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ABSTRACT

A comparative study of NH,-sorption onto several ZSM-5 samples differently modified
by acid-dealumination, boron incorporation in the zeolite (by synthesis), as for lattice
aluminum and boron impregnation as H;BO,, has been carried out at 423 K for differently
pretreated (1.33 mPa /673 K /12 h and 1.33 mPa/1073 K /12 h) surfaces. Various volumetric,
calorimetric and thermokinetic parameters have been found to correlate well, revealing that
(i) acid treatment, whilst it eliminates a portion of the zeolite aluminum of potential acidity,
creates new surface Bronsted sites of moderate acidity, (ii) boron replacement for a portion of
the zeolite aluminum, however, does not alter the number of exchangeable acid sites,
decreases markedly the overall zeolite acidity and enhances heterogeneous distribution of
surface acidity, and (iii) boron impregnation, though it neutralizes proportionally the zeolite
Bronsted acidity for samples pretreated at 673 K, appears to neutralize the zeolite Lewis
acidity as well for samples pretreated at 1073 K, which results in a drastic loss of the overall
zeolite acidity. The mechanistic implications illustrating the effect of such modifications are
described.

INTRODUCTION

Despite the shortage of distinguishing surface Brensted and Lewis acidi-
ties, microcalorimetry has proven powerful in characterizing the overall
surface acidity, sites and distribution. As a technique providing complemen-
tary data, Takahashi and coworkers [1-11] have successfully applied micro-
calorimetry to measuring the energy of interaction at the gas/solid inter-
faces for a variety of silica, alumina, amorphous silica~alumina and crystal-
line aluminosilicate zeolite surfaces. Because of its strong interaction, pyri-
dine has often been used and favored over other basic adsorbates in probing
surface acidity. The less interacting (although more basic) and less bulky
NH; has alternatively been employed to probe the acidity of zeolites,
particularly those exhibiting narrow channels or small pores [12].

Because of its unique structure, which induces distinct features in cataly-
sis, ZSM-5 has received unceasing interest. Microcalorimetry, particularly of
NH;-sorption, has shared with a significant role in determining the zeolite
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acidity [13-15]. Whilst calorimetric measurement at 293 K yields an average
for the heat of NH, random interaction with a variety of acidic surface sites,
those carried out at higher temperatures differentiate and distinguish surface
acidity into order of varied strengths [9,15]. It has been recognized that
measurement at 423 K yields the most useful information regarding surface
acidity [12,16].

Studying the effect of various modification methods on ZSM-5 acidity,
and hence catalytic activity, is the goal of the present investigation, which
has been pursued exploiting the feature of computer-processing micro-
calorimetry of NH,-sorption.

EXPERIMENTAL
Materials

Dried (over Na-wire) and degassed (by freeze—pump-thaw cycles) NH,
was used as adsorbate. The adsorbent was ZSM-5 of differently modified
samples (Table 1). The methods of zeolite modification with boron are
described elsewhere for impregnation [17] and incorporation in the zeolite
structure [18]). The dealuminated (Deal. HZSM-5, 28% Al loss) and non-
dealuminated (HZSM,-5) samples were obtained from their parent
TPA,NaZSM-5 by ion-exchange in 0.5 M HCl and 0.5 M NH,Cl at 353 K,
respectively, with NH being decomposed for the latter sample at 773 K
under a stream of nitrogen.

Methods and equipment

NH;-sorption onto the modified samples was followed both volumetri-
cally and calorimetrically using a Setarm Tian Calvet microcalorimeter of
the twin-conduction type at 423 K. NH; pressure both admitted and at
equilibrium was measured for every dose using a Data-metric Barocel gauge
of maximum 133 Pa pressure range. The zeolite (ca. 100 mg) was protected

TABLE 1

Zeolite elemental analysis (atom per unit cell)

