iRig. 2 The unit cell parametersy,
o of the cubic patterns, determined by Bragg equafiii,
e M are summarized iflable 2 they are similar to previous data
M reported in the literaturf26]. The characteristic peaks for
1 10 100 the fresh zeolites are shifted or distorted after ion exchange
, takes place. The unit cell volume of Fe/zeolite, NaX as well
(@) Pore diameter (nm) as CaA, increased markedly with respect to the NaX or CaA
zeolites. These exchanged zeolites show a clear decrease in
crystallinity if compared to the original NaX or CaA; the
) reflections attributed to the zeolite structure are less intense
mg after the exchange of the cation. The same behaviour has
° been reported in the literature, comparing the reflections in
g the case of ion exchange and impregnation, being the last
El W ones much more inten$27]. The decrease of peak intensity
o as the iron content increases, shows that iron addition has a
£ '*-\f\'*'\uan/-—- negative effect on crystallinity, which has also been noticed
N e oo bat—d in the case of zeolite HSI|28], NaY [29] and FSM and NaY
1 10 100 [24]. Furthermore, when cobalt or manganese enter into the
) zeolitic structure, it maintains its identity, with an unusual
(b) Pore diameter (nm)

slight decrease in cell volume. The low values of the lattice

Fig. 1. Pore size distribution calculated from nitrogen adsorption isotherms parameters, as compare to those of NaX and CaA, may be
by the BJH method for parent zeolit¢); Co-zeolite W) Mn-zeolite (A) egplalneq by the low amount of metal exchanged by the ze-
and Fe-zeolite (X) for: (a) NaX, (b) CaA. olite, as it can be concluded from ICP-mass values shown
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Fig. 2. XRD patterns of parent zeolites and their derivates: (a) NaX, (b) CaA.

in Table 1 None of the XRD spectra show sharp peaks for 3.2. Adsorption studies by IGC

transition metal oxides, which may prove the high dispersion

and/or low crystalline nature (amorphous) of the metal oxides 3.2.1. Adsorption parameters

on the zeolitic suppoift30]. Careful analysis of the former Adsorption parameters for hydrocarbong{Csg), cyclic

pattern provides evidence of the presence of a small line atcompounds (cyclohexane and cycloheptane), aromatic com-

20 = 38 due toa-Fe,O3. The estimated particle size isfound pounds (benzene), and chlorinated ones (chloroform,

to be 2 and 6 nm for Fe—NaX and Fe—CaA, respectively, astrichloroethylene and tetrachloroethylene) on zeolites NaX

determined from Scherrer equation. and CaA, as well as those materials resulting from the ion
It has been pointed out that the cation size and its coordi- exchange with transition metals, were determined in the in-

nation state play animportant role regarding its incorporation finite dilution region (Henry’s law region). The solutes have

into the zeolitic skeletof81]. The ionic radii, of the follow- been chosen because they are potential gas pollutants and the

ing ions are in the order: &f (40,&) < A3 (53,&) < Fet determination of adsorption parameters and their relationship

(69A) < Co?t (79A) < Mn2+ (81A) [32]. This sequence

does not agree with the amount of metal attached to the ze-

olitic material, which is in the order: G < Mn2+ < Fe**. 25.5
Trivalent cations seem to have stronger affinity with exchange
sites than divalent ones, and thus they show a higher degree o—\‘\‘
of exchange. This behaviour has also been reported in the __ 251
literature[29]. =

The evolution of lattice parameters with ionic radii of the &
exchanged metal is shown Fig. 3 The variation of the 24.51 B\ﬂ\ﬂ
lattice parameters of the cubic cell depends on the cation Fe Co  Mn
ionic radius. For both zeolites (NaX and CaA), the lattice

i S ) 24 . T .

parameter decreases with the cation ionic radius attached to 65 70 75 80 85

the zeolitic structure, taking into account that Fe increases
the unit cell parameter. Co-zeolite and Mn-zeolite decrease
the_ structural C?”: ml-.'Ch_ more in the case of a Mn-dopant, fig 3. Effect of metal ionic radius on the lattice parameter for zeolite Nax
which has the higher ionic radius. (#) and zeolite CaA[().

