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Abstract

The scope of this work is to carry out a systematic comparison of inverse gas chromatography (IGC) and microcalorimetry as tools for the study
of the gas-phase adsorption of organic vapours (using hexane as model compound) on zeolitic materials (using different Mn, Co and Fe-exchanged
NaX and CaA zeolites). Adsorption isotherms were recorded using both techniques in the temperature range of 150–250◦C, being observed that
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the shape of the isotherms obtained with the dynamic (IGC) and static (microcalorimetry) techniques was surprisingly similar in the pres
at which both techniques are applicable (low surface coverages). Concerning to the measurement of the strength of the adsorption, calo
provide two parameters related to the adsorption enthalpy: the initial differential heat and the isosteric adsorption enthalpy. A great ce
was found between the last one and the adsorption enthalpy determined by IGC (4–20% of difference, depending on the studied m
behaviour of the initial differential heat depends strongly on the studied material, being in some cases closely related to the other two
and temperature-independent (in the case on Mn-exchanged zeolites), whereas for the Co-CaA and Fe-CaA zeolites, it is temperatur
being not correlated with the other parameters in this case. The main conclusion of this work is that IGC is an attractive alternative t
microcalorimetric data for obtaining information on the adsorption of organic compounds on microporous materials.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Adsorption phenomena are of high scientific interest and
widely used in practical applications. Adsorption processes are
used in the removal of volatile organic compounds (VOCs),
whose molecules are retained by a solid adsorbent as a result
of intermolecular forces. This process is used for effluents from
vents and storage tanks, although it can also be used in connec-
tion with other emission sources. Furthermore, the nature of the
interaction of molecules with the catalyst surfaces is important
for the evaluation of the performance of potential catalyst for a
given reaction.

Determination of the adsorption properties will certainly
help to understand catalytic performance. The characteristics
of zeolites are generally determined by adsorption of gases
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and vapours, their adsorption isotherms being determine
static or dynamic methods. Whereas static techniques are
ally carried out under vacuum and they are very time-consum
dynamic methods are fast and they are carried out at co
tional pressures and in a wide range of temperature. Ad
tion microcalorimetry (static method) has been vastly emplo
for the determination of adsorption properties of hydrocarb
over zeolites[1–4], being considered as one of the most a
rate methods and a reference method for comparing the r
obtained by other alternative techniques.

On the other hand, gas–solid chromatography has been
for many years to study adsorption and catalytic react
When its goal is the characterization of the stationary ph
instead of the separation of solutes in the mobile phase
technique is known as inverse gas chromatography (IGC).
has been widely utilized to study synthetic and biological p
mers, copolymers, polymer blends, adsorbents[5], foods[6],
carbon blacks[7] and fibers[8]. More recently, it has bee
also employed in the study of mesoporous catalysts[9,10] and
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zeolites[11–14]. However, the application of the IGC to microp-
orous materials has been discouraged in the literature for micro-
porous materials[15]. This is so because one of the hypotheses
assumed for obtaining adsorption data from the IGC eluted peak
is to consider instantaneous adsorption equilibrium. In the case
of microporous data, transport of the solutes through the porous
structure could delay the equilibrium, becoming more difficult
to satisfy this hypothesis.

Zeolites, also called “molecular sieves” or “shape selective
catalysts”, are widely used in catalytic and separation technolo-
gies. The specific properties of zeolites result mainly from their
well-defined structure, including microporous channels and cav-
ities as well as from their ability of formation catalytic or adsorp-
tion centers inside the micropores. Zeolites can be regarded as
model adsorbents as, due to the rigid crystal lattice, the pore
structure has constant dimensions and so the adsorption proper-
ties of the zeolites can be systematically changed. These changes
are brought about by cation-exchange, decationization or dea-
lumination.