Zeolite Symbol Si Al B Na B+ Al B/Al
Deal. HZSM-5 * 92.26 3.74 Traces 0.74 3.74 0.00
HZSM -5 @) 91.90 410 Traces 0.47 4.10 0.00
HZSM,-5 A 91.13 4.00 0.87 0.62 4.87 0.22
HZSM,-5 a 91.24 3.21 1.55 0.97 4.76 0.48
HZSM ;-5 L J 91.71 2.63 1.66 0.67 4.29 0.63
Impreg. HZSM -5 v 91.90 4.10 3.21 0.47 7.31 0.78
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from possible hydrocarbon contamination, which could be deposited from
neighboring stop-cocks and joints lubricated with grease, by a trap of mixed
solid CO, /acetone. The zeolite pretreatment was carried out at two different
temperatures 1.33 mPa/673 K/12 h and 1.33 mPa /1073 K /12 h, with a
programmed temperature rise of 2 K min~!. NH, was admitted onto the
pretreated samples in small doses (ca. 0.04 cm’) at 423 K. The NH,
thermogram and pressure were monitored for equilibrium at every dose,
which was continued to a final pressure of ca. 133 Pa. The data were
computer processed and treated so as to attain volumetric, calorimetric and
thermokinetic information capable of interpreting modified zeolite acidity.

RESULTS AND DISCUSSION

One of the great advantages of microcalorimetry applied to characterizing
surface acidity is the ability of differentiating the acidity into order of
interaction strength. This is particularly useful in distinguishing homoge-
neous and heterogeneous acidity distribution. A combination of volumetric,
calorimetric and thermokinetic data provides a better chance of precisely
identifying modified surface acidity.

Volumetric isotherm of NH;-sorption

It has been long established that degassing the zeolite at 673 K results in
surfaces dominated by Brensted acidity. Figure 1 shows volumetric iso-
therms of NH; sorbed at 423 K for samples degassed at 673 K. As shown,
the zeolite accepts NH; in the order

Deal. HZSM-5 > HZSM,-5 > HZSM,-5 > HZSM ;-5 > HZSM ;-5

This order, though it does not obey the acidity order associated with
aluminum, H}, (Table 2) agrees with that associated with aluminum and
boron, H,,,;, except for Deal. HZSM-5. That sample is dealuminated by ca.
28%. As previously suggested [19], dealumination results in the formation of
groups (nests) containing four silanols, with only one silanol being more
acidic. Assuming that all aluminum removed by the acid treatment of the
parent Na-form sample was of zeolitic nature, a sum of ca. 1.44 nest
Brensted sites adds up to other Al-associated Brensted sites to yield a total
of 4.44 Brensted sites per zeolite unit cell (Table 2). Hence, it is not
surprising to observe a higher NH;-sorption for that sample than would be
expected to be associated with the zeolite aluminum.

Zeolite degassing at 1073 K is expected to result in surfaces dominated by
Lewis acidity [12]. The volumetric isotherm (Fig. 2) of NH; sorbed at 423 K
for samples degassed at 1073 K reveals sorption capacity following a similar
order, which also indicates association with Al + B Lewis sites. However, the
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Fig. 1. Volumetric isotherm of NH;/HZSM-5 for samples degassed at 673 K, sorption
temperature, here and elsewhere, is 423 K. For symbol significance, see Table 1.

amount of NH, sorbed in this case is clearly less than for samples degassed
at 673 K; the ordinate of Fig. 2 is scaled-up to twice that of Fig. 1. This
agrees with the hypothesis that a portion of the zeolite Bronsted acidity
dehydroxylates, as two Brensted sites would yield a Lewis site. The excess of

TABLE 2

Data derived from elemental and thermal analyses

Zeolite Elemental analysis ® Thermal analysis
Hf . H} Bronsted (673 K) Lewis (1073 K)

Deal. HZSM-5 4.44 3.00 1.60 0.90
HZSM -5 3.63 3.63 2.00 1.60
HZSM;-5 425 3.38 1.40 1.30
HZSM,-5 3.79 2.24 1.10 0.80
HZSM,-5 3.62 1.96 0.90 0.50
Impreg. HZSM (-5 3.63 0.42 1.30 0.40

® Data based on the result of subtraction of (Al+ B)—Na for H{,,,, and Al—Na for H},.
Deal HZSM-5 and Impreg.HZSM -5 are exceptions. H{,, is calculated as in ref. 19,
provided the sample is dealuminated by ca. 28%, for Deal HZSM-5 and as in ref. 17,
assuming that original Brensted sites are replaced by less acidic sites associated with
surface boric anhydride, for Impreg. HZSM-5. Hx, — B, assuming 3.21 out of 3.63 Brensted

sites of HZSM -5 are neutralized by boron, should yield H;, for Impreg. HZSM ¢-5.
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Fig. 2. Volumetric isotherm of NH, /HZSM-5 for samples degassed at 1073 K.

