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The amount, type, origin and strength distribution of acid sites on ZSM-5 zeolite were analyzed with
pyridine as a probe molecule, and with the aid of FTIR and interrupted-temperature programmed
desorption techniques. Desorption activation energy (DAE) was used as a measure of the acid strength.
The acid sites were divided into four sets each with a mean strength of DAE 70, 90, 120 and 150 k] mol~".
Bronsted (B) sites were found dominant in the set with DAE 150 k] mol~!, while Lewis (L) sites prevail for
the DAE 120 k] mol ! set. For the other two sets both B and L sites are important. The B sites with DAE
70 k] mol~! were attributed to terminal silanol groups, and the B sites with DAE 90 k] mol~! were due to
bridged hydroxyl and extraframework AIOH groups.
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1. Introduction

Characterization and measurement of acidity of zeolites, such
as amount, type, origin and strength of acid sites, are important
because the major applications of zeolites in commercial catalytic
processes, such as fluidized catalytic cracking (Y and USY) [1],
hydrocracking (Y) [2,3], dewaxing (ZSM-5, erionite, mordenite,
ZSM-23) [4-6], paraffin isomerization (erioite, ZSM-5) [7-9],
paraffin/olefin alkylation (Y, beta) [10], methanol to gasoline
and olefins (ZSM-5) [11,12], ethylbenzene production (ZSM-5)
[13], toluene disproportionation and xylene isomerization (ZSM-5)
[14,15], aromatics hydrogenation (USY, MCM-41) [16-19], and
Chichibabin condensation (ZSM-5) [20,21], are based on the acidic
properties.

A stable and selective catalyst for Chichibabin condensation of
aldehydes and ammonia to produce pyridine bases, key inter-
mediates for pharmaceuticals, agricultural, and other fine chemi-
cals, becomes a challenge to catalysts designers in recent years.
ZSM-5 zeolite has intrinsic acidity, three-dimensional porosity,
high thermal stability, and therefore, has been explored exten-
sively as the catalyst precursor for the reaction. The condensation
reaction is typically a solid acid catalyzed one, particularly with
ammonia as one of the reactants and pyridine as one of the
products, these are used as the probe molecules for the
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characterization of the acidic properties of solid catalysts in TPD
and FTIR techniques. Many qualitative remarks on the effect of
acidity on the performance of ZSM-5 have been proposed [20,21].
However, a quantitative relationship is needed and therefore a
detailed analysis of the acid sites is helpful.

The information on the amount and strength distribution of the
solid acid sites can be derived from a TPD spectrum. Nevertheless,
the extraction of quantitative information in an explicit form
depends on a valid interpretation of the spectrum. An early
quantitative work on the thermodesorption of a gas from an
energetically homogeneous surface was done in 1958 by Smith and
Anoff [22]. In 1967 Cvetanovi¢ and Amenomiya [23] developed a
model for the TPD process with assumptions similar to Langmuir,
that the surface is energetically homogeneous and the read-
sorption and intraparticle diffusion resistance are absent. The
model was discussed and extended afterwards by many authors
[24-30]. Bhatia et al. [31] published an excellent review on this
topic. Many experimental methods were developed also to
estimate the kinetic parameters such as enthalpy and desorption
activation energy (DAE) [28,32-35]. Niwa and coworkers [36,37]
employed a one-point method and a curve-fitting method to
determine the ammonia DAE. Hashimoto et al. [38] used an
interrupted-temperature programmed desorption (ITPD) method
to describe the acid strength distribution.

TPD technique cannot distinguish Bronsted (B) and Lewis (L)
sites. FTIR spectroscopy can be employed to discriminate the states
of hydroxyl groups and to identify the types of acid sites by
recognizing the adsorption bonds formed between the site and a
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probe molecule. However, it gives only a comparative measure of
the amount of the two kinds of sites. Many works combined
the two techniques to provide a comprehensive information
[39-42].

In this work, FTIR and TPD techniques were employed to
elucidate the acidity of ZSM-5. With a same probe molecule
pyridine, a FTIR differential spectrum method was developed to
identify the type and origin of the acid sites and their dependence
on the temperature. An ITPD method was then used to analyze the
TPD spectrum to describe the strength and amount of the acid sites
according to the DAE of different segments.

