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Abstract

In the present study, an infrared (IR) high temperature cell was used, in combination with a Fourier transform infrared
(FTIR) spectrometer for the development of an alternative temperature-programmed desorption (TPD) procedure. Three
different adsorbates, i.e., benzene, toluene and ethylbenzene were non-isothermally desorbed from two zeolites H-ZSM-5
and H-Beta. The FTIR-TPD profiles were fitted with the help of the complementary error function. The fitting process was
carried out with the help of a computer program which allows us to calculate two parameters, the temper@tQrand
the temperature rangs&T (K), which, in conjunction with the complementary error function, characterizes the FTIR-TPD
profile. Was found that the paramefeyis linked with the adsorption energy of the adsorbate in the zeolite and the parameter
AT was correlated with the transport process of the desorbed molecules inside the zeolites during the desorption process and
with the presence of more than one type of adsorption sites. In conclusion, was confirmed that the FTIR-TPD methodology
is appropriate for in situ observation of adsorbed molecules on zeolites, and that this technique makes available information
concerning the adsorbed state of guest molecules in non-isothermal desorption.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Temperature-programmed desorption; Fourier transform infrared spectrometry; ZSM-5; Beta; Zeolite

1. Introduction because several petrochemical processes involves the
transformation of organic molecules within the pores
Zeolites are microporous crystalline solids of great of these materialg1,2]. Besides, the migration of
interest in pollution abatement and indusfiy-13] sorbed molecules through the pores and cages within
as catalyst§1-4], adsorbent$§5-7], ion-exchangers the zeolite crystals could be used to further character-
[8—10]and cationic conductofd1-13]. The study of  ize these materialgl4—-20]. In addition, the study of
diffusion, adsorption and desorption of hydrocarbons the interaction of molecules with zeolites yield impor-
in highly siliceous acid zeolites is of special interest tant information about some properties important in
not only from a fundamental point of view, but also catalytic reactions, such as adsorption rates, capacities
and energies, as well as rates and activation energies of
"+ Corresponding author. Fax:1-787-744-5427. desorption and diffusion coefficier,5—7,14-20]. In
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(R. Roque Malherbe). [21-27]and adsorption calorimetiy,28,29]are well
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established experimental methods that yield important absorption (Varian SpectrAA 10 Plus) and the mor-
information on zeolites. phology was studied by SEM (JEOL-ISM 63day].

In the present study, we report and discuss the The small size of the crystals used in the present study
results of Fourier Transform Infrared-Temperature- was beneficial, because the FTIR-TPD profiles are
Programmed Desorption (FTIR)-TPD experiments less influenced by diffusional restrictions than would
with three different adsorbates, i.e., benzene, toluene be the case with larger crystals.
and ethylbenzene which were, non-isothermally, The acid form of the ZSM-5 zeolite (H-ZSM-5) and
desorbed from H-ZSM-5 and H-Beta zeolites. The Beta zeolite (H-Beta) were prepared by ion exchange
studied guest molecules (benzene, toluene and ethyl-with 2 M, NH4CI solution, followed by calcination
benzene) were chosen in such a way that all enterat 550°C [17,18]. The Al content and the quantity
through 10- and 12-ring pores of H-ZSM-5 and of strong acid sites of the samples studied here, i.e.,
H-Beta zeolites, since;m, the kinetic diameter of the  H-ZSM-5 and H-Beta are reported ifable 1 [18].
studied guest moleculg46] is approximately 5.8A  The H-ZSM-5 zeolite has 0.61 mmol/g strong acid
[15-17]and oy the maximum free channel diameter sites which represents one acid site per Al, moreover,
[16] of the studied zeolites are 5, 8 A for ZSM-5 and the amount of benzene adsorbed in this sample at
7.0 A for Beta[15-17]. The framework of H-ZSM-5 P = 30Pa andl' = 298K was 0.83 mmol/g which
exhibit a 10MR two-dimensional channel systems represent slightly more than one adsorbed molecule
with apertures of 5.3A< 5.6 A and 5.1Ax 5.5A, per strong acid site (seBable 1)[18]. The H-Beta
respectively, and H-Beta zeolite which show a 12MR zeolite has 0.54 mmol/g strong acid sites which rep-
three-dimensional channel system with apertures of resents 0.6 strong acid site per Al. The amount of
7.6Ax6.4A and 5.5A« 5.5 A, respectively30]. An benzene adsorbed in this sampleFat= 30 Pa and
additional important characteristic of the studied zeo- T = 298K was 1.47 mmol/g which represent ap-
lites is the micropore volume, W, which is 0.13¢m proximately three molecules per strong acid site. The
for ZSM-5 zeolite and 0.28 chy for Beta zeolite higher adsorption in the case of H-Beta is probably
[31]. Moreover, the studied adsorbates show increas- related to the bigger micropore volume of this zeolite
ing relative basicity{32,33] and dipole momen}34] in comparison to H-ZSM-5, although both amounts
in the order benzene toluene< ethylbenzene, due are well below the pore volume capacity. It is also
to the addition of methyl- and ethyl-functional groups. necessary to state at this point that the adsorption

