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Abstract

The acid properties of the Ca/NaY zeolite were investigated by means of n-butylamine
desorption and thermal decomposition, using both thermogravimetry (TG) and differential scan-
ning calorimetry (DSC). The total acidity of the zeolite was calculated from the TG data, while
DSC was used with the Borchardt-Daniels kinetic model to determine the relative acid strength
of the catalyst, given in J per acid site. The enthalpies of these processes are proportional to the
acid site strength in each specific temperature range.
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Introduction

An acidic solid catalyst in a material capable of converting an adsorbed basic
molecule into its conjugated acid form. The acid site is able to transfer a proton
from the adsorbed molecule to the adsorbed molecule (Bronsted acid site) or an
electron pair from the solid to the solid surface (Lewis acid site). Dehydrated zeo-
lites can exhibit both Bronsted and Lewis acid sites, depending on the ion-exchange
and thermal treatment [1, 2]. The catalysis effected by acid zeolites is a function of
the nature, density and strength of the acid sites, as well as the chemistry of the re-
action intermediates. Structurally, zeolites comprise a three-dimensional network of
Si0,4 and AlOj complexes, linked together through common oxygen atoms. The
neutralization of the negative charge is achieved by the introduction of polyvalent
cations into the structural zeolite sites. This is of great importance in the generation
of protonic acidity. The selectivity depends on the ionic ratio of the exchanged cat-
ions [3]. The protonation of a zeolite through a polyvalent ion (M**) occurs accord-
ing to Eq. (1):

MH,0)]"* —» [MOH)]® D+ +H* — [M(OH)]®2*+H* (1)

The protons react with the oxygen lattice of the zeolite, giving rise to strong acid
sites. In this way, divalent Ca-exchanged NaY zeolite, after thermal treatment, is a
suitable catalyst in terms of the acidity of the solid [4]. The protonation of a zeolite
through Ca?* jon-exchange occurs according to Eq. (2):
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[Ca(H,0))** — [Ca(OH)]* +H* (2)

The thermoanalytical methods and infrared spectroscopy are the most valuable
techniques for the characterization of an acidic surface. Organic bases such as pyri-
dine (pK},,=8.75) and ammonia (pK,=4.75) have frequently been used to determine
the nature (Bronsted or Lewis) of the acid sites. The n-butylamine (pK;,=3.23),
which is a relatively strong base, is commonly used to determine the total acidity;
it will react with weaker acid sites than either pyridine or ammonia.

The aim of this work is to evaluate the acid properties of Ca/NaY by means of
TG and DSC techniques, using #-butylamine as the molecular probe. The use of »-
butylamine for the characterization of solid surfaces such as silica, alumina, silica-
alumina and montmorillonite has been reported [5, 6]. The acid strength kinetic pa-
rameters are determined via the Borchardt-Daniels kinetic model. As the acid prop-
erties (strength and total acidity) of zeolite catalysts are related to the activity and
selectivity of several reactions, measurements of these properties are of interest in
catalytic research.

Experimental

Calcium-exchanged NaY zeolite (Ca/NaY) was synthesized by refluxing a NaY
zeolite (Si/Al=2.4) with calcium chloride solution, followed by thermal treatment
at 693 K under a nitrogen flow [7]. The physicochemical characterization of the
NaY and Ca/NaY samples was carried out by analytical methods, such as ICP-
AES, FT-IR and XRD patterns. From ICP-AES, the unit cell chemical composition
was determined. Structural analysis was determined by Fourier transform infrared
spectroscopy, using a Bomem MB-102 instrument. Crystallographic properties of
the samples were investigated by X-ray diffraction.

To determine the total acidity, an exchanged sample (0.01 g) previously satu-
rated with n-butylamine was transferred to a thermobalance (DuPont 910, TA-
2000) and was submitted to the following programmed thermodesorption: isother-
mal heating at 368 K for 1 h, followed by heating at 15 K min~! under dry air flow-
ing at 50 ml min™'. The total acidity was defined as the absolute mass of base
desorbed from the acid sites of the catalyst, expressed in acid sites per g [8].