2. Theoretical section

If no interactions exist between the adsorbed molecules, and
the desorption is irreversible, the rate of desorption from a set of
sites with a uniform DAE, E, is then given by Arrhenius law,

~2) — ke exp 7 (1)

in which gg (mol) is the amount of molecules desorbed with a
definite E (J mol™1). kg (s™!) is a pre-exponential factor, R the ideal
gas constant (8.314 (J (molK)™')) and T (K) the absolute
temperature. The heating program here is such that the
temperature increases linearly with time,

T =To+At (2)

Substituting Eq. (2) into Eq. (1) and taking logarithm of the
resulting equation, we have,

—d(ge) A\ _ E
ln< ar xq—E 7lnk5—ﬁ (3)

By fitting the TPD data, Hashimoto et al. [38] applied Eq. (3) to
calculate the values of kg and E. They proposed also a relationship
between kg and E:

ke = o exp|BE] (4)

where o (s™') and B (mol ]~') are positive constants.
Masuda et al. [43] substituted Eqgs. (2) and (4) into Eq. (1) and
integrated the resulting differential equation which yielded Eq. (5).

—aefE T
¢<E,T>—AAqu—exp{ = /T exp(RET)dT} (5)

During TPD, molecules desorb independently from a large
number of sites, so that E can be expressed as a continuous
distribution. Here, define f(E) (mol? ] ') as the distribution density
function of the DAE. The number of sites with DAE between E and
E+AE is proportional to f(E)dE. The total amounts of the
molecules initially adsorbed go (mol) and remained g (mol) at
temperature T on the sites are expressed as

Go = /Ow f(E) dE (6)

a- [ " G(E.T) F(E) dE (7)
0

With simplification of Eq. (5), E and f(E) are related to
desorption temperature T by Egs. (8) and (9) [43].
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The parameter E;, (J mol™!), u, w and U are related to T by:

)"Ein exp {_Ein:| . U= Ein

(RT2aexp[BEn))  LRT) ~ (RT)
B ‘ 2u+2)
w =u — BEp, Ufi(w#—l) (10)

With Egs. (8)-(10), at any T in the TPD spectrum, DAE can be
calculated as long as « and B are determined. « and B can be
obtained from the intercept and slope of the logarithm plot of kg
against E according to Eq. (4).

Masuda et al. [43] used Egs. (8)-(10) to calculate the acid
strength distribution as a function of the ammonia DAE. In this
work the o and B values were calculated from the pyridine TPD
profile of a ZSM-5 with Si/Al = 12.5 (ZSM5125).

The acid strength distribution can be divided into a finite
number of intervals according to DAE. Acid sites in any interval are
considered to have a same DAE. Then Eq. (7) is transformed into
Eq. (11) which introduces a statistical concept of the acid strength.

g =S G(E.T) FEJAE; (n< o) (1)
i=1

Considering that E and f(E) are related to T. Eq. (11) is then
written as Eq. (12):

q=> @(T)AT; (n<oo) (12)
i=1

@(T;) is the distribution density function of desorption
temperature and is assumed to present a uniform acid strength
within a desorption temperature interval AT;. ¢(T;) is assumed to
be Gaussian distribution and is represented by T, which
corresponds to the peak temperature of the distribution in the
interval. ¢(T;) can be determined through the differential spectra
(DSs) between the two adjacent temperatures by the ITPD method
[38]. It should be noted that the sites in an interval can be
composed of different typed and originated acid sites, but a same
DAE was assumed.

3. Experimental section
3.1. Zeolite sample

The ZSM5125 was supplied by Nanlian Institute of Sinopec
Jinling Petrochemical Corporation. The sample was calcined at
823 K for 5 h according to the guidelines of the manufacturer to
convert them directly to acidic form before use.

3.2. XRD and ’Al NMR

Powder X-ray diffraction (XRD) pattern was measured using a
Rigaku D/max 2500 v/pc automatic diffractometer. Solid-state 2”Al
NMR spectrum was collected with a Varian Infinity plus 300 WB
spectrometer, and at 78.1 MHz, with a pulse width of 0.6 ps, a
pulse delay of 20 s, a spinning rate of 4 kHz.

3.3. FTIR

The samples were grounded into fine powders and pressed into
very thin self supporting wafers with an optical diameter of
16 mm. The discs were mounted in a quartz IR cell equipped with a
CaF, window and a vacuum system. Prior to adsorption, the
samples were pretreated in situ at 673K for 1.5h under
evacuation, then cooled to 398 K where pyridine vapor was
introduced into the cell for 0.5 h. The physically adsorbed pyridine
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was removed by evacuating for 1 h. After a spectrum was recorded,
the sample was heated in vacuum for 1 h at 423, 473, 573 and
723 K stepwise, and a spectrum was recorded at each step. The
spectrum of a clean sample was used for comparison and a Bruker
vector 22 spectrometer was employed.