In this way, zeolites are a suitable support for transition met-
als due to their open structure and ion-exchange capacities with
many applications in heterogeneous catalysis[16]. Transition
metal (Co2+, Fe3+, Cu2+, Cu+) exchanged zeolites ZSM-5 have
been successful tested for the oxydehydrogenation of ethane
with oxygen[17], and the oxidation of propane has been car-
ried out over Fe3+, Co2+ and Mn2+ exchanged zeolite ZSM-5
[
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Table 2
Characteristics of the samples studied (bulk composition by ICP elemental anal-
ysis, surface composition by XPS)

Zeolites Weight (%) Atomic ratio

Si/Al Me (Si/Al)b (Si/Al)s (Si/Me)b (Si/Me)s

Co-CaA 1.13 8.0 1.09 1.88 5.19 1.11
Mn-CaA 1.14 16.7 1.10 1.46 2.26 14.28
Fe-CaA 1.27 18.0 1.22 3.59 2.12 2.04
Mn-NaX 1.24 8.0 1.19 3.12 5.20 11.11

technique for the assessment of the adsorption properties of the
most of the microporous materials.

2. Experimental

2.1. Materials

The solute used,n-hexane, was supplied by Fluka, with a
purity higher than 99.5%, and it was used without further purifi-
cation.

Two different zeolitic materials, zeolites NaX and CaA (All-
tech), available in the interval 40/60 mesh, have been studied and
compared to various metal cation-exchanged zeolites. The ion-
exchange with Co2+, Mn2+ and Fe3+ solutions was carried out at
70◦C for 24 h, followed by a calcination at 500◦C for 4 h, as was
reported elsewhere[22]. Their physicochemical characteristics
are given inTable 1. The crystalline structure was determined
by X-ray diffraction (XRD), the crystallinity of the protonated
samples, was measured according to the procedure proposed by
López-Fonseca et al.[23] (based on the determination of the
intensities of the main diffraction peaks and assuming 100% of
crystallinity for the starting material). The textural characteris-
tics, surface area as well as mesopore and micropore volumes,
of the zeolites were determined by N2 adsorption at−196◦C
(see more details in reference[22]).
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18]. SO2 oxidation has been carried out with Mn2+ hetero-
enised on NaX zeolite[16]. Moreover, Fe3+, Co2+ and Mn2+

ave been found to be the most active metals in methane co
ion [19,20]. Likewise, in our previous work, the deep oxidat
f n-hexane over zeolites NaX and CaA with transition me
Co2+, Mn2+ and Fe3+) incorporated into their structures w
tudied[21].

Our previous work[22], devoted to the determination
roperties of adsorption of different gas pollutants hydro
ons over transition metals (Co2+, Mn2+ and Fe3+) exchange
aX and CaA zeolites by IGC, showed that, in general,
ighest interactions took place over the exchanged zeolite
hus, in the present work, the adsorption properties of a

esentative hydrocarbon,n-hexane, over Co-CaA, Mn-CaA a
e-CaA were determined by microcalorimetry and IGC, c
aring the results obtained. Likewise, the zeolite Mn-NaX
een also studied in order to observe the influence of the ze
tructure. Due to the microporosity of the zeolites and the ab
entioned effects, these materials are appropriate to che

uitability the IGC for the measurement of adsorption prope
or this kind of materials. So, if both techniques provide sim
esults for these materials, it can be inferred that IGC is a u

able 1
rystallinity, Langmuir surface area, micropore volume and mesopore vo

eolites Crystallinity (%) SLangmuir (m2/g) Vmesopores(

o-CaA 16 422 0.138
n-CaA 82 553 0.071
e-CaA ≈0 301 0.333
n-NaX 61 720 0.135
.
-

c
-
e

l

The percentage of cation-exchanged of all the samples
etermined by inductively coupled plasma (ICP) MS, being
etal loadings and Si/Al ratios expressed both in weight pe
nd as atomic ratio Si/Me (Table 2).

