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Characterization of Co, Fe and Mn-exchanged zeolites by
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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
o xchanged.
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riginal zeolites NaX and CaA show the higher values of enthalpy of adsorption but specific interactions depend on the metal e
eolites Mn–NaX and Co–NaX exhibit the strongest interactions with benzene, whereas zeolite Co–CaA shows the strongest i
ith chlorinated compounds. The trivalent cation (Fe3+) does not affect the either the adsorption efficiency or specific interaction.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Zeolites and molecular sieves are porous materials of
idespread use as catalysts, sorbents and ion exchangers in
etroleum refining and other chemical processes[1]. Zeo-

ites are a group of crystalline aluminosilicates with a cage-
ike structure of SiO4 and AlO4 tetrahedra bound by shared
xygen atoms. The negative charges of the AlO4 units are
alanced by exchangeable cations—Na+, K+, Ca2+, Mg2+
r Fe3+. These ions can be easily exchanged by other ions
nd the high exchange capacity of zeolites makes out of them
ery efficient adsorbents or catalysts.

Zeolites are a versatile alternative to alumina and activated
arbon for recovery of volatile organic compounds (VOCs).
ydrocarbon adsorption has been extensively studied on NaX
eolite [2,3], and more recently, on CaA molecular sieves
4,5].

∗ Corresponding author. Tel.: +34 985 103437; fax: +34 985 103434.
E-mail address:sordonez@uniovi.es (S. Ordóñez).

Zeolites are also a suitable support for transition me
due to their open structure and ion exchange capacitie[6]
with many applications in heterogeneous catalysis. Tr
tion metal (Co2+, Fe3+, Cu2+ and Cu+) exchanged zeolite
ZSM-5 have been successful tested for the oxydehydrog
tion of ethane with oxygen[7] and the oxidation of propan
has been carried out over Fe3+, Co2+ and Mn2+ exchange
zeolite ZSM-5[8]. SO2 oxidation has been carried out w
Mn2+ heterogenised on NaX zeolite[6]. Moreover, Fe3+,
Co2+ and Mn2+ have been found to be the most active me
in methane combustion[9,10]. Although data are available
the sorption behaviour ofn-hexane on Co2+, Ni2+, Zn2+ and
Cd2+ exchanged NaX zeolites[11], they are scarce for tra
sition metal exchanged zeolites in connection with rem
of pollutants[12].

The techniques of gas–solid chromatography or inv
gas chromatography (IGC) provide information on ther
dynamic, surface energy, morphological parameters (su
surface area and porosity) and reaction kinetics, assoc
with gas–solid adsorption and catalytic reactions. IGC
021-9673/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2004.07.065
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been widely utilized in the past years to study zeolites[13],
adsorbents[14] foods[15], carbon blacks[16] and fibers[17].

In the present work, transition metals (Co2+, Mn2+ and
Fe3+) were incorporated into the zeolitic structures of NaX
and CaA. Adsorbents surface properties such as surface
area and acidity were characterized by nitrogen adsorption
and ammonia-temperature programmed desorption (TPD),
respectively. Adsorbents performance for the removal of
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 70◦C for 24 h, followed by heat-
ing in a furnace at 500◦C for 4 h.

Metal ion solutions (0.25 M) were prepared by dis-
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adsorption at−196◦C (Micromeritics ASAP 2000 surface
analyser), assuming a value of 0.164 nm2 for the cross-section
of the nitrogen molecule.

The solutes used as supplied were:n-pentane,n-hexane,
n-heptane andn-octane (Fluka >99.5% purity), and cyclo-
hexane, cycloheptane, benzene, chloroform, trichloroethy-
lene and tetrachloroethylene (Panreac >99% purity). Helium
as carrier gas (>99.9995% purity, according to the manufac-
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 5.3 mm (o.d. 0.25 in.). 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 250◦C overnight 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.
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olving 18.18 g of Co(NO3)2·6H2O (Merck), 25.25 g o
e(NO3)3·9H2O (Panreac) and 15.68 g of Mn(NO3)2·4H2O
Panreac) into a 250 cm3 of distilled water. Ion exchang
etween zeolites and Co2+, Fe3+and Mn2+ solutions wa
arried out by suspending 3 g of zeolite into the metal
olution at 70◦C with mild stirring in a water bath for 24
he preparation of Fe3+exchanged LTA zeolites (CaA) h