ionic radius (A)



E. Diaz et al. / J. Chromatogr. A 1049 (2004) 161-169 165

80 S 80
m Pentane
70 @Hexane [ 70 ;::::nn: u
_ &t DHeptane_ 60 JHeptane |
= @ Octane %"‘ mOctane
£ 50 £ 50 ]
3 5
= 40 - 7 m 2 40
:Eé 30 % 30
i - ]
< <
20 - 20 -
10 A 10 4
0 - 0
(a) NaX Co-NaX Mn-NaXx Fe-NaX (b) CaA Co-CaA Mn-CaA Fe-CaA
80 80
H Cyclohexane | mCyclohexane
70 @ Cycloheptane | 70 [|mCycloheptane ]|
60 [1Benzene 60 _ ___ || C1Benzene
S ] M =)
E 50 [ £ 50
3 5
< 40 £ 40 -
& E
I 30 {1 I 30 -
<|1 <
20 - " 20 - —
10 + 10 - { -
0 - T T 0 - T T T .
(c) NaX Co-NaX Mn-NaX Fe-NaX (d) CaA Co-CaA Mn-CaA Fe-CaA
120 120
m Chloroform m Chloroform
100 @Trichloroethylene  H 100 — @ Trichloroethylene 1
[ Tetrachloroethylene [ Tetrachloroethylene I_
3 80 3 80
E £
2 60 2 60
4 3
s - o
.? 40 ~ ‘? 40 -
20 A 20 +
O = T T T 0 - T
(e) NaX Co-Nax Mn-NaX Fe-NaX (H CaA Co-CaA Mn-CaA Fe-CaA

Fig. 4. Adsorption enthalpies (kJ/mol) for alkanes (a and b), cyclic and aromatic compounds (c and d), and chlorinated compounds (e and f) on different
adsorbents.

with molecular interactions are important in the selection of alicyclic hydrocarbons with the same carbon number, i.e. hex-
adsorbents for their removal. ane and cyclohexane. Similar results were found by Bilgic
Fig. 4shows the values of adsorption enthalpies forthe  and Agkin [5] for zeolite CaA andnel et al.[3] for zeolite
alkanes and other molecules over the various zeolites. TheséNaX. For chlorinated compounds the adsorption enthalpy in-
values were estimated usiigj. (2)and plots of IV versus creases with molecular size, in the sequence: chloroform <

1T, trichloroethylene < tetrachloroethylene.
a(In V) It is noteworthy that the adsorption enthalpies are higher
AHads= _Ra(l—/Tg) 2 in the case of zeolites NaX or CaA without any modification,

than in the other cases, with the exception of Co—CaA and
For all adsorbents the adsorption enthalpynadlkanes Mn—CaA, for certain adsorbates. In the case of zeolite NaX

increases with the carbon number. Benzene exhibits a moreand derivates, NaX gives the highest adsorption enthalpies,

negativeAHags than cyclic hydrocarbons and aliphatic and followed by Mn—NaX and Co—NaX. Different behaviour is
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Fig. 5. Adsorption enthalpies of zeolites vs. molecular diameter of alkanes
for parent zeolite¢), Co-zeolite W), Mn-zeolite (A) and Fe-zeolite (X) for:

(a) NaX, (b) CaA.

observed for zeolite CaA and derivates; in this case CaA

gives a higher adsorption enthalpy fealkanes, and the ze-
olite Mn—CaA exhibits the largest interactions with the cyclic,

aromatic and chlorinated compounds, presumably because of

its high percentage of Mri. Although both type of zeolites,
NaX and CaA, with FAU and LTA structures, respectively,
are hydrophilic zeolite§6], they allow a better diffusion of
cations in solution, and Mit ion exchange loading is higher
in the case of zeolite CaA than in the case of zeolite NaX.