The aim of the present paper is to illustrate the suit- data above reported for benzene is used throughout
ability of an IR high temperature cell to be utilized, the paper, also, for the approximate description of
in combination with an FTIR spectrometer for the de- the adsorption behavior of toluene and ethylbenzene.
velopment of an alternative TPD methodology. This is possible, because benzene is an essential

probe to describe aromatic/adsorbent interactions at
the molecular leve]38].

2. Experimental The IR spectrum of H-ZSM-5 zeolite shows at least
three kinds of OH groups, silanol-bands at 3742 ¢m
2.1. Materials strong Brgnsted sites at 3601Thand one weak

The original ZSM-5 zeolite was prepared template 1, 1

free according to a recipe given in literatuf&s], Al content, quantity of strong acid sites and amount of benzene
it has bulk SfAl = 27 and coffin shaped crystals adsorbed aP = 30 Pa and’ = 298K for the samples of H-ZSM-5
with average dimensions 1.35n x 0.6 um x 2.7 um and H-Beta zeolites studied heE]

[17]. The original Beta zeolite was prepared with zeolites AP Strong acid Amount of benzene
bulk Si/Al = 18 following a method reported in the (mmol/g) site® (mmol/g)  adsorbed (mmol/g)
literature[36,37] and it showed fairly mono-disperse H-zSM-5  0.62 0.61 0.83