o be carried out at low pH, in order to avoid the precipita
f iron hydroxide[20]; the pH was adjusted by addition
2SO4. The suspension was then filtered and the cake r
ith distilled water; the solid was then heated in a furn
t 500◦C for 4 h. The unit cell chemical composition of
amples was determined by ICP-mass spectroscopy. R
re shown inTable 1.

Zeolites structures were determined by X-ray diffrac
XRD) (Philips PW1710 diffractometer) working with t
� line of copper. The powder diffraction standards (JCP
ere used for proper interpretation of the crystal struc
urface area and pore volume were determined by nitr

able 1
nit cell composition of zeolites

eolites Unit cell composition Na/Ca exchanged

aX Na88(AlO2)88(SiO2)104 –
o–NaX Na47Co20.3(AlO2)88(SiO2)104 46.59
n–NaX Na48.57Mn20(AlO2)88(SiO2)104 44.81
e–NaX Na2Fe43(AlO2)88(SiO2)104 97.73
aA Ca45.85(AlO2)96(SiO2)96 –
o–CaA Ca27.91Co17.94(AlO2)96(SiO2)96 39.13
n–CaA Ca3.52Mn42.32(AlO2)96(SiO2)96 92.32
e–CaA Ca0.85Fe45(AlO2)96(SiO2)96 98.15
Measurements were carried out in the temperature r
f 200–270◦C. Helium was used as carrier gas, and flow r
ere measured using a calibrated soap bubble flowm

n order to meet the requirement of adsorption at infi
ilution, corresponding to zero coverage and GC line

21], the samples injected were in the range from 0.0
.8�L. For each measurement, the sample was injected

imes, obtaining reproducible results (0.5%). The spe
etention volume,Vg, in cm3/g, was calculated from th
quation:

g = Fj
tR − tM

m

(
p0 − pw

p0

) (
T

Tmeter

)
(1)

hereF is the carrier gas flow-rate,tR the retention time i
in, tM the retention time of a non-adsorbing marker (a

0 the outlet column pressure,pi the inlet pressure,pw the
apour pressure of water at the flowmeter temperature,Tmeter
he ambient temperature in K, andj is the James–Martin com
ressibility factor.

In order to separate the surface adsorption contrib
rom the total retention data, the absence of mass-tra
ffects must be ensured. Preliminary experiments show

n the most stringent case (cyclohexane, cycloheptane,
ene, trichloroethylene and tetrachloroethylene over X
ites), flow rates higher than 50 mL/min leads toVg indepen
ent from gas flow rate. So, a gas flow rate of 50 mL/
as used in the adsorption experiments carried out in
ork.
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Table 2
Textural properties of zeolites under investigation

Zeolites SLangmuir (m2/g) Vmesopores(BJH) (cm3/g) Vmicropores(t-Lippens) (cm3/g) Average pore diameter (Å) a0 (Å)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

a Calculated from the 10 most intense diffraction peaks in the range 2θ = 30–90◦.

3. Results and discussion

3.1. Textural characterization of zeolites

Zeolites surface area and pore volume, measured by N2
physisorption, are summarized inTable 2, and pore size distri-
bution is shown inFig. 1. According to IUPAC recommenda-
tions for microporous materials, surface area and micropore
volume were calculated using the Langmuir and Lippens “t”
method[22,23]. Mesopore volumes were obtained from the
analysis of the desorption branch of the nitrogen isotherm
using the Barrett–Joyner–Halenda (BJH) method.

