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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 st
of the gas-phase adsorption of organic vapours (using hexane as model compound) on zeolitic materials (using different Mn, Co and Fe-excha
NaX and CaA zeolites). Adsorption isotherms were recorded using both techniques in the temperature range of @5bekfspobserved that
the shape of the isotherms obtained with the dynamic (IGC) and static (microcalorimetry) techniques was surprisingly similar in the pressure ra
at which both techniques are applicable (low surface coverages). Concerning to the measurement of the strength of the adsorption, calorimetric
provide two parameters related to the adsorption enthalpy: the initial differential heat and the isosteric adsorption enthalpy. A greatecoincide
was found between the last one and the adsorption enthalpy determined by IGC (4-20% of difference, depending on the studied material).
behaviour of the initial differential heat depends strongly on the studied material, being in some cases closely related to the other two parame
and temperature-independent (in the case on Mn-exchanged zeolites), whereas for the Co-CaA and Fe-CaA zeolites, it is temperature-deper
being not correlated with the other parameters in this case. The main conclusion of this work is that IGC is an attractive alternative to the st
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 and vapours, their adsorption isotherms being determined by
static or dynamic methods. Whereas static techniques are usu-
Adsorption phenomena are of high scientific interest andilly carried outunder vacuum and they are very time-consuming,
widely used in practical applications. Adsorption processes ardynamic methods are fast and they are carried out at conven-
used in the removal of volatile organic compounds (VOCs)tional pressures and in a wide range of temperature. Adsorp-
whose molecules are retained by a solid adsorbent as a restittn microcalorimetry (static method) has been vastly employed
of intermolecular forces. This process is used for effluents fronfior the determination of adsorption properties of hydrocarbons
vents and storage tanks, although it can also be used in connemrer zeolited1-4], being considered as one of the most accu-
tion with other emission sources. Furthermore, the nature of theate methods and a reference method for comparing the results
interaction of molecules with the catalyst surfaces is importanbbtained by other alternative techniques.
for the evaluation of the performance of potential catalyst fora On the other hand, gas—solid chromatography has been used
given reaction. for many years to study adsorption and catalytic reactions.
Determination of the adsorption properties will certainly When its goal is the characterization of the stationary phase,
help to understand catalytic performance. The characteristidastead of the separation of solutes in the mobile phase, the
of zeolites are generally determined by adsorption of gasetechnique is known as inverse gas chromatography (IGC). IGC
has been widely utilized to study synthetic and biological poly-
mers, copolymers, polymer blends, adsorbéghisfoods|[6],
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zeolited11-14] However, the application of the IGC to microp- Table 2

orous materials has been discouraged in the literature for micrdzharacteristics of the samples studied (bulk composition by ICP elemental anal-
porous materialEl5]. This is so because one of the hypotheseé’ sis, surface composition by XPS)

assumed for obtaining adsorption data from the IGC eluted peakeoclites  Weight (%) Atomic ratio

isto .consider instantaneous adsorption equilibrium. In the case SIAl Me (SiA),  (SADs  (SiMe)  (SilMe)

of microporous data, transport of the solutes through the porous

oo i o Co-CaA 113 8.0 1.09 1.88 5.19 1.11
structpre cquld delay the equilibrium, becoming more d|1°f|cult|vm_CaA 114 167 110 146 296 14.28
to satisfy this hypothesis. _  Fe-CaA 127 180 122 359 212 2.04

Zeolites, also called “molecular sieves” or “shape selectivevin-Nax  1.24 8.0 1.19 3.12 5.20 11.11