Likewise, the elemental ratio of metal in the XPS samp
egion was evaluated at room temperature with an Es
00R (VG Scientific) spectrometer using a monochrom
nd focused Al K� radiation (1486.6 eV) under a resid
ressure of 5× 10−8 Pa. The binding energy of Co 2p3/2
780.51 eV) found could correspond to two different co
xides (CoO and Co3O4), due to their similarity. In the cas
f manganese, it was found Mn4+ over both Mn-CaA an

and percentage of exchange of the zeolites

(cm3/g) Vmicropores(t-Lippens) (cm3/g) Na/Ca exchanged (%

0.093 39.1
0.167 92.3
0.004 98.1
0.220 46.5
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Mn-NaX zeolites. Regarding the zeolite Fe-CaA (binding
energy of Fe 2p3/2 = 711.30 eV), the width of the peak could
indicate that there is a mixture of Fe2O3 and Fe3O4. Si/Co
and Si/Fe atomic ratios derived from XPS were lower than the
bulk ratio, especially in the case of Co-CaA zeolite since in the
case of Fe-zeolite, iron seems to be homogeneously distributed
between the surface and the bulk. On the other hand, in the case
of Mn-zeolites, the metal exchange took place preferentially
in the bulk of the material instead of in the surface, especially
in the case of Mn-CaA although its total metal amount is
double than that of Mn-NaX. As regards to the Si/Al ratio, it is
noted a slight metal substitution for Al, more important in the
surface, substitution that is clearer in the case of the Fe-CaA
zeolite.

2.2. Inverse gas chromatography

A conventional gas chromatograph (Varian 3800) with a
thermal conductivity detection (TCD) system was used for the
adsorption 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. 1/4 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
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2.3. Microcalorimetry

The calorimetric experiments were carried out in a Tian-
Calvet microcalorimeter (C80 from Setaram, France) linked to a
volumetric line in order to study the gas–solid interactions. This
type of microcalorimeter usually employs two cells, one con-
taining the adsorbent and the other an empty reference cell. The
adsorption takes place by repeatedly sending small doses of gas
onto the initially outgassed solid while recording the heat flow
signal and the concomitant pressure evolution. The equilibrium
pressure was measured after each dose by a Barocel Capacitance
Manometer (Datametrics, USA). The adsorption temperature is
maintained at a constant value.

In this study, a 50 mg sample of the zeolite was outgassed
under vacuum overnight at 400◦C prior to any measurement.
The microcalorimetric studies ofn-hexane were performed at
150, 200 and 250◦C. By measuring the adsorbed amounts at
increasing pressures and the heat evolved from the adsorption
of each one of the subsequent doses of adsorbate, the volumet-
ric and differential calorimetric isotherms were simultaneously
obtained. More details about the experimental procedures are
given in reference[26].

3. Results and discussion

The differential heats of adsorption of then-hexane for the
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C system at 300C overnight under a helium flow-rate
0 mL/min. In order to avoid detector contamination, the
mn outlet was not connected to the detector during this pe

Measurements were carried out in the temperature ran
00–270◦C. Helium was used as carrier gas, and flow-r
ere measured using a calibrated soap bubble flowmet
rder to meet the requirement of adsorption at infinite dilu
orresponding to zero coverage and GC linearity[24], the sam
les injected were in the range from 0.05 to 0.8�L. For each
easurement, the sample was injected three times, obta

eproducible results (0.5%). The specific retention volumeVg,
n cm3/g, was calculated from the equation:

g = Fj
(tR − tM)

m

(
p0 − pw

p0

) (
T

Tmeter

)
(1)

hereF is the carrier gas flow-rate,tR is the retention time i
in, tM is the retention time of a non-adsorbing marker (air)p0

s the outlet column pressure,pw is the vapour pressure of wa
t the flowmeter temperature,Tmeter is the ambient temperatu

n K, T is the column temperature,m is the mass of adsorbe
nd j is the James–Martin compressibility factor. Accord

o the procedure outlined in a previous paper[9], adsorption
sotherms were determined according to elution by characte
oint (ECP) method, using the Bechtold method for correc

he peak broadening caused by diffusion, non-equilibration
hanges in velocity[25].