F
b
a

Textural properties were evaluated for the NaX and CaA
zeolites before and after thermal treatment at 500◦C. Zeo-
lite NaX undergoes a slight reduction of surface area and
change in porous structure, whereas zeolite CaA has the op-
posite behaviour. Results reveal that the maximum in the pore
size distribution for all the exchange zeolites is shifted to
higher pore volumes. Cobalt and manganese exchanged ze-
olites show only small variations with respect to the original
ones. However, iron exchanged zeolites show a large decrease
in surface area and micropore volume, whereas its mesopore
volume and average pore diameter increase. Being the treat-
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 of�-Fe2O3 species
[24]. The slight increase in the average pore diameter can
be explained by two simultaneous effects: slight increase
of the mesopore volume, and sharp decrease of micropore
volume.

XRD profiles were obtained for the eight zeolitic sam-
ples and are shown inFig. 2. The unit cell parameters,a0,
of the cubic patterns, determined by Bragg equation[25],
are summarized inTable 2; they are similar to previous data
reported in the literature[26]. The characteristic peaks for
the fresh zeolites are shifted or distorted after ion exchange
t well
a CaA
z ase in
c he
r ense
a r has
b s in
t last
o ity
a has a
n iced
i
[ o the
ig. 1. Pore size distribution calculated from nitrogen adsorption isotherms
y the BJH method for parent zeolite (�), Co-zeolite (�) Mn-zeolite (�)
nd Fe-zeolite (X) for: (a) NaX, (b) CaA.

z ual
s ttice
p y be
e ze-
o own
akes place. The unit cell volume of Fe/zeolite, NaX as
s CaA, increased markedly with respect to the NaX or
eolites. These exchanged zeolites show a clear decre
rystallinity if compared to the original NaX or CaA; t
eflections attributed to the zeolite structure are less int
fter the exchange of the cation. The same behaviou
een reported in the literature, comparing the reflection

he case of ion exchange and impregnation, being the
nes much more intense[27]. The decrease of peak intens
s the iron content increases, shows that iron addition
egative effect on crystallinity, which has also been not

n the case of zeolite HSM[28], NaY[29] and FSM and NaY
24]. Furthermore, when cobalt or manganese enter int
eolitic structure, it maintains its identity, with an unus
light decrease in cell volume. The low values of the la
arameters, as compare to those of NaX and CaA, ma
xplained by the low amount of metal exchanged by the
lite, as it can be concluded from ICP-mass values sh
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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
transition metal oxides, which may prove the high dispersion
and/or low crystalline nature (amorphous) of the metal oxides
on the zeolitic support[30]. Careful analysis of the former
pattern provides evidence of the presence of a small line at
2θ = 38◦ due to�-Fe2O3. The estimated particle size is found
to be 2 and 6 nm for Fe–NaX and Fe–CaA, respectively, as
determined from Scherrer equation.

It has been pointed out that the cation size and its coordi-
nation state play an important role regarding its incorporation
into the zeolitic skeleton[31]. The ionic radii, of the follow-
ing ions are in the order: Si4+ (40Å) < Al 3+ (53Å) < Fe3+
(69Å) < Co2+ (79Å) < Mn2+ (81Å) [32]. This sequence
does not agree with the amount of metal attached to the ze-
olitic material, which is in the order: Co2+ < Mn2+ < Fe3+.
Trivalent cations seem to have stronger affinity with exchange
sites than divalent ones, and thus they show a higher degree
of exchange. This behaviour has also been reported in the
literature[29].

The evolution of lattice parameters with ionic radii of the
exchanged metal is shown inFig. 3. The variation of the
lattice parameters of the cubic cell depends on the cation
ionic radius. For both zeolites (NaX and CaA), the lattice
parameter decreases with the cation ionic radius attached to
the zeolitic structure, taking into account that Fe increases
t ease
t ant,
w

3.2. Adsorption studies by IGC

3.2.1. Adsorption parameters
Adsorption parameters for hydrocarbons (C5–C8), cyclic

compounds (cyclohexane and cycloheptane), aromatic com-
pounds (benzene), and chlorinated ones (chloroform,
trichloroethylene and tetrachloroethylene) on zeolites NaX
and CaA, as well as those materials resulting from the ion
exchange with transition metals, were determined in the in-
finite dilution region (Henry’s law region). The solutes have
been chosen because they are potential gas pollutants and the
determination of adsorption parameters and their relationship

F NaX
(

he unit cell parameter. Co-zeolite and Mn-zeolite decr
he structural cell, much more in the case of a Mn-dop
hich has the higher ionic radius.
ig. 3. Effect of metal ionic radius on the lattice parameter for zeolite
�) and zeolite CaA (�).
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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
adsorbents for their removal.