crystallites with an average diameter of Q@ [17]. H-Beta 0.93 0.36 1.47

The chemical composition of the zeolite samples aFrom bulk chemical composition.
was determined by chemical analysis using atomic  °Measured by Ni-TPD.
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and broad band at 3656 cth The IR spectrum of  were cooled to the required temperature and kept at
H-Beta zeolite exhibit at least two kinds of OH groups; this temperature with the help of a thermostat and a
silanol-bands at 3733 cm and strong Bransted sites  background spectrum of the pure degassed zeolite was
at around 3610 cmt [17,18]. always collected as a reference before any experiment
The adsorbates used were benzene, Normasolv,started. Adsorption of benzene toluene and ethylben-
purisima. Toluene, Merck, p.a. 99.5%, and ethylben- zene on the three zeolites at 298 K for partial pressures
zene, Fluka, >99%. Nitrogen grade 6N was used as ranging from abou®/ P; = 0.01 to P/ Py = 0.8 were
carrier gas. This gas had less than 0.5 ppm humidity first performed18,19]and it appears that all the sys-
which was found mandatory in order to avoid accumu- tems approach saturation Bt Pp = 0.1-02. There-
lation of water in the zeolites during the experiments. fore, we decided to carry out the adsorption of the
adsorbate molecules at partial pressures of 15-30 Pa.
2.2. Methods The uptake process was followed by purging for 7 min
and subsequently the TPD was carried out.
FTIR-TPD experiments were performed in an IR The results were obtained by monitoring the de-
high temperature cell from AABSPEC (model 2000), crease, during desorption, of the absorbarcenea-
made of 316 stainless steel, in which the sample sured in arbitrary units (a.u.), of a typical IR band of
under test can be treated in situ up to 973K, at pres- the adsorbate molecules, whekés proportional taN
sures up to 13MPa. The temperature of the sample (A = K x N), whereN is the amount of adsorbate in
holder was electronically controlled withia-1K. the zeolite anK a proportionality constartL8—20].
The optical path length of the cell is 42mm and the For benzene, the region between 1450 and 155¢-cm
dead volume 70cf The cell is water cooled and was integrated to obtain a measure of the intensity of
equipped with CafFwindows. This cell was mounted  the band around 1482 crh. For toluene and ethylben-
in the sample section of a BIO RAD FTS 40A FTIR zene, the segment between 1477 and 151 7'cwas
spectrophotometer. The same experimental set up wasintegrated to obtain an intensity measure for the band
previously used for the study of diffusion in acid ze- around 1497 cm! [17,18].
olites [17,18,39,40]applying the FTIR methodology For the generation of the FTIR-TPD profiles\ér-
of Karge and Niessef19,20]. susT), the decrease in the intensity (absorbance) of one
Adsorption and desorption measurements were car- of the selected bands was monitored, during heating
ried out as follows: the organic compound to be ad- at a constant rate (& d7/d: = 8.5 K/min from 298
sorbed was filled in a stainless steel saturator, which to 500 K), with the BIORAD FTS 40 A FTIR spec-
was held thermostatically at 2&. A flow of N, was trometer with a resolution of 8 cd. The area of the
divided in two and each of these streams were passedselected band for one spectrum was calculated each
through a flow controller. One stream (1-22ml/min) 8.5K, i.e., one spectrum per minute with the spectrom-
went through a tube with a sinterplate in the base into eter employing the following conditions: one scan per
the saturator were theNoubbles in the liquid adsor-  spectrum, 0.85 s per scan without delay between scans.
bate and it is anticipated that the stream through the
saturator became saturated with the organic substance.
This gas flow was mixed with the bypass stream of 3. Results and discussion
pure N> (340 ml/min) at the outlet of the saturator and
the unified stream, with a partial pressure of around The FTIR-TPD profiles (AversusT) for the des-
15-30 Pa of adsorbate, was then passed through theorption of benzene, toluene and ethylbenzene from
IR-cell. H-ZSM-5 and H-Beta are reported Figs. 1 and 2.
H-ZSM-5 and H-Beta zeolite powders were pressed These results were fitted with the complementary er-
to self sustaining wafers (6-9 mg/émdry weight) ror function, i.e.: erfc(z)= [1 — erf(z)], where erf(2)
under a pressure of 400 MPa for 3-4s. The wafers is the error function41,42]. The concrete equation
were loaded into the IR cell and dehydrated at 673 K used for the fitting process was
for an interval of 2-3h in a flow of pure nitrogen a
(340-400 ml/min). After this activation, the samples A(D) = (5) [1—erf(z)] @
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Fig. 1. FTIR-TPD profile A (a.u.) versusT) of (a) benzene, (b) toluene and (c) ethylbenzene in H-ZSM-5 zeolite.

wherea = A (298K), is the initial value ofA(T), regression coefficient and the standard errors. The
z = [(T-To)/2Y2AT], T (K) is the absolute temper-  calculated regression coefficients fluctuated between
ature and the temperatufg (K) and the temperature  0.98 and 0.99. The values calculated for the param-
range AT (K) are the parameters which characterize etersTg and AT and the standard errors of the pa-
the FTIR-TPD profile. The fitting process was carried rameters are reported fable 2. The values obtained
out with a program based on a least square procedurefor the parametey = A (298 K), are not reported in
[43] which allows us to calculate the best fitting pa- Table 2, since absolute adsorption magnitudes are not
rameters ofEq. (1), specificallya, To and AT, the directly measured by the FTIR methodoldgy—20],
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Fig. 2. FTIR-TPD profile A (a.u.) versusT) of (a) benzene, (b) toluene and (c) ethylbenzene in H-Beta zeolite.
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therefore, the parameter a is not a useful information reduction of inter-crystalline diffusion retention and

for our purpose in the

present paper.