This behaviour has been reported in the literature for the same

cation[6]. Furthermore, zeolite Co—CaA exhibits a selective

behaviour for aromatic compounds, whereas its adsorption¥s =

enthalpy for chlorinated compounds is very low.
The evolution of adsorption enthalpy with the molecule

E. Diaz et al. / J. Chromatogr. A 1049 (2004) 161-169

for the n-alkanes, which also holds for chlorinated or cyclic
compounds.

From chromatographic data the standard free energy of
adsorption at infinite dilutionAGgaqgs (J/mol), is given by
[5,34,35]

Vi
AGags= —RT In [M} 3)
7oA
or in an equivalent fornji34,36]

whereA is the specific surface area, ang is the spread-

ing pressure of the adsorbed gas in the De Boer standard
state, which was taken as 3@8l/m [37]. ParameteC is a
constant related to the standard states. Data@{qsfor the
solute—sorbent systems calculated fieg (3), at 250°C, are
given inFig. 6. The free energy of adsorption faralkanes
increases with the carbon number and follows the same trend
as the adsorption enthalpies.

For a given adsorbate, the free energy of adsorption is the
sum of the energies of adsorption attributed to dispersive and
specific interactions. The standard free energy of adsorption
takes into account the standard free energy of adsorption of
polar solutes on solid surfaces, hamely, the dispersive contri-
bution, AngS and the specific contributioly G3,.[38].

As in the case of the free energy of adsorption, the surface
free energy of the adsorbentg (J/nf), may be split into
dispersionys'?, and SpeCifiC)/g, contributions, corresponding
to the dispersion and specific interactions, respectively:

()

The interaction between the stationary phase and the ad-
sorbate can be attributed to polar or non-polar (dispersive)
van der Waals forces. The interaction betweatkanes, with
non-preferential localization of electrons, and the stationary
phase involves only dispersive forces. The dispersive com-
ponent, intrinsic and unspecific for all molecules, is given
according to Dorris and Grg39] by:

ys=v3+78

2
1 AGCH2

S
4 VCHZZVZQCH2

(6)

whereNis the Avogadro numbetc, is the area occupied by

diameter (calculated from the cross-section area of thea —CH, group (0.06 nr), andycp, (mJ/n?) is the surface

molecule, considered spherical) is depictedrig. 5. This
figure illustrates how adsorption enthalpies, obtained by IGC,
can contribute to the fundamental understanding of zeolitic

molecular sieves and their derivates. Results suggest that ze¥CHz = 35.6+0.058(20—T)

olites interactions are not a function, in this case, of their

pore diameter, because they are larger than the solute diamy, mber of carbon atoms in

tension of a surface consisting of @ldroups, which is a
function of temperature iAC:

()
d

ads @nd it changes with the
the molecules; the incremen-

For n-alkanesAGags= AG

eter. Similar representations for enthalpies of immersion of adsorption energy corresponding to a methylene group,

zeolites into different liquids, as function of their molecular

GcH,, may be calculated frorf@0]:

size, have been obtained to evaluate the accessibility to the

microporous network33]. However, the lowest adsorption

values correspond to the lowest surface area and microporeAGe, = —RT In
volume (Fe-exchanged zeolites). A linear trend is observed

Vo)

Vot+1)

(8)
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Fig. 6. Standard free energ¥Gags(kJd/mol), for alkanes (a and b), cyclic and aromatic compounds (¢ and d), and chlorinated compounds (e and f) on adsorbents
under study at 250C.