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 cavtechnique for the assessment of the adsorption properties of the
ities as well as from their ability of formation catalytic or adsorp- most of the microporous materials.
tion centers inside the micropores. Zeolites can be regarded as
model adsorbents as, due to the rigid crystal lattice, the por2. Experimental
structure has constant dimensions and so the adsorption proper-
ties of the zeolites can be systematically changed. These change$. Materials
are brought about by cation-exchange, decationization or dea-
lumination. The solute usedy-hexane, was supplied by Fluka, with a
In this way, zeolites are a suitable support for transition metpurity higher than 99.5%, and it was used without further purifi-
als due to their open structure and ion-exchange capacities wittation.
many applications in heterogeneous cataly$8. Transition Two different zeolitic materials, zeolites NaX and CaA (All-
metal (C8*, Fe**, Ci#*, Cu') exchanged zeolites ZSM-5 have tech), available in the interval 40/60 mesh, have been studied and
been successful tested for the oxydehydrogenation of etharm®mpared to various metal cation-exchanged zeolites. The ion-
with oxygen[17], and the oxidation of propane has been car-exchange with C&, Mn?* and Fé* solutions was carried out at
ried out over F&", Cc?* and Mrf* exchanged zeolite ZSM-5 70°C for 24 h, followed by a calcination at 50C for 4 h, as was
[18]. SO, oxidation has been carried out with Khhetero-  reported elsewher@2]. Their physicochemical characteristics
genised on NaX zeolitl6]. Moreover, F&*, Co?* and Mr?*  are given inTable 1 The crystalline structure was determined
have been found to be the most active metalsin methane combusy X-ray diffraction (XRD), the crystallinity of the protonated
tion [19,20] Likewise, in our previous work, the deep oxidation samples, was measured according to the procedure proposed by
of n-hexane over zeolites NaX and CaA with transition metald_opez-Fonseca et g23] (based on the determination of the
(Co?*, Mn?* and Fé") incorporated into their structures was intensities of the main diffraction peaks and assuming 100% of
studied[21]. crystallinity for the starting material). The textural characteris-
Our previous work[22], devoted to the determination of tics, surface area as well as mesopore and micropore volumes,
properties of adsorption of different gas pollutants hydrocarof the zeolites were determined by, lddsorption at-196°C
bons over transition metals (€9 Mn?* and F€*) exchanged (see more details in referenf22]).
NaX and CaA zeolites by IGC, showed that, in general, the The percentage of cation-exchanged of all the samples was
highest interactions took place over the exchanged zeolite CaAletermined by inductively coupled plasma (ICP) MS, being the
Thus, in the present work, the adsorption properties of a repmetal loadings and Si/Al ratios expressed both in weight percent
resentative hydrocarbon;hexane, over Co-CaA, Mn-CaA and and as atomic ratio Si/M&able 2.
Fe-CaA were determined by microcalorimetry and IGC, com- Likewise, the elemental ratio of metal in the XPS sampling
paring the results obtained. Likewise, the zeolite Mn-NaX hasegion was evaluated at room temperature with an Escalab
been also studied in order to observe the influence of the zeoliti200R (VG Scientific) spectrometer using a monochromatic
structure. Due to the microporosity of the zeolites and the aboveand focused Al k& radiation (1486.6eV) under a residual
mentioned effects, these materials are appropriate to check tipeessure of 5 10~8Pa. The binding energy of Co 2p
suitability the IGC for the measurement of adsorption propertie$780.51 eV) found could correspond to two different cobalt
for this kind of materials. So, if both techniques provide similaroxides (CoO and CfD,), due to their similarity. In the case
results for these materials, it can be inferred that IGC is a usefwf manganese, it was found K over both Mn-CaA and

Table 1

Crystallinity, Langmuir surface area, micropore volume and mesopore volume and percentage of exchange of the zeolites

Zeolites Crystallinity (%) St angmuir (MP/g) VinesoporedBJH) (crP/g) Vimicropores(t-Lippens) (cni/g) Na/Ca exchanged (%)
Co-CaA 16 422 0.138 0.093 39.1

Mn-CaA 82 553 0.071 0.167 92.3

Fe-CaA ~0 301 0.333 0.004 98.1

Mn-NaXx 61 720 0.135 0.220 46.5
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Mn-NaX zeolites. Regarding the zeolite Fe-CaA (binding2.3. Microcalorimetry