re-adsorption due to the small thickness of the wafer

The proposed FTIR-TPD methodology has some and a high purging ratgl8]. One of the limitations,
advantages and disadvantages. The benefit of us-as was commented above, is related to the fact that
ing the band area (absorbance) measurement in anabsolute adsorption magnitudes are not directly ob-
IR-cell in contrast with other TPD methodologies tained. An additional weakness is the feature that we
are the simplicity of performance, the fact that the simply monitored the reduction, during desorption, of
cell permits an excellent temperature control and the the absorbance of a characteristic IR band of the guest
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Table 2 distinct potentialg2,5-7]. These include dispersion,
FTIR-TPD parameters repulsion, polarization, field dipole energy, field gra-
Zeolite Hydrocarbon To (K) AT (K) dient quadrupole energy, adsorbate—adsorbate inter-
H-ZSM5 Benzene 3824 2 68 1 action e_nerg;{S_—?] and acid—base |nteract_|0|[%] if
H-ZSM-5 Toluene 361+ 2 484+ 2 the zeolite, as in the present case, contains hydroxyl
H-ZSM-5 Ethylbenzene 39% 1 404 2 bridge sites. The dispersion, repulsion, polarization,
H-Beta Benzene 349+ 4 474 4 field dipole, field gradient and adsorbate—adsorbate in-
H-Beta Toluene 356+ 1 38+ 1 teractions increases in the following order benzene
H-Beta Ethylbenzene 378 2 44+ 2 toluene < ethylbenzene, because of the addition of

methyl and ethyl groupBt4,45]. This fact is evident

in the case of the field dipole interaction, since the
molecules, thus, we are not reporting desorption rates dipole moment increase in the sequence benzene
(dN/dt) as is customary in TPD practi¢22]. How- toluene < ethylbenzend34]. Furthermore, the rela-
ever, by using the complementary error function this tive basicity for benzene, toluene and ethylbenzene are
circumstance is partially surmounted. In this sense, it 0.61, 0.92 and 1.06, respectiveB2,33], and conse-

is evident that guently, as the three adsorbates in consideration ex-
dNv dA perience an interaction with the Brgnsted sites of the
ar - ar (2) acid zeolites considered, then the acid—base interaction

will increase, also in the following order: benzere
whereN = KA as was above stated. . .

L . toluene < ethylbenzene. Based on the ideas previ-

Now it is easy to show that the desorption rate . .
ously discussed the meaning ©f can be now ex-

dN dA\ /dT dA i
Wk (22) () = k22 3) plained. _ .
dr dr dr dr For the H-Beta zeolite, the increase of the parame-
ter Tp follows the order of increase of the adsorption
interactions, i.e., dispersion, repulsion, polarization,
field dipole energy, field gradient quadrupole en-
ergy, adsorbate—adsorbate and acid-base interactions

is proportional to the temperature derivative of the
absorbance. In addition, with the help Bf. (1), the
temperature derivative of the absorbance becomes

dA — F(T) = —bexp[— (7] @) [2,5-7,44,45]as was gxplained above. _ _

dr The H-ZSM-5 zeolite shows a relatively different

a negative Gaussian Function, whérés a constant ~ behavior in relation with the increase of the parame-
in arbitrary units. Therefore, ter To, because it follows the order of increase of the
dN adsorption interactions, for toluene and ethylbenzene
— = KBF(D (5) but not for benzene; nevertheless, this anomalous be-
dr havior for benzene could be explained with the large