At low surface coverage, the heat of adsorption is obta
y plotting lnVg against 1/T, according to Eq.(2):

Hads= −R
∂(ln Vg)

∂(1/T )
(2)
.
f

n

g

c

tudied zeolites are depicted inFig. 1. Typically, the differen
ial heat of adsorption, defined as the heat evolved durin
dsorption of a small quantity of gas at a constant tempera

s determined as a function of the surface coverage[26]. In all
he cases, it is observed a plateau, this plateau ending up

marked decrease ofQdiff as the amount adsorbed increa
his plateau is relatively long (in terms of adsorbate conce

ion range) in the case of the zeolite Co-CaA and even lo
or the zeolite Mn-NaX; however, the plateau is shorter, du
he appearance of a more or less pronounced increase
dsorption heat before the final fall, for Fe-CaA and Mn-Ca
50◦C. The plateau at these values ofQdiff corresponds to th
rogress of adsorption in the micropores so that the final de
f the adsorption heat defines the completion of micropore

ng [3]. However, according toTable 1, although the micropor
olume corresponding to Mn-NaX is the largest among the s
ed zeolites, in the case of the zeolite Co-CaA this volum

uch lower, being the mesopore volume the most impor
he rise of the adsorption heat before the final fall has
ssociated with interactions between adsorbate molecule[3].
he decreasing heats of adsorption observed in the other
uggest that these materials contain sorption sites varyi
trength, the strongest sites being initially covered[27]. The
ncreasing sorption enthalpies, observed only at 250◦C, could
ndicate that this loss in heat of adsorption due to the sor
n weaker sites is compensated by adsorbate–adsorbate
ctions, interactions that could be higher with the increas

emperature, effect explained by the increase of collisions am
-hexane molecules. Moreover, these calorimetric curves ex
he known path of the enthalpy values ofn-paraffins adsorbe
n Mn-exchanged faujasites (Mn-NaX)[28].
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Fig. 1. Differential heats ofn-hexane adsorption at 150◦C (�), 200◦C (�) and 250◦C (�) over: (a) Co-CaA; (b) Mn-CaA; (c) Fe-CaA; and (d) Mn-NaX.

The existence of this increase in the interaction before the
final fall is defined by the size of the microporous space and
the specificity of the adsorbate bond to the surface[3]. Eder
and Lercher[27] aimed that high aluminum content produces a
continuous plateau without a heat maximum at high coverages.
All the studied zeolites present a very low Si/Al ratio, and how-
ever, it is observed a maximum at the highest temperature in all
the cases. The different behaviour between our results and those
previously reported is caused by the higher temperature of our
experiences, their experiments being carried out at 60◦C.

Volumetric adsorption isotherms ofn-hexane at 250◦C over
the zeolites studied, obtained both by calorimetry and IGC, are
shown inFig. 2. It was observed that both techniques provide
surprisingly similar results at low partial pressures, when both
techniques are applicable. So, the isotherms recorded for the
adsorption of hexane over the tested materials are exactly the
same for both techniques, except in the case of Mn-CaA and
Fe-CaA. The slightly higher adsorption capacities predicted by
IGC for Mn-CaA and Fe-CaA zeolites could be caused by either
experimental error or surface modification during the pretreat-
ment of the samples (He for IGC measurement and vacuum for
calorimetric measurements).

As IGC is carried out at infinite dilution, the sample size
must be small enough for ensure that the surface is covered
with an adsorbate monolayer, and as result, the data fall into
straight lines, representative of Henry law region. For this rea-

son, the adsorption pressure does not exceed the 10 mmHg for
the zeolites Co-CaA, Mn-CaA and Mn-NaX and only achieves
30 mmHg in the case of Fe-CaA, who adsorbs a minor amount of
n-hexane. Regarding the calorimetric curves, it must be pointed
out that only physisorption, reversible adsorption, has occurred,
as can be supposed working at these relatively high temperatures.