Results and discussion

The unit cell chemical compositions of NaY and Ca/NaY are Nas{AlO;)s/(Si0,)35
and Cayq gNay; AAl0,)sASi0;),15, respectively. The FT-IR and XRD data showed
that Ca/NaY is crystalline, with a well-defined structure. The infrared spectrum of
Ca/NaY revealed the existence of [Ca(OH)] *and [H---O-Si] in the zeolite cages af-
ter thermal treatment. The structural features can depicted as:
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To study the acid properties of the Ca/NaY zeolite, it was considered that the
basic molecule enters the pores of the zeolite to interact with all the acid sites, and
the number of acid sites was determined from the amount of base required to reach
the saturation point. The decomposition of n-butylamine by the medium and strong
acid sties was analysed. The results from the TG and DTG curves (Fig. 1) showed
that the thermal behaviour of [n-butylamine-Ca/NaY] was as follows: (i) desorption
of physically adsorbed water and n-butylamine below 498 K; (ii) dissociation of the
n-butylamine from medium acid sites at 516676 K, and from strong acid sites at
676-955 K. The ammonia and butene products of dissociation of #-butylamine
would be formed according to Hoffman degradation [9, 10], as shown in Eq. (3).
This mechanism has been verified in the decomposition of n-butylamine on a silica-
alumina catalyst [11].
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Fig. 1 TG/DTG curves for Ca/NaY zeolite adsorbed with #-butylamine, showing weight
from the different acid sties
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Fig. 2 DSC curve of Ca/NaY zeolite adsorbed with n-butylamine, showing exotherms re-
lated to: (a) medium and (b) strong acid sites
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CH,(CH,);NH}~ ~ — O~ Zeol. - NH, + CH,CH,CHCH, + HO-Zeol. (3)

It is known that primary amines can be converted to diamines over acid catalysts at
high temperatures. In the DTG curve, the peak observed in the temperature range
676-955 K was attributed to the reaction between r-butylamine and its protonated
form, as shown in Eq. (4):

CH,(CH,);NH, + CH,(CH,),NH}---0"Zeol. .

4
— NH, + [CH;(CH,),CH,},NH;---0" Zeol.

The presence of butene, ammonia and diamine as decomposition products on 7-
butylamine over acid zeolite catalysts was demonstrated by infrared spectroscopy
[12], proton nuclear magnetic ressonance [13] and mass spectrometry [14]. It was
suggested that the formation of diamines should occur in the bulk of the Ca/NaY
zeolite. However, for calculation of the total acidity of the catalyst, it was assumed
that one molecule of n-butylamine adsorbs selectively on one acid site.
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Fig. 3 Arrhenius plots used to determine the activation energy relative to the deamination
process from (a) medium and (b) strong acid sties
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Table 1 Acid sites density and strength kinetic parameters of the Ca/NaY zeolite

Acid sites

Parameter Medium Strong
TG-DTG

Total acidity (acid sites per g )x10%° 7.8 7.0

Temperature range/°C 243-403 403682
DSC/Borchardt-Daniels kinetic model

Reaction order 2.8 1.8

Activation energy/kJ mol™ 195.8 211.0

Heat of reaction/J g™ 238.2 371.5
Simultaneous TG/DSC

Acid strength/(J per acid site)x10™° 30 5.3

The DSC curve of the Ca/NaY zeolite (Fig. 2) exhibited two exothermic peaks, re-
lating to each acid site strength. The first peak corresponds to the desorption of n-buty-
lamine and probable dissociation of the base from the medium acid sites, according to
Eq. (3), whereas the second is related to amine decomposition from the strong acid
sites. It is suggested that the enthalpies and activation energies relating to each process
are directly proportional to the acid site strength in each specific temperature range.

On the basis of the Borchardt-Daniels kinetic model [15], software developed by
DuPont was used to determine the kinetic parameters of n-butylamine desorption
from the Ca/NaY zeolite. In this way, curves were plotted showing the time conver-
sion (min) as a function of the temperature (K), and Ink(7) as a function of the in-
verse of the temperature (1/K). The time-conversion curves present the desorption
and degradation of n-butylamine at acid sites of different strengths. The Ink(7) vs.
1/T plot is a straight line, as illustrated in Figs 3(a) and 3(b). The activation ener-
gies of the deamination process relating to the two exotherms can be obtained from
the slopes of the straight lines, demonstrating that the Borchardt-Daniels kinetic
model can be applied for the evaluation of the relative acid strength in solid acids
[6]. The total acidity (from TG/DTG) and the kinetic parameters (from DSC) relat-
ing to the desorption of n-butylamine from the medium and strong acid sites are
given in Table 1.
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