Subsequently, the parametefg and AT give an value of AT measured for the desorption of benzene
approximate description of the desorption rate. How- from H-ZSM-5. Additionally, in the case of H-ZSM-5
ever, for the future development of the methodology, zeolite, the values obtained fog are higher than those
it would be necessary to improve the hardware and the obtained for H-Beta. This fact is a consequence of
software of the data acquisition system in order to re- two effects, first, the higher interaction of the zeolite
port directly the desorption rate with better resolution. framework with the adsorbate molecules in 10MR ze-
For the discussion of the meaning of the obtained olites in comparison with 12MR zeolit¢46], because
FTIR-TPD data (§ and AT, Table 2), it is necessary  of the nearer distance between the adsorbed molecule
to consider the energy of interaction of the zeolite and the zeolite framework, and secondly the larger in-
framework with the adsorbate molecules and the trans- teraction of the molecules adsorbed in H-ZSM-5 with
port properties of these guest molecules in the zeolite the acid sites in relation with H-Beta; since, in the first
channels. case there is one adsorbed molecule per strong acid
When a molecule circulate within a zeolite, it is site and in the case of H-Beta zeolite there are three
subjected to diverse energy fields distinguished by adsorbed molecules per strong acid site. As a result,
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all the molecules adsorbed in H-ZSM-5 are in close oy = 7.0A [15-17,30]. Since the minimum kinetic

contact with the acid sites and the interaction is larger. diameteroy,, of benzene, toluene and ethylbenzne is

As a consequence, it could be concluded that the pa-5.8 A the molecular transport of benzene, toluene and

rameterTy is linked with the adsorption energy of the ethylbenzne is more expedite within the framework of

adsorbate in the zeolite. H-Beta zeolite. Therefore, with the assistance of the
Another source for the augment @§ in the case ideas previously discussed aba\i it is evident that

of H-ZSM-5, in relation with H-Beta is the higher this parameter must be larger for H-ZSM-5, because

Si/Al ratio of the studied ZSM-5 sample (&l = H-Beta has a bigger maximum free channel diame-
27) relative with the Si/Al ratio of the Beta sample ter and a three-dimensional channel system and as a
(Si/Al = 18). Since, as is very well knowj2], the result the diffusion is faster in H-Beta zeolite.

acid strength of zeolites increases with the increment  With respect to the second effect affecting the
in the Si/Al ratio, as a result, the three adsorbates in broadening of the FTIR-TPD profile, i.e., the het-
study suffer an acid—base interaction with the Bronsted erogeneity of the adsorption process in the zeolite,
acid sites of the zeolites considered, which increase in it is possible to affirm that the adsorption process in
the following order H-ZSM-5> H-Beta. Besides, the  zeolites could be considered a physisorption process,
existence of large amounts of silanols groups in the because even the interaction with hydroxyl groups
H-Beta zeolite, which do not contribute to the acidity in zeolites can be taken into account as a Van der
of this acid zeolite, also point in the direction of a Waals-type interactiof48]. The interactions of the
lower acid—base interaction between H-Beta zeolite guest molecule with the zeolite framework depends on
and the three examined adsorbates in comparison withthe relative position of the guest molecule in the zeo-
the H-ZSM-5 zeolitd2]. lite channels and/or cavities in relation with the frame-
The parameteAT is linked essentially with two  work atoms and the charge compensating cations of
effects. Firstly with the transport process of the the zeolite. An exact evaluation of all these contribu-
desorbed molecules within the zeolites during the tions is out of the scope of the present paper, however,
desorption process; given thafT is connected with it can be stated that in the case of H-ZSM-5, because
time, through the constant heating rate (8.5K/min). of the fact that there is approximately one adsorbed
Therefore, a lower desorption rate, implies bigger molecule per strong acid sifg8], it appears that each
AT. Secondly, zeolites are heterogeneous adsorbentsadsorbate molecule interacts with one acid site. For
i.e., the heat evolved during adsorption is dependant H-Beta, there are around three adsorbed molecules per
on the zeolite volume coverad@é,28,47], so, during  strong acid sit¢18], consequently not all the adsorbed
the desorption process, the overlap of desorption from molecules are directly interacting with the acid sites,

different adsorption sites must also contributeAt®, i.e., some adsorbed molecules are related with the acid
because different adsorption sites requires distinct sites and the rest should be located in other sites, such
desorption temperatures. as the center of the two different 12MR windows,