From the experimental isotherms obtained by calorimetry,
it is possible to plot the corresponding isosteres (evolution of

Fig. 2. n-Hexane adsorption isotherms obtained by calorimetry at 250◦C over
Co-CaA (�); Mn-CaA (�); Fe-CaA (�); and Mn-NaX (×), and by IGC (bold
lines).
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Fig. 3. Adsorption isosteres and isosteric heats for the studied samples obtained from calorimetric data: (a) Co-CaA; (b) Mn-CaA; (c) Fe-CaA; and (d)Mn-NaX.

the partial pressure with the temperature at a constant value of
surface coverage, usually represented in linearised form as plots
of ln P versus 1/T), as depicted inFig. 3. From the slopes of these
lines, isosteric heats of adsorption can be calculated according
to Clausius–Clapeyron equation[28,29]:

�Hisot = −RZ

(
∂ ln P

∂(1/T )

)
n

(3)

whereP and T denote, respectively, the equilibrium pressure
and absolute temperature,R is the universal gas constant,Z is
the compressibility coefficient andn is the adsorbate coverage.
The isosteric heats obtained from the three coverages for each
zeolite show a deviation smaller than 14% in all cases, which
suggests that mainly monolayer adsorption is taking place.

Table 3 shows the values of�Hisost obtained from the
isosteres, the enthalpies of adsorption obtained from the IGC

Table 3
Enthalpy of adsorption obtained by IGC and isosteric and initial heat of adsorption obtained by calorimetry

Samples −Qdiff initial (kJ/mol) calorimetry −�Hisost (kJ/mol) calorimetry −�Hads(kJ/mol) IGC

Tads(◦C) −Qdiff initial

Co-CaA 150 70 46 58
200 49
250 37

Mn-CaA 150 67 57 53
200 63
250 70

Fe-CaA 150 70 22 23
200 86
250 84

Mn-NaX 150 62 58 43
200 63
250 56
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experiments from the slope of a plot ofR ln Vg versus 1/T, based
on Eq.(2), and values of initial heats of adsorption. These ini-
tial values are obtained extrapolating the differential heat of
adsorption forn-hexane to zero coverage, which is representa-
tive for the pure adsorbent–adsorbate interaction. With increas-
ing pore-filling, however, the adsorbate–adsorbate interaction
increases, which is most pronounced for the large pore FAU
[2].

As it can be observed inTable 3, the values of�Hisostobtained
from calorimetry are very similar to those of�Hads obtained
from IGC, being the largest discordance the case of the zeolite
Mn-NaX, with a deviation of 26% between both values. Hence,
quite similar values of initial heats and adsorption enthalpies
are obtained in all the cases, except in the case of Fe-CaA,
where surprisingly it was obtained the lowest value of initial
heat of adsorption at 150◦C. The different behaviour of the iron-
loaded zeolites could be explained considering both its different
porous structure (the microporous structure is almost completely
transformed into a mesoporous structure) and the high concen-
tration of iron. The calorimetric results obtained for Fe-zeolite
suggest different adsorption mechanism depending on temper-
ature. So, at low temperature (150◦C), the shape of the curve
suggests the adsorption of the hexane on the mesoporous struc-
ture. The importance of this adsorption sharply decreases as
temperature increases, adsorption taking place in the remaining
microporous structure. As the micropore volume of this zeolite
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Fig. 4. Dependence of integral heats ofn-hexane adsorption, obtained at 200◦C
under an equilibrium pressure of 20 mmHg, on cristallinity.

nite dilution conditions, has been attributed to the lowest surface
area and micropore volume of Fe-zeolites[22]. FromFig. 2, it is
obvious that the manganese benefit then-hexane adsorption. In
fact, the Mn-CaA zeolite shows a high interaction, being slightly
lower in the case of Mn-NaX. The amount of manganese in
the Mn-CaA zeolite doubles the corresponding to the zeolite
Mn-NaX. In both cases, the manganese is placed mainly in the
bulk instead of on the surface, especially for Mn-CaA zeolite,
so the superficial particles do not seem to be involved in the
adsorption.