Fig. 4shows the values of adsorption enthalpies for then-
alkanes and other molecules over the various zeolites. These
values were estimated usingEq. (2)and plots of lnVg versus
1/T.


Hads= −R
∂(ln Vg)

∂(1/T )
(2)

For all adsorbents the adsorption enthalpy ofn-alkanes
increases with the carbon number. Benzene exhibits a more
negative
Hads than cyclic hydrocarbons and aliphatic and

alicyclic hydrocarbons with the same carbon number, i.e. hex-
ane and cyclohexane. Similar results were found by Bilgic¸
and Aşkin [5] for zeolite CaA anḋInel et al.[3] for zeolite
NaX. For chlorinated compounds the adsorption enthalpy in-
creases with molecular size, in the sequence: chloroform <
trichloroethylene < tetrachloroethylene.

It is noteworthy that the adsorption enthalpies are higher
in the case of zeolites NaX or CaA without any modification,
than in the other cases, with the exception of Co–CaA and
Mn–CaA, for certain adsorbates. In the case of zeolite NaX
and derivates, NaX gives the highest adsorption enthalpies,
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 (�), Mn-zeolite (�) and Fe-zeolite (X) for:
(a) NaX, (b) CaA.

observed for zeolite CaA and derivates; in this case CaA
gives a higher adsorption enthalpy forn-alkanes, and the ze-
olite Mn–CaA exhibits the largest interactions with the cyclic,
aromatic and chlorinated compounds, presumably because of
its high percentage of Mn2+. Although both type of zeolites,
NaX and CaA, with FAU and LTA structures, respectively,
are hydrophilic zeolites[6], they allow a better diffusion of
cations in solution, and Mn2+ 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
enthalpy for chlorinated compounds is very low.

The evolution of adsorption enthalpy with the molecule
diameter (calculated from the cross-section area of the
molecule, considered spherical) is depicted inFig. 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
olites interactions are not a function, in this case, of their
pore diameter, because they are larger than the solute diam-
eter. Similar representations for enthalpies of immersion of
zeolites into different liquids, as function of their molecular
size, have been obtained to evaluate the accessibility to the
microporous network[33]. However, the lowest adsorption
v opore
v rved

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

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


Gads= −RT ln

[
p0Vg

π0A

]
(3)

or in an equivalent form[34,36]


Gads= −RT ln Vg + C (4)

whereA is the specific surface area, andπ0 is the spread-
ing pressure of the adsorbed gas in the De Boer standard
state, which was taken as 338�N/m [37]. ParameterC is a
constant related to the standard states. Data of
Gadsfor the
solute–sorbent systems calculated fromEq. (3), at 250◦C, are
given inFig. 6. The free energy of adsorption forn-alkanes
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, namely, the dispersive contri-
bution,
Gd

ads, and the specific contribution,
Gs
ads[38].
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alues correspond to the lowest surface area and micr
olume (Fe-exchanged zeolites). A linear trend is obse
-

As in the case of the free energy of adsorption, the su
ree energy of the adsorbent,γS (J/m2), may be split into
ispersion,γD

S , and specific,γS
S, contributions, correspondin

o the dispersion and specific interactions, respectively:

S = γS
S + γD

S (5)

The interaction between the stationary phase and th
orbate can be attributed to polar or non-polar (disper
an der Waals forces. The interaction betweenn-alkanes, with
on-preferential localization of electrons, and the statio
hase involves only dispersive forces. The dispersive
onent, intrinsic and unspecific for all molecules, is gi
ccording to Dorris and Gray[39] by:

D
S = 1

4


G2
CH2

γCH2N
2a2

CH2

(6)

hereN is the Avogadro number,aCH2 is the area occupied b
–CH2 group (0.06 nm2), andγCH2 (mJ/m2) is the surfac

ension of a surface consisting of CH2 groups, which is
unction of temperature in◦C:

CH2 = 35.6 + 0.058(20− T ) (7)

For n-alkanes
Gads= 
Gd
ads and it changes with th

umber of carbon atoms in the molecules; the increm
al adsorption energy corresponding to a methylene g
GCH2, may be calculated from[40]:

GCH2 = −RT ln
Vg(n)

Vg(n+1)
(8)
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Fig. 6. Standard free energy,
Gads(kJ/mol), for alkanes (a and b), cyclic and aromatic compounds (c and d), and chlorinated compounds (e and f) on adsorbents
under study at 250◦C.

whereVg,n andVg,n+1 are the specific retention volumes of
two consecutiven-alkanes havingnand (n+1) carbon atoms,
respectively.
GCH2 is independent of the chosen reference
state of adsorbed molecule[34]. The slopes of linear func-
tions represent the increment in
GCH2.

CalculatedγD
S values fromEq. (6)are shown inTable 3;

they decrease as temperature increases in all cases. The
evolution ofγD

S with column temperature for the different
samples is shown inTable 3. Values ofγD

S for all zeolites
excepting Fe exchanged, are much higher than those obtained
for polymers,∼60 mJ/m2 [35] or compounds such as theo-
phylline and caffeine,∼50 mJ/m2 [41]. The highγD

S values
are presumably associated to a high interaction potential in

the micropores, as an increase of microporous volume cor-
responds to an increase of the dispersive component of the
surface energy. Furthermore, those samples which show less
crystalinity have lower values of the dispersive component
of surface energy, whereas the original zeolites and the Co2+
and Mn2+ exhanged ones have the highest values. Briefly
stated, the higher the dispersive component, the lower is the
slope ofγD

S versus column temperature.
In order to get a better understanding of the role of specific

adsorption mechanisms, the chromatographic behaviour of
polar molecules was compared to that ofn-alkanes.

The specific component of the surface free energy is
closely related to the parameter of specific interaction of polar
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Table 3
Dispersive component of surface free energy,γD

S (mJ/m2) and the slope of
γD

S vs. column temperature

200◦C 230◦C 250◦C 270◦C Slope

NaX 154.9 153.1 152.3 150.3 −0.0629
Co–NaX 150.8 146.6 144.3 145.2 −0.0864
Mn–NaX 169.3 164.0 162.6 155.8 −0.1809
Fe–NaX 56.8 54.4 43.3 26.8 −0.4202
CaA 242.0 241.1 232.6 226.9 −0.2255
Co–CaA 229.0 230.3 224.5 209.5 −0.2607
Mn–CaA 204.5 200.5 197.3 195.4 −0.1342
Fe–CaA 28.7 24.0 19.8 13.7 −0.2115

solutes (Isp). This parameter involves the surface properties
in terms of potential and acid–base interactions, as for in-
stance, Keesom, Debye and hydrogen bonding, and can be
determined from the free energy of adsorption increment,

(
G), between a polar solute and the real or hypotheti-
caln-alkane that have the same cross-section surface area (it
is supposed to present negligible specific component of the
interaction)[35].

Isp = 
(
G)

Nap
(9)

whereap is the cross-section area of the probe molecule. In
the present work,ap is calculated from the liquid density,ρ
and the molar weight of the molecule,Massuming a spherical
molecular shape in a hexagonal close-packed configuration
[42].

ap = 1.09× 1014
(

M

ρN

)2/3

(10)

The specific interaction parameters,Isp calculated from
Eq. (9), for the zeolites studied, are listed inTable 4. Re-
sults indicate how difficult is to obtain accurately the dis-
persive component of the interaction energy. The specific in-
teraction parameter decreases as the temperature increases.
However, it does not vary consistently with molecular area
o t the
k pre-
v or
c ane
a nter-
a
h lka-
n kinds
o pre-
s ring,
a zeo-
l ene.
I with
t aX
a CaA
s rent
a ntly in
M