It is evident (sedlable 2) thatAT is bigger for the present in the Beta framewofk9-52]. The interac-
desorption of benzene and toluene from H-ZSM-5 tion of the adsorbate with the OH groups is a direct
in comparison to the\T values for H-Beta, whereas interaction[53] and it is possible to make some infer-
in the case of ethylbenzene there is no a significant ences with the help of the IR spectra. In this sense, the
difference. The transport of guest molecules through IR spectrum of H-ZSM-5 zeolite shows, at least, three
zeolite cavities and channels is clearly influenced by kinds of OH groups, silanol-bands, strong Branstedt
geometrical factor§l5,16]. In the desorption experi-  sites and one weak and broad band at 3656'rand
ment, evidently the rate of desorption must be slower the IR spectrum of H-Beta zeolite exhibit, at least,
for the H-ZSM-5 zeolite than for H-Beta, because two kinds of OH groups; silanol and strong Brgnsted
the framework of the H-ZSM-5 zeolite, having a sites. Therefore, the heterogeneity of OH gro[§
10MR, two-dimensional channel systems with max- also contributes to the broadening of the desorption
imum free channel diameter of, = 5.8A and the profiles for H-ZSM-5 and H-Beta zeolites. However,
H-Beta zeolite has a 12MR, three-dimensional chan- the OH groups corresponding to the weak and broad
nel system with a maximum free channel diameter of band at 3656 cm! which is present in the H-ZSM-5
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sample and is not present in H-Beta, contribute to a
larger broadening in H-ZSM-5, since the other two OH
group are very similar for both zeolites. On the other
hand, the presence of the 12MR windows sites in the
Beta frameworlk]{49-52] contribute also to a bhigger
broadening of the FTIR-TPD profile in H-Beta, since
in H-ZSM-5 all the adsorbed molecules are interacting
directly with the acid sites. Therefore, notwithstanding

the fact that the adsorption heterogeneity evidently is a

factor affecting the broadening of the FTIR-TPD pro-
file, it is difficult within the frame of the present dis-
cussion, to elucidate which of the effects contributing
to the adsorption heterogeneity broadening will play a
major role.

4. Conclusions

FTIR-TPD profiles of: benzene, toluene and ethyl-
benzene from H-ZSM-5 and H-Beta have been fitted
with the complementary error function. to calculate
two parameters, the temperaturgy (K) and the
temperature range&\T (K), which, in combination
with the complementary error function, typifies the
FTIR-TPD profile. It was shown that the parameter
To is associated with the adsorption energy of the ad-
sorbate in the zeolite. In addition, the parametdr
was linked with the transport of molecules inside the

zeolites channels during the non-isothermal desorp-

R. Roque Malherbe, R. Wendelbo/ Thermochimica Acta 400 (2003) 165-173

References

[1] J. Biswas, I.E. Maxwell, Appl. Catal. 63 (1990) 197.

[2] A. Corma, Chem. Rev. 95 (1995) 559.

[3] J. Weitkamp, Solid State lonics 131 (2000) 175.

[4] .M. Thomas, R. Raja, Chem. Commun. (2001) 675 (Feature
article).

[5] R.M. Barrer, Zeolites and Clay Minerals as Sorbents and
Molecular Sieves, Academic Press, London, 1978, pp. 1-223

[6] D.W. Ruthven, Principles of Adsorption and Adsorption
Processes, Wiley, New York, 1984, pp. 1-165.

[7] R. Roque-Malherbe, Micropor. Mesopor. Mater. 41 (2000)
227.

[8] R.M. Barrer, Hydrothermal Chemistry of Zeolites, Academic
Press, London, 1982, pp. 5-45.