The variation of integral heats ofn-hexane adsorption
obtained under an equilibrium pressure of 20 mmHg as a func-
tion of crystalline is depicted inFig. 4. This integral heat,Qint, is
defined as the total heat evolved associated to the adsorption of
na moles of gas. The integral heat of adsorption increases as the
crystallinity increases. If these integral heats are plotted as func-
tion of micropore volume (Fig. 5), the same trend is observed.
This result suggests, in good agreement to literature findings for
similar materials[30], that both parameters are closely related.

From these plots (Figs. 4 and 5), it is inferred that the better
behaviour of Mn-zeolites is due mainly to the zeolitic structure.
Keeping the morphological properties, such as the external sur-
face area, micropore volume and degree of crystallinity after

F
u

s very low, the amounts adsorbed are also lower than the c
ponding to the other studied materials. In any case, it is obs
hat, even considering the complexity of the adsorption, re
btained by IGC and calorimetry are comparable both on t
f adsorption isotherms and in the evaluation of the adsor
nthalpies.

It should also be noted (Table 3) the differences into the tren
bserved forQdiff for Mn-zeolites if compared with Co- and F
eolites. In the former case, the value ofQdif is very similar at al
he studied temperatures, whereas a strong variation on th
erature has been observed in the last cases. These diffe
ould be explained if it is considered that in “ideal” adsorp
i.e. all the active centers are equivalent and there are no
ctions between adsorbate molecules), adsorption enthalp
e constant (not dependant neither on temperature nor
dsorbed amount), theQdif values being closely related to th

hermodynamic parameter. So, the proximity in the initial p
f the curves in the case of the Mn-exchanged zeolites sug

hat the active sites for the adsorption are equivalent, wh
he calorimetric data obtained for Co- and Fe-zeolites su
he presence of different adsorption sites.

The surface coverages in the range of physical adsorpt
he isosteres used to obtain the isosteric heats were: 100
nd 200�mol/g, for Co-CaA, Mn-CaA and Mn-NaX, and 5,
nd 12�mol/g for Fe-CaA. So, after the first calorimeter do

he reduced micropore volume of the Fe-CaA zeolite was fi
eing the cause for the absence of plateau in this zeolite

ollowing doses filled the mesopore volume, which corresp
o the final drop of heat of adsorption[3].

Concerning to the�Hadsobtained from IGC, the decrease
he strength of interaction, although they were obtained at
ts
s
t

n
0

,
e

ig. 5. Dependence of integral heats ofn-hexane adsorption, obtained at 200◦C
nder an equilibrium pressure of 20 mmHg, on micropore volume.
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the exchange allows obtaining the highest interaction. In fact,
it is remarkable that the ion-exchange in manganese zeolites
takes place mainly in the bulk, whereas in the case of cobalt,
and especially iron, the exchange takes place mainly on the sur-
face, blocking the pores and hindering the adsorption over the
surface.

4. Conclusions

Different ion-exchanged zeolites (Co-CaA, Mn-CaA, Fe-
CaA and Mn-NaX) have been studied by gas calorimetry and
IGC. n-Hexane was used as adsorbate and isotherms of adsorp-
tion as well as the isosteric heats of adsorption and enthalpies
of adsorption obtained, respectively, by the earlier mentioned
methods were determined. Furthermore, the studied samples
were characterized by XRD, ICP-MS and XPS.

The comparison between the volumetric adsorption
isotherms ofn-hexane at 250◦C obtained both by IGC and
calorimetry reveals that, at low pressures (when both techniques
are applicable), the results obtained by both techniques are very
similar. Moreover, the strength of adsorption is also quantify by
the heat of adsorption (IGC) and the isosteric heat (calorime-
try), obtaining deviations among them in the range of 4–20%,
depending on the material.

Thus, comparison between chromatographic and calorimet-
ric data suggests that IGC (which is more widely available and
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21] E. D́ıaz, S. Ord́oñez, A. Vega, J. Coca, Appl. Catal. B 56 (2005) 3
22] E. D́ıaz, S. Ord́oñez, A. Vega, J. Coca, J. Chromatogr. A 1049 (20

161.
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