Table 4
Isp (mJ/m2) values determined for zeolites under study

Solutes 200◦C 230◦C 250◦C 270◦C

Zeolite NaX
Cyclohexane 19.1± 2.3 18.1± 1.9 15.5± 1.3 13.8± 2.5
Cycloheptane 25.7± 2.6 24.7± 4.9 23.1± 2.1 21.3± 2.7
Benzene 96.2± 4.8 93.1± 5.8 88.8± 4.2 84.2± 3.7
Chloroform 24.6± 2.1 20.3± 3.0 11.1± 1.0 5.2± 0.6
Trichloroethylene 66.6± 3.2 63.8± 4.1 61.2± 2.3 55.4± 3.4
Tetrachloroethylene 51.6± 4.0 47.7± 2.8 45.7± 3.1 43.3± 2.5

Zeolite Co–NaX
Cyclohexane 24.7± 3.4 24.2± 4.0 23.7± 3.5 24.2± 3.6
Cycloheptane 30.7± 4.5 30.6± 4.9 30.1± 5.0 29.9± 4.3
Benzene 120.1± 6.4 117.2± 7.9 116.5± 6.8 110.1± 8.3
Chloroform 2.2± 0.4 1.7± 0.4 1.5± 0.6 1.4± 0.3
Trichloroethylene 67.8± 4.3 64.3± 3.8 63.1± 3.8 61.3± 3.6
Tetrachloroethylene 55.7± 5.3 53.2± 6.0 52.4± 5.5 50.7± 5.9

Zeolite Mn–NaX
Cyclohexane 24.7± 4.3 24.3± 3.8 23.9± 4.9 23.6± 4.5
Cycloheptane 30.7± 5.0 30.3± 4.2 30.2± 4.2 29.7± 4.0
Benzene 134.6± 8.9 132.2± 10.0 126.5± 7.8 120.8± 9.3
Chloroform 0.8± 0.2 0.7± 0.1 0.5± 0.3 0.4± 0.05
Trichloroethylene 72.3± 6.4 70.5± 6.8 69.1± 5.9 68.9± 7.2
Tetrachloroethylene 57.6± 4.8 56.1± 4.8 55.7± 5.0 54.6± 4.2

Zeolite Fe–NaX
Cyclohexane 24.7± 4.6 22.0± 3.8 14.7± 3.9 10.0± 4.1
Cycloheptane 22.5± 5.1 19.0± 3.7 16.4± 4.1 12.2± 3.5
Benzene 67.9± 5.3 60.2± 5.6 46.8± 5.7 34.0± 4.3
Chloroform 31.0± 4.3 28.2± 5.0 12.0± 4.1 9.0± 3.5
Trichloroethylene 49.8± 4.6 44.8± 3.6 37.1± 4.1 29.6± 3.0
Tetrachloroethylene 41.2± 3.5 40.6± 4.1 30.9± 5.0 23.2± 3.5

Zeolite CaA
Cyclohexane 89.0± 6.2 67.3± 5.9 58.1± 4.8 52.6± 5.1
Cycloheptane 107.5± 6.3 91.2± 7.3 79.9± 6.0 37.6± 5.7
Benzene 135.1± 8.3 91.6± 7.4 76.3± 7.0 52.8± 5.3
Chloroform 20.7± 2.5 22.3± 3.2 15.9± 1.9 1.1± 0.1
Trichloroethylene 67.5± 3.2 54.9± 4.2 46.9± 3.8 27.2± 2.7
Tetrachloroethylene 65.3± 4.1 62.7± 3.2 44.9± 2.0 17.6± 1.9

Zeolite Co–CaA
Cyclohexane 82.0± 3.9 74.4± 4.0 59.6± 1.9 51.2± 2.4
Cycloheptane 63.2± 3.2 51.1± 2.8 37.0± 1.5 29.3± 1.4
Benzene 133.2± 5.0 125.5± 4.3 109.0± 2.9 99.3± 3.0
Chloroform 99.9± 3.4 90.0± 3.2 74.7± 3.5 65.9± 2.4
Trichloroethylene 156.8± 5.9 152.0± 5.2 134.8± 3.6 124.3± 4.2
Tetrachloroethylene 142.6± 4.8 124.5± 3.8 108.2± 4.0 98.4± 3.5