whereVy , andVy .1 are the specific retention volumes of the micropores, as an increase of microporous volume cor-
two consecutive-alkanes having and fi+1) carbon atoms,  responds to an increase of the dispersive component of the
respectivelyAGcn, is independent of the chosen reference surface energy. Furthermore, those samples which show less
state of adsorbed molecu®4]. The slopes of linear func-  crystalinity have lower values of the dispersive component
tions represent the incrementAGc, . of surface energy, whereas the original zeolites and tif& Co
CalculatedysD values fromEq. (6)are shown inTable 3 and Mrtt exhanged ones have the highest values. Briefly
they decrease as temperature increases in all cases. Thstated, the higher the dispersive component, the lower is the
evolution ofyg with column temperature for the different slope ofyg versus column temperature.
samples is shown iffable 3 Values OfySD for all zeolites In order to get a better understanding of the role of specific
excepting Fe exchanged, are much higher than those obtaine@dsorption mechanisms, the chromatographic behaviour of
for polymers,~60 mJ/nt [35] or compounds such as theo- polar molecules was compared to thahedlkanes.
phylline and caffeine;~50 mJ/nt [41]. The highyg values The specific component of the surface free energy is
are presumably associated to a high interaction potential inclosely related to the parameter of specific interaction of polar
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Table 3 Table 4
Dispersive component of surface free eneygy,(mJ/n?) and the slope of ISP (mJ/n?) values determined for zeolites under study
¥8 vs. column temperature
Solutes 200C  230°C 250°C  270°C
200°C  230°C  250°C  270°C  Slope Zeolite Nax
NaX 1549 1531 1523 1503 —0.0629 Cyclohexane 19423 181419 15513 13.8:25
Co-NaX 1508 1466 1443 1452 —0.0864 Cycloheptane 25326 24749 231421 21.3:27
Mn-NaX 1693 1640 1626 1558 —0.1809 Benzene 96.24.8 93.1:58 88.8:4.2 84.2:3.7
Fe-NaX 568 544 433 268 —0.4202 Chloroform 24.6+2.1 20.3:3.0 11.1+1.0 52406
CaA 2420 2411 2326 2269 —0.2255 Trichloroethylene  66.6:3.2 63.8+4.1 61.2-2.3 55.4+3.4
Co-CaA 2290 2303 2245 2095 —0.2607 Tetrachloroethylene 5164.0 47.74£2.8 457+3.1 43.3:25
Mn-CaA 2045 2005 1973 1954 —0.1342 _
Fe-CaA 287 240 198 137 _0.2115  Zeolite Co-NaxX
Cyclohexane 24334 242440 23.7+35 24.2+3.6
Cycloheptane 30245 30.6:49 30.14+50 29.9+4.3
solutes [°P). This parameter involves the surface properties ~ Benzene 120464 117.2£7.9 116.5:6.8 110.1£8.3
in terms of potential and acid—base interactions, as for in- Chioroform 22804 17804 15206 14£0.3
In p ons, Trichloroethylene ~ 67.8:4.3 64.3:3.8 63.1£3.8 61.3:3.6
stance, Keesom, Debye and hydrogen bonding, and can be Ttetrachioroethylene 55:25.3 53.2:6.0 52.4£5.5 50.7+5.9
determined from the free energy of adsorption increment, Zeolite M—NaX
A(AG), between a polar solute and the rgal or hypothetl—' Cyclohexane 24743 243L38 23.9L49 23.6LA5
caln-alkane that have the same cross-section surface area (it cycloheptane 30250 30.3t4.2 30242 29.7£4.0
is supposed to present negligible specific component of the Benzene 134.6:8.9 132.2+10.0 126.5-7.8 120.8+9.3
interaction)[35]. Chloroform 0.8:0.2 0.7+0.1 0.5£0.3 0.4+0.05
Trichloroethylene  72.36.4 70.5+6.8 69.1+5.9 68.9+7.2
5P A(AG) ©) Tetrachloroethylene 57:64.8 56.1+4.8 55.7£5.0 54.6+4.2
- Nap Zeolite Fe—-NaX
. . Cyclohexane 24746 22.0£38 14.7+39 10.0+41
whereay, is the cross-section area of the probe molecule. In  cycloheptane 22551 19.043.7 16441 12.2+35