Bronsted sites (dealuminated nests) obviously dehydroxylates to non-acid
sites for Deal. HZSM-5 pretreated at 1073 K. Removal of the origin causing
excessive sorption for that sample pretreated at 673 K (above) by pretreat-
ment at 1073 K tends to clear up association of NH,-sorption with the
population of Al + B Lewis sites.

Calorimetric isotherm of NH;-sorption

At variance with the volumetric isotherm measuring the overall (weak as
well as strong) surface acidity, a calorimetric isotherm presumes to identify
only the strong sites capable of evolving heat of NH, sorbed at 423 K.
Figure 3 shows calorimetric isotherms of NH, sorbed at 423 K for samples
pretreated at 673 K. Except for the dealuminated sample, the order of heat
follows the order of Al-associated Brensted site population, H}, (see Table
2)

Deal. HZSM-5 > HZSM -5 > HZSM,-5 > HZSM,-5 > HZSM ;-5

In contrast, this is the opposite order to B-associated Brensted site popula-
tion (Table 1), which entirely precludes any contribution of such weak sites
to the zeolite’s considerable acidity. Dealumination (nest) Bronsted sites, on
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Fig. 3. Calorimetric isotherm of NH, /HZSM-5 for samples degassed at 673 K.

the other hand, appear to count as strong, thus ranking the relevant sample
as first in the order of heat evolved from NH,-sorption at 423 K.

If this argument is appropriate, removing the origin disturbing the usual
sequence correlating the heat of NH,-sorption to Al-associated acid sites
(i.e. removing the nest Bronsted sites) could then reveal ideal association.
Indeed, this is shown for samples pretreated at 1073 K (Fig. 4), where the
calorimetric isotherm reveals heat varying in order following the population
of zeolite aluminum

HZSM,-5 > HZSM,-5 > Deal HZSM-5 > HZSM ,-5 > HZSM ;-5

This is typically indicated by Hy, site population (Table 2).

These findings would reveal that, unlike Al-associated acid sites, B-associ-
ated acid sites (whether Brensted or Lewis), however, sorb NH; (volumetric
isotherm) and do not evolve heat of adsorption (calorimetric isotherm),
which suggests weak acidity. On the other hand, dealumination Brensted
sites exhibit considerable acidity, which should be considered when discuss-
ing the role of zeolite acidity for such modified samples.
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Fig. 4. Calorimetric isotherm of NH; /HZSM-5 for samples degassed at 1073 K.

Differential heat of NH;-sorption

As mentioned earlier, microcalorimetric measurements carried out at 423
K are of particular importance in differentiating the surface acidity into
order of interaction strength, thus distinguishing homogeneous and hetero-
geneous acidity distribution. Homogeneous acidity is revealed in an abrupt
change of the differential heat with surface coverage, which indicates inter-
action with two types of surface acidity: strong and weak. When NH,
neutralizes all the strong sites showing an upper level differential heat
plateau, the differential heat drops to a lower level that corresponds with the
weak sites. On the other hand, heterogeneous acidity can be viewed as a
systematic decrease of differential heat with surface coverage indicating the
presence of a variety of surface sites exhibiting gradient strength. Figure 5
shows the differential heat of NH,-sorption at 423 K for samples degassed
at 673 K. As shown, modification of the zeolite surface lowers the acidity
strength, which is indicated by lowered differential heats. Weak acid sites
obviously replace the original strong sites (as a result of zeolite modification)
inducing not only lowered acidity but also surface heterogeneity. Surface
heterogeneity is enhanced following the order of increased zeolite modifica-
tion extent

HZSM,-5 > HZSM,-5 > Deal. HZSM-5 > HZSM,-5 > HZSM -5
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Fig. 5. Differential heat of NH, /HZSM-5 for samples degassed at 673 K.

As expected for a stronger interaction of NH, with Lewis sites, Fig. 6
reveals differential heats of ca. 160 kJ mol~* for all the samples degassed at
1073 K. This is at variance with differential heats measured for samples
degassed at 673 K, where they drop with modification to even lower than
130 kJ mol™' (Fig. 5).The effect causing heterogeneous distribution of
surface acidity has a minor role for samples degassed at 1073 K (Fig. 6),
where almost all the samples show the abrupt change of differential heat
with coverage characterizing homogeneously distributed acidic surface sites.