energy of Fe 2§»=711.30eV), the width of the peak could

indicate that there is a mixture of $83 and FgO4. Si/Co The calorimetric experiments were carried out in a Tian-
and Si/Fe atomic ratios derived from XPS were lower than the&Calvet microcalorimeter (C80 from Setaram, France) linked to a
bulk ratio, especially in the case of Co-CaA zeolite since in thevolumetric line in order to study the gas—solid interactions. This
case of Fe-zeolite, iron seems to be homogeneously distributegpe of microcalorimeter usually employs two cells, one con-
between the surface and the bulk. On the other hand, in the catgining the adsorbent and the other an empty reference cell. The
of Mn-zeolites, the metal exchange took place preferentiallyadsorption takes place by repeatedly sending small doses of gas
in the bulk of the material instead of in the surface, especiallyonto the initially outgassed solid while recording the heat flow
in the case of Mn-CaA although its total metal amount issignal and the concomitant pressure evolution. The equilibrium
double than that of Mn-NaX. As regards to the Si/Al ratio, it is pressure was measured after each dose by a Barocel Capacitance
noted a slight metal substitution for Al, more important in the Manometer (Datametrics, USA). The adsorption temperature is
surface, substitution that is clearer in the case of the Fe-Cafaintained at a constant value.

zeolite. In this study, a 50 mg sample of the zeolite was outgassed
under vacuum overnight at 40Q prior to any measurement.
The microcalorimetric studies ei-hexane were performed at
150, 200 and 250C. By measuring the adsorbed amounts at

A conventional gas chromatograph (Varian 3800) with aincreasing pressures and the heat evolved from the adsorption

thermal conductivity detection (TCD) system was used for thé)f each one of the subsequent doses of adsorbate, the volumet-

adsorption measurements. A loading of 0.6g of each zeolitdC and differential calorimetric isotherms were simultaneously

was placed into a 27 cm length of Supelco Premium grade 302btained. More details about the experimental procedures are

stainless steel column, with passivated inner walls and an insidven in referencg26].

diameter of 5.3mm (O.D. 1/4in.). Each column was packed . .

with mechanical vibration, and the two ends were plugged wit?+ Results and discussion

silane-treated glass wool. The columns were stabilized in the _ ) _

GC system at 308C overnight under a helium flow-rate of The d|ﬁer§nt|al heats_of ads.orpnon o_f thehexane. for the

30 mL/min. In order to avoid detector contamination, the col-Studied zeolites are depicted iig. 1 Typically, the differen-

umn outlet was not connected to the detector during this perio&'."’lI heaF of adsorption, deﬁned as the heat evolved during the
Measurements were carried out in the temperature range &@Sorption of a small quantity of gas at a constant temperature,

200-270°C. Helium was used as carrier gas, and flow-ratedS determined as a function of the surface covefagé In all

were measured using a calibrated soap bubble flowmeter. Fi€ c@ses, itis observed a plateau, this plateau ending up with
order to meet the requirement of adsorption at infinite dilution2 marked decrease @lyir as the amount adsorbed increases.

corresponding to zero coverage and GC linedgit], the sam- This plateau is relatively long (in terms of adsorbate concentra-
ples injected were in the range from 0.05 to @8 For each tion range) in the case of the zeolite Co-CaA and even longer

measurement, the sample was injected three times, obtainirﬁ%r the zeolite Mn-NaX; however, the plateau is shorter, due to

reproducible results (0.5%). The specific retention volurye, M€ appearance of a more or less pronounced increase of the
in cm?/g, was calculated from the equation: adsorption heat before the final fall, for Fe-CaA and Mn-CaA at

250°C. The plateau at these values@fi; corresponds to the
(tr—1tv) [ Po— pPw T progress of adsorption in the micropores so that the final decline

Vg = Fj ( o ) ( ) (1) of the adsorption heat defines the completion of micropore fill-

ing [3]. However, according tdable 1 although the micropore
whereF is the carrier gas flow-ratey is the retention time in  volume corresponding to Mn-NaX is the largest among the stud-
min, 7y is the retention time of a non-adsorbing marker (@), ied zeolites, in the case of the zeolite Co-CaA this volume is
is the outlet column pressung, is the vapour pressure of water much lower, being the mesopore volume the most important.
at the flowmeter temperaturBpeteris the ambient temperature The rise of the adsorption heat before the final fall has been
in K, T is the column temperature; is the mass of adsorbent associated with interactions between adsorbate mole{giles
and; is the James—Martin compressibility factor. According The decreasing heats of adsorption observed in the other cases
to the procedure outlined in a previous paf@, adsorption suggest that these materials contain sorption sites varying in
isotherms were determined according to elution by characterististrength, the strongest sites being initially covef2d]. The
point (ECP) method, using the Bechtold method for correctingncreasing sorption enthalpies, observed only at“Z50could
the peak broadening caused by diffusion, non-equilibration anghdicate that this loss in heat of adsorption due to the sorption