the present workay, is calculated from the liquid density, Benzene 67.953 60.2+56 46.8:5.7 34.0+4.3
and the molar weight of the molecu,assuming a spherical $h";r|°f°rmh | 341§0; 2-2 ii-ig-g é?ﬁ j-i zg%it gg
H _ . . richloroethylene . . . . . . . .
[m4;;ecular shape in a hexagonal close-packed configuration Tetrachloroethylene 41235 40.6:4.1 30.0:50 23.203.5
' Zeolite CaA
of M 2/3 Cyclohexane 89.86.2 67.3:59 58.1+4.8 52.6+5.1
ap = 1.09 x 10 <—> (20) Cycloheptane 107456.3 91.2+7.3 79.9£6.0 37.6+57
PN Benzene 135483 91.6+7.4 76.3+7.0 52.8+53
. : Chloroform 2025 22332 15919 1.1+0.1
The SpeCIfIC mteractlon p_arametef_%? calculated from Trichloroethylene  67.5:3.2 54.9+4.2 46.9%-3.8 27.2+2.7
Eq. (9) for the zeolites studied, are listed Table 4 Re-  teyrachioroethylene 65:84.1 627432 44.9£2.0 17.6:1.9
sults indicate how difficult is to obtain accurately the dis- Seolite Co_Ca
persive component of the interaction energy. The spgcmc iN-""cyclohexane 82839 744L40 59.6L19 51224
teraction parameter decreases as the temperature increases cycloheptane 63232 511428 37.0-1.5 29.3:1.4
However, it does not vary consistently with molecular area  Benzene 133.25.0 125.5£4.3 109.0:2.9 99.3:3.0
of solute, which means that the pore diameter is not the Chloroform 99.9:34 90.0+:32 74735 65.9+24
key factor in polar interactions, as it was shown in a pre- Jrichloroethylene  156.8:5.9 152.0:5.2 134.8:3.6 124.3:4.2
.y P - . . . . P Tetrachloroethylene 142:64.8 124.5+-3.8 108.2£4.0 98.4+3.5
vious work[19]. Within a certain family, the interaction for _
cyclic hydrocarbons does not vary uniformly, cycloheptane Ze‘c’"tel “}f”‘caA MB13 47i05 45108 43104
and cyclohexane show similar values, but the largest inter-  2Y2"®x@e S PPOSEOShY
. . Cycloheptane 4F1.2 45+14 42+03 4.2+05
action value depends_ on the adsorbent. Furthermdtés Benzene 6.81.8 68:17 64L14 62407
higher for the aromatic ring (benzene) than for cycloalka-  chioroform 4908 4.6+0.3 4.0£08 3.6+05
nes. When benzene adsorbs on zeolites, there are two kinds Trichloroethylene  9.&1.7 94419  92£13 9.0+£05
of adsorption sites, i.e. Lewis acid sites, which is repre- Tetrachloroethylene  7%1.4  7.1+£04  7.0£12 6.7+14
sented by the cation site interacting with the benzene ring, Zeolite Fe-CaA
and the Lewis base sites, namely, oxygen atoms in the zeo- Cyclohexane 91%15 7.8&t1l8 6.7+18 509+13
lite structure, that have a very high interaction with benzene. ~ CYcloheptane 15814 12417 120815 10.6£0.5
In fact, benzene interacts strongly with all the zeolites with Benzene A4E23 3TEELY 365520 20819
' - aly Chloroform 21.8-1.8 142+12 92+04 9.1+05
the only exception of Co—CaA and Mn—-CaA. For Mn—NaX  Trichioroethylene  32.61.9 16.741.7 11.74£0.7 10.6:0.8
and Co—NaX, the specific interaction is very strong. Co—CaA  Tetrachloroethylene 27:81.8 23.8:2.0 21.5+0.7 19.5+1.8

shows the same behaviour, again Mn—CaA being different
and hence adsorption on cations takes place predominantly in
Mn-zeolites.
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debyes) chloroform (1.01 debye)3], i.e. stronger inter-
actions as polarity increases, with the exception of pro-
toned zeolites, where the interaction order is: chloroform
> trichloroethylene > tetrachloroethylene. It is noteworthy
that zeolite Co—CaA exhibits a very high trichloroethy-
lene interaction, very similar to that of chloroform and
benzene.
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