[9] M. Pansini, Miner. Deposita 31 (1996) 563.

[10] R. Roque-Malherbe, in: H.S. Nalwa (Ed.), Handbook of
Surfaces and Interfaces of Materials, vol. 5, Academic Press,
New York, 2001, Chapter 12, pp. 495-522.

[11] D.W. Breck, Zeolite Molecular Sieves, Wiley, New York,
1974.

[12] O. Vigil, J. Fundora, H. Villavicencio, M. Hernandez, R.
Roque-Malherbe, J. Mater. Sci. Lett. 11 (1992) 1725.

[13] R. Roque-Malherbe, in: H.S. Nalwa (Ed.), Handbook of
Surfaces and Interfaces of Materials, vol. 2, Academic Press,
New York, 2001, Chapter 13, pp. 509-531.

[14] M.F.M. Post, in: H. van Bekum, E.M. Flanigen, J.C. Jansen
(Eds.), Introduction to Zeolite Science and Practice, Elsevier,
Amsterdam, Stud. Surf. Sci. Catal. 58 (1991) 391.

[15] J. Karger, D.M. Ruthven, Diffusion in Zeolites, Wiley, New
York, 1992.

[16] J. Xiao, J. Wei, J. Chem. Eng. Sci. 47 (1992) 1123,

J. Xiao, J. Wei, J. Chem. Eng. Sci. 47 (1992) 1143.

R. Roque-Malherbe, R. Wendelbo, A. Mifsud, A. Corma, J.

Phys. Chem. 99 (1995) 14064.

[17]

tion process as well with the heterogeneous character[18] R. Wendelbo, R. Roque-Malherbe, Micropor. Mater. 10 (1997)

of adsorption in zeolites.

Acknowledgements

The financial support granted by the Spanish Su-
perior Council of Scientific Research (CSIC), during
the authors stay in the Institute of Chemical Technol-
ogy (ITQ) at the Polytechnic University of Valencia
(UPV), Spain and the Norwegian Research Coun-
cil (NFR) is gratefully acknowledged. The authors
also gratefully recognize the help provided by Dr.
A. Corma, Dr. V. Fornés, Dr. A. Mifsud and Dr. D.
Akporiaye for supplying information and technical
assistance. Likewise, we are grateful to C. Martinez
and L Villescusa for providing the original ZSM-5
and Beta samples, respectively.

231.

[19] H.G. Karge, W. Niessen, Catal. Today 8 (1991) 451.

[20] W. Niessen, H.G. Karge, Micropor. Mater. 1 (1993) 1.

[21] R. Cvetanovic, Y. Amenomiya, Adv. Catal. 17 (1967) 103.

[22] P. Malet, in: J.L.G. del Fierro (Ed.), Spectroscopic
Characterization of Heterogeneous Catalysts, Elsevier,
Amsterdam, Stud. Surf. Sci. Catal. B 57 (1990) B333.

[23] H.G. Karge, V. Dondur, J. Phys. Chem. 94 (1990) 765.

[24] S. Sharma, B. Meyers, D. Chen, J. Miller, J.A. Dumesic,
Appl. Catal. A 102 (1993) 253.

[25] M. Hochtl, A. Jentys, H. Vinec, Micropor. Mesopor. Mater.
31 (1999) 271.

[26] L. Gang, J. Van Grondelle, B.G. Anderson, R.A. van Santen,
J. Catal. 186 (1999) 100.

[27] J.P. Joly, A. Perrard, Langmuir 17 (2001) 1538.

[28] N. Cardona-Martinez, J.A. Dumesic, Adv. Catal. 38 (1992)
149.

[29] N. Petrova, T. Mizota, K. Fujiwara, J. Therm. Anal. Calorim.
64 (2001) 157.

[30] W.M. Meier, D.H. Olson, Ch. Baerlocher, Zeolites 17 (1996)
1.