2.2. Inverse gas chromatography

Tmeter

changes in velocity25]. in weaker sites is compensated by adsorbate—adsorbate inter-
At low surface coverage, the heat of adsorption is obtainedctions, interactions that could be higher with the increase of
by plotting InVy against 17, according to Eq(2): temperature, effect explained by the increase of collisions among

n-hexane molecules. Moreover, these calorimetric curves exhibit
o(In Vo) @) the known path of the enthalpy values/sparaffins adsorbed
a(1/T) in Mn-exchanged faujasites (Mn-Na28].

AHags= —
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Fig. 1. Differential heats of-hexane adsorption at 15C (@), 200°C ((J) and 250°C (A) over: (a) Co-CaA,; (b) Mn-CaA; (c) Fe-CaA; and (d) Mn-NaX.

The existence of this increase in the interaction before theon, the adsorption pressure does not exceed the 10 mmHg for
final fall is defined by the size of the microporous space andhe zeolites Co-CaA, Mn-CaA and Mn-NaX and only achieves
the specificity of the adsorbate bond to the surfigle Eder 30 mmHg in the case of Fe-CaA, who adsorbs a minor amount of
and Lerchef27] aimed that high aluminum content produces an-hexane. Regarding the calorimetric curves, it must be pointed
continuous plateau without a heat maximum at high coveragesut that only physisorption, reversible adsorption, has occurred,
All the studied zeolites present a very low Si/Al ratio, and how-as can be supposed working at these relatively high temperatures.
ever, it is observed a maximum at the highest temperature in all From the experimental isotherms obtained by calorimetry,
the cases. The different behaviour between our results and thoiéas possible to plot the corresponding isosteres (evolution of
previously reported is caused by the higher temperature of our
experiences, their experiments being carried out 460

Volumetric adsorption isotherms afhexane at 250C 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 P (mm Hg)
m.USt be small enough for ensure that the surface is COV(.Erq__CIjg. 2. n-Hexane adsorption isotherms obtained by calorimetry at 25@ver
with an adsorbate monolayer, and as result, the data fall intg, -, @) Mn-CaA (A): Fe-CaA @); and Mn-NaX (), and by IGC (bold
straight lines, representative of Henry law region. For this reatines).

200

10
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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-Cafa-alak(d)

the partial pressure with the temperature at a constant value efhere P and T denote, respectively, the equilibrium pressure
surface coverage, usually represented in linearised form as plogésid absolute temperaturR,is the universal gas constaft,is

of In Pversus 17), as depicted ifrig. 3. From the slopes of these the compressibility coefficient andis the adsorbate coverage.
lines, isosteric heats of adsorption can be calculated accordirithe isosteric heats obtained from the three coverages for each

to Clausius—Clapeyron equati{2B,29]: zeolite show a deviation smaller than 14% in all cases, which
suggests that mainly monolayer adsorption is taking place.
AHisor = —RZ( dln P) 3) Table 3 shows the values of\Hisost Obtained from the
aL/T)/), 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 —Quifr initial (kJ/mol) calorimetry — AHisost (kJ/mol) calorimetry —AHags(kd/mol) IGC
Tads(°C) —Qyifs 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®fn Vg versus 17, based 35
on Eq.(2), and values of initial heats of adsorption. These ini-
tial values are obtained extrapolating the differential heat of
adsorption fom-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].