Evaluation of the number of strong surface sites

Because the differential heat of a given process grades interacting sites
into order of acidity strength, previous investigators [15,20] have used the
differential heat as a method of measuring strong acid sites over differently
modified zeolites. On other hand, the acidity spectra of Klyachko et al. [21]
have been favored by others [5,6,12] for identifying such sites. In the present
investigation, following a method based on thermokinetic features [22,23]
which have previously been used by Gatta et al. [24], the number of strong
sites is precisely found.
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Fig. 6. Differential heat of NH, /HZSM-5 for samples degassed at 1073 K.

For an irreversible sorption, site activation and sorbate transformation
from a weaker site to a stronger site usually involve longer periods than for a
quicker reversible process. The thermograms resulting from irreversible
processes are therefore often broader than for reversible processes. Figure 7
shows the change in that thermokinetic parameter with surface coverage for
samples degassed at 673 K. The data shown in this figure reveal that the
sorption starts slowly as a result of site activation/sorbate transformation,
continues at a slow rate passing through a maximum, and ends with a faster
process. Such a sequence would indicate that the process starts with chemi-
sorption reaching maximum interaction before tending to end with the faster
reversible physisorption stage at high surface coverage. The peak maximum
is zeolite dependent, and the amount of sorbed NH, at this maximum
corresponds with the number of strong surface sites, provided one NH,
mole sorbs on one acid site. The advantage of this method is that, being the
maximum interaction defined by a peak maximum, estimating the number
of strong surface sites is precise. Table 2 reports the number of strong
surface sites for every sample in terms of site per zeolite unit cell. As
reported, regarding the population of Brensted sites (samples degassed at
673 K), the acidity strength follows the same order shown by integral heat
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(not reported)
HZSM -5 > Deal HZSM-5 > HZSM,-5 > HZSM ,-5 > HZSM ;-5

This would indicate that the more acidic sites are those associated with
zeolite Al. Dealumination (nest) Bronsted sites appear as less acidic.

Samples degassed at 1073 K (Fig. 8 and Table 2) reveal acidity sirength
following the order

HZSM-5 > HZSM,-5 > Deal HZSM-5 > HZSM,-5 > HZSM,-5

This is a typical order shown by the integral heat of such samples, which
indicates entire association with zeolite Al-Lewis sites. It is clear that no
contribution of considerable acidity is revealed for B-associated surface
sites, whether as Brensted or Lewis.

Finally, comparing the number of Lewis and Brensted sites (Table 2)
evaluated by thermal analysis suggests that surface dehydroxylation does not
solely proceed by mechanism I (Scheme I) proposed by Utterhoeven et al.
[25] and Ward [26], since Lewis site population is not half that of Bronsted
sites, and there must be other approaches, e.g. mechanism II, which yield
two (instead of one) Lewis sites. Moreover, since dehydroxylated surfaces do
not restore original Brensted acidity upon further [12,27] hydration, mecha-
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nism III could be possible. The =Si-O-0-Si= bridge is not easily hydro-
genated upon surface hydration. However, surface dehydrogenation may
occur with such severe treatment.This can be highly probable if one consid-
ers the loss of sorption capacity induced by surface dehydroxylation [28].
Such a loss can be a consequence of =Si—-0-Si= or =Si-0-0-Si= bridge
formation causing a steric barrier.

In order not to confuse structurally incorporated and impregnated boron
data, I will discuss them separately. The data of NHj-sorption onto
Impreg. HZSM -5 are shown in Figs. 1-8, denoted by a solid triangle, v.
Impregnating HZSM -5 with 0.6% B as H,BO; (3.21 B per u.c) effects a loss
of NH ;-sorption by ca. 15 and 40% and a loss of NH;-heat by ca. 15 and
60% for samples degassed at 673 and 1073 K, respectively. This would
indicate that zeolite degassing at 673 K neutralizes strong Bronsted sites by
boron as described elsewhere [29], which reduces sorption and integral heat
to the same extent. Zeolite degassing at 1073 K, however, may involve
formation of some weak Lewis sites, which might sorb NH, but would not
release heat. This can be illustrated in Scheme II. Such weak sites can be
associated with boron.
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