R. Roque Malherbe, R. Wendelbo/ Thermochimica Acta 400 (2003) 165-173

[31] R. Ravinshankar, T. Sen, V. Ramaswami, H.S. Soni, S.
Ganapathy, S. Sivansanker, in: J. Weitkamp, H.G. Karge, H.
Pfeifer, W. Holderich (Eds.), Zeolites and Related Materials:
State of the Art, Elsevier, Amsterdam, Stud. Surf. Sci. Catal.
A 84 (1994) 331.

[32] H. Perkampus, in: V. Gold (Ed.), Advances in Physical
Organic Chemistry, Academic Press, London, 1966, p. 241.

[33] D. Barthomeuf, A. de Mallman, Ind. Eng. Chem. Res. 29
(1990) 1435.

[34] Handbook of Chemistry and Physics, 67th ed., CRC Press,
Boca Raton, FL, 1986-1987.

[35] H. Berg, W. Schwierger, H. Fortig, V. Hodicke, in: G. Olhman,
H. Pfeifer, R. Fricke, Catalysis, Adsorption by Zeolites,
Elsevier, Amsterdam, Stud. Surf. Sci. Catal. 65 (1994) 185.

173

[42] G.B. Arfken, H.J. Weber, Mathematical Methods for
Physicist, Academic Press, New York, 2001, pp. 663-664.

[43] N.R. Draper, H. Smith, Applied Regression Analysis, Wiley,
New York, 1966.

[44] W.O. Haag, in: J. Weitkamp, H.G. Karge, H. Pfeifer, W.
Holderich (Eds.), Zeolites and Related Materials: State of the
Art, Elsevier, Amsterdam, Stud. Surf. Sci. Catal. B 84 (1994)
1375.

[45] S.M. Babitz, B.A. Williams, J.T. Miller, R.Q. Snurr, W.O.
Haag, H.H. Kung, Appl. Catal. 179 (1999) 71.

[46] R.J. Gorte, D. White, Micropor. Mesopor. Mater. 35-36
(2000) 447.

[47] W. Rudzinskii, D.H. Everett, Adsorption of Gases by
Heterogeneous Surfaces, Academic Press, New York, 1997.

[36] J. Perez-Pariente, J. Sanz, V. Fornes, A. Corma, J. Catal. 124 [48] J. Sauer, P. Upliengo, E. Garrone, V.R. Saunders, Chem. Rev.

(1990) 217.
[37] M.A. Camblor, A. Mifsud, J. Perez-Pariente, Zeolites 11
(1991) 792.
[38] B.-L. Su, J. Chem. Soc. Faraday Trans. 93 (1997) 1449.
[39] G. Sastre, N. Raj, C. Richard, C. Catlow, R. Rogue-Malherbe,

94 (1994) 2095.
[49] L.M. Bull, N.J. Henzon, A.K. Cheetham, J.M. Newsam, S.J.
Heyes, J. Phys. Chem. 97 (1993) 11776.
[50] B.-L. Su, V. Norberg, C. Hansenne, Adsorption 6 (2000) 61.
[51] B.-L. Su, V. Norberg, Langmuir 14 (1998) 7410.

A. Corma, J. Phys. Chem. B 102 (1998) 3198.

[40] R. Roque-Malherbe, V. Ivanov, Micropor. Mesopor. Mater.
47 (2001) 25.

[41] M.L. Boas, Mathematical Methods in the Physical Sciences,
Wiley, New York, 1983, p. 467.

[52] B.-L. Su, V. Norberg, Langmuir 16 (2000) 6020.
[53] B.-L. Su, V. Norberg, Zeolites 19 (1997) 65.
[54] J. Datka, B. Gil, J. Mol. Struct. 596 (2001) 41.



	Study of Fourier transform infrared-temperature-programmed desorption of benzene, toluene and ethylbenzene from H-ZSM-5 and H-Beta zeolites
	Introduction
	Experimental
	Materials
	Methods

	Results and discussion
	Conclusions
	Acknowledgements
	References