Zeolite Mn–CaA
Cyclohexane 4.8± 1.3 4.7± 0.5 4.5± 0.8 4.3± 0.4
Cycloheptane 4.7± 1.2 4.5± 1.4 4.2± 0.3 4.2± 0.5
Benzene 6.8± 1.8 6.8± 1.7 6.4± 1.4 6.2± 0.7
Chloroform 4.9± 0.8 4.6± 0.3 4.0± 0.8 3.6± 0.5
Trichloroethylene 9.5± 1.7 9.4± 1.9 9.2± 1.3 9.0± 0.5
Tetrachloroethylene 7.7± 1.4 7.1± 0.4 7.0± 1.2 6.7± 1.4

Zeolite Fe–CaA
Cyclohexane 9.13± 1.5 7.8± 1.8 6.7± 1.8 5.9± 1.3
Cycloheptane 15.8± 1.4 12.4± 1.7 12.0± 1.5 10.6± 0.5
Benzene 44.7± 2.3 37.8± 1.9 36.5± 2.0 26.8± 1.9
Chloroform 21.8± 1.8 14.2± 1.2 9.2± 0.4 9.1± 0.5
Trichloroethylene 32.6± 1.9 16.7± 1.7 11.7± 0.7 10.6± 0.8
Tetrachloroethylene 27.8± 1.8 23.8± 2.0 21.5± 0.7 19.5± 1.8
f solute, which means that the pore diameter is no
ey factor in polar interactions, as it was shown in a
ious work[19]. Within a certain family, the interaction f
yclic hydrocarbons does not vary uniformly, cyclohept
nd cyclohexane show similar values, but the largest i
ction value depends on the adsorbent. Furthermore,Isp is
igher for the aromatic ring (benzene) than for cycloa
es. When benzene adsorbs on zeolites, there are two
f adsorption sites, i.e. Lewis acid sites, which is re
ented by the cation site interacting with the benzene
nd the Lewis base sites, namely, oxygen atoms in the

ite structure, that have a very high interaction with benz
n fact, benzene interacts strongly with all the zeolites
he only exception of Co–CaA and Mn–CaA. For Mn–N
nd Co–NaX, the specific interaction is very strong. Co–
hows the same behaviour, again Mn–CaA being diffe
nd hence adsorption on cations takes place predomina
n-zeolites.
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Specific interactions between chlorinated adsorbates and
zeolites depend on size, dipolar moment and polarity of
the molecule. Their specific interaction parameters follow
the expected trend on the basis of their dipolar moment
trichloroethylene (1.78 debyes), tetrachloroethylene (1.32
debyes) chloroform (1.01 debyes)[43], 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.

4. Conclusions

Inverse gas chromatography has been used to study the ad-
sorption ofn-alkanes and other polar probes on zeolites NaX,
CaA and their derivates: Co, Mn and Fe exchanged ones. Ze-
olites characterization was carried out by XRD and ICP-MS.
Properties such as enthalpy of adsorption, free energy of ad-
sorption and surface free energy, as well as the dispersive and
specific component, are reported. Furthermore, surface acid-
ity was studied by ammonia-TPD analysis. The following
conclusions were reached:
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. Adsorption enthalpies have small variations when
cation is exchanged, just slight decreases were obse

. The dispersive component of the surface energy incr
with the micropore volume, and a relationship exists
tween the dispersive component and the slope o
straight line which represent the evolution of the dis
sive component of surface energy as function of col
temperature.

. Adsorption properties depend on what cation is
changed. Interactions between benzene and the ads
are much stronger in the case of zeolites Mn–NaX
Co–NaX, whereas for chlorinated compounds and
lites interactions are stronger for zeolite Co–CaA.
trivalent cation (Fe3+) does not seem to increase neit
the adsorption efficiency, nor the specific interaction.
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