Asitcanbe observed ifable 3 the values oA Higosi0btained 10
from calorimetry are very similar to those &fH,q4s Obtained 5
from IGC, being the largest discordance the case of the zeolite 0 i [ . '
Mn-NaX, with a deviation of 26% between both values. Hence, o 20 40 60 80 100
quite similar values of initial heats and adsorption enthalpies cristallinity (%)
are obtained in all the cases, except in the case of Fe-CaA,
where surprisingly it was obtained the lowest value of initial Fi9- 4- Dependence of integral heatsidiexane adsorption, obtained at 2@
heat of adsorption at 15€C. The different behaviour of the iron- U"der an equilibrium pressure of 20 mmHg, on cristallinity.
loaded zeolites could be explained considering both its different. = . i
porous structure (the microporous structure is almost completel ite dllutlon_condltlons, has been attrlb_uted tothe Iqwes; s_urface
transformed into a mesoporous structure) and the high conce rea and micropore volume of Fe-z_eoh[@g]. FromFig. 2’_ Itis
tration of iron. The calorimetric results obtained for Fe-zeolite®PVi0US that the manganese benefitiieexane adsorption. In
suggest different adsorption mechanism depending on tempefﬁCt' th.e Mn-CaA zeolite shows a high interaction, being shghtl_y
ature. So, at low temperature (180), the shape of the curve lower in the case of Mn-NaX. The amount (?f manganese In
suggests the adsorption of the hexane on the mesoporous strija€ Mn-CaA zeolite doubles the correspondlng to th_e ze_zollte
ture. The importance of this adsorption sharply decreases Mn-l\_lax. In both cases, the manganese 15 placed mainly n the
temperature increases, adsorption taking place in the remainir%jIk instead O_f on the _surface, especially for Mn-CaA zgollte,
microporous structure. As the micropore volume of this zeolite>° the superficial particles do not seem to be involved in the
is very low, the amounts adsorbed are also lower than the corré‘—dsorpt'on', ) ) )
spondingto the other studied materials. Inany case, itis observedehe variation of |n't.eg.ral heats of-hexane adsorption
that, even considering the complexity of the adsorption, result§ tained under an equilibrium pressure of 20 mmHg as a func-

obtained by IGC and calorimetry are comparable both on termion of crystalline is depicted iRig. 4. This integral heain, is

of adsorption isotherms and in the evaluation of the adsorptioHefined as the total heat evolved associated to the adsorption of
enthalpies na moles of gas. The integral heat of adsorption increases as the

It should also be notedéble 3 the differences into the trends crystallinity increases. If these integral heats are plotted as func-

observed foQgj; for Mn-zeolites if compared with Co- and Fe- “OF‘ of micropore voIL_lmeF(|g. 9, the same t_rend IS ob_se_rved.
zeolites. In the former case, the valuadf; is very similar at all This result suggests, in good agreement to literature findings for

the studied temperatures, whereas a strong variation on the teffi™1ar materialg30], that both parameters are closely related.
perature has been observed in the last cases. These dil‘feren%e{ro!ﬁn these plotsHigs. 4 and 3 itis inferred that the better
could be explained if it is considered that in “ideal” adsorption ehaviour of Mn-zeohte_s is due ma'mly to the zeolitic structure.
(i.e. all the active centers are equivalent and there are no intefk€ePIng the r_norphologmal properties, such as the ex_te_rnal sur-
actions between adsorbate molecules), adsorption enthalpy wifi¢® &réa, micropore volume and degree of crystallinity after
be constant (not dependant neither on temperature nor in the
adsorbed amount), th@yis values being closely related to this 40
thermodynamic parameter. So, the proximity in the initial parts

of the curves in the case of the Mn-exchanged zeolites suggests Mn-CaA
that the active sites for the adsorption are equivalent, whereas
the calorimetric data obtained for Co- and Fe-zeolites suggest
the presence of different adsorption sites.

The surface coverages in the range of physical adsorption in
the isosteres used to obtain the isosteric heats were: 100, 150
and 20Qumol/g, for Co-CaA, Mn-CaA and Mn-NaX, and 5, 10
and 12umol/g for Fe-CaA. So, after the first calorimeter dose,
the reduced micropore volume of the Fe-CaA zeolite was filled,
being the cause for the absence of plateau in this zeolite. The 00 0‘05 0‘1 0 ;5 62 025
following doses filled the mesopore volume, which corresponds ' ' 5 ' '
to the final drop of heat of adsorpti¢8]. Vimicropores (CM™/)

Concerning to theé\ Hagsobtained from IGC, the decrease in Fig. 5. Dependence of integral heatsiiexane adsorption, obtained at 2D
the strength of interaction, although they were obtained at infiunder an equilibrium pressure of 20 mmHg, on micropore volume.

30

o n
o w

e
w

Qintegral (J/g)
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