3.4. Pyridine TPD

TPD was carried out with a tubular stainless steel reactor at
atmospheric pressure. 200 mg zeolite with particle size in 0.18-
0.28 mm, crushed from tablets pressed at 130 MPa with the ZSM-5
powder without adding any binder. The system was quenched at
673 K for 1 hin a flow of He 40 ml min~"' (STP). After cooling to the
prescribed temperature, pyridine was introduced with a pulsed
injection with the He flow until saturation, indicated by the
stabilization of the TCD signal. The sample was quenched again at
the temperature for 2 h. Desorption was then performed under the
same He flow with a ramp of 8 Kmin~' to 823 K. Six starting
temperatures were used for each sample, i.e. 398, 423, 448, 473,
498 and 723 K.

Demmin and Gorte [44] and Gorte [45] developed the criteria
for testing the pore diffusion and readsorption effects in TPD
experiments of porous materials. For the absence of gradients and
readsorption within the particles, two equations should be
satisfied.

QRi  QpR:
A7REND, ~ 3W,D, ~ 00 (13)
cx,oSFVQ(l—s) 1 (14)

where Q (cm®s™!) is the flow rate of carrier gas, R; (cm) the
radius of the particles, N the number of particles in the bed, D,
(cm? s~ 1) the particle diffusion coefficient, p (g cm~3) the particle
density, W; (g) the weight of the sample, o (cm? g~ !) the particle
surface area, S the sticking coefficiency (S < 1), V (cm?) the bed
volume, ¢ the bed voidage (¢ < 1), F(cm s~ ') the flow rate of gas to
the surface and M the molecular weight of pyridine.

The sticking coefficiency of an aromatic molecule from gas
phase to the catalytically active sites inside the channels of ZSM-5
is approximately 10~ [46]. Since aromatic molecules and pyridine
have similar molecular dimensions, these values can be used here.
D, is about 6 x 107" cm? s~! for pyridine in ZSM-5 [47].

Here apSFV(1—¢)/Q=3.19 x 10° x Sx (1 — &)< 1, QRy/47R?
ND, = 0.013 <0.05. It can be assumed that the TPD experiment
was carried out in the desorption controlled conditions.

4. Results
4.1. XRD and *“Al NMR

The XRD pattern of the zeolite sample is shown in Fig. 1 which
has only the peaks of ZSM-5. The 2’Al NMR spectrum of the
sample is displayed in Fig. 2. The signal at around 50 ppm is
ascribed to the tetrahedrally coordinated framework aluminum
(Alf) [48]. The resonance at around Oppm is due to the
octahedrally coordinated extraframework aluminum (Alef)
[49]. The major part of the aluminum exists as Al;, however,
the amount of Al is significant.

4.2. FTIR

The IR spectrum of ZSM5125 consists of three major bands and
three minor bands in the OH stretching region as shown in Fig. 3.
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Fig. 1. X-ray diffraction pattern of the sample.

According to literature, the bands are assigned to different vibrations
[40,50-55]. The band at 3600-3620cm! is attributed to the
framework bridged hydroxyl groups (AIOHSi). The one at 3660-
3690cm™! is assigned to the extraframework AIOH groups
(AlOHss). The broad one at 3720-3740 cm™! is associated with
terminal silanol groups (SiOHs). Three less intense bands at ~3565,
~3630, ~3700 cm™ ! are attributed to the H-bonded internal Si-OH,
Si-OH nest, Si-OH H-bonded to Si,(OH),, respectively [56-61]. Fig. 4
presents the evolution of the OH vibration bands versus the
adsorption temperature measured with a stepwise increase, each
step 1h, of the temperature. After chemisorption at 398 K and
removal of the physically adsorbed pyridine at the same tempera-
ture, the hydroxyl stretching bands at 3600-3620, 3660-3690 cm ™!
disappeared completely. However, the band at 3720-3790 cm ! did
not disappear completely. After partly desorbed for 1 hat 423 K, the
IR band at 3720-3790 cm™! was restored. As the temperature
increased stepwise from 423 to 473K, the bands at 3600-
3620 cm™!, and 3660-3690 cm™! rejuvenated. The intensities of
the three bands did not increase further after the step of 573 K. The IR
bands in hydroxyl stretching region after treatment at 723 K were
obviously less intense than those at 573 K.

y T T T y T T 1 i T I
150 100 50 0 -50 -100 -150
Chemical shift p[c)m'1

Fig. 2. 2’Al NMR spectrum.
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Fig. 3. FT-IR spectrum in the hydroxyl group stretching region (3775-3550 cm™!)
obtained after evacuation at 723 K.

Fig. 5(A) represents the variation of IR bands in 1425-
1575 cm™! region as the increase of the temperature. There are
three bands in the region. The one at ~1450 cm™! arising from the
C-C stretch of a coordinatively bonded pyridine complex indicates
the presence of Lsites. The ~1540 cm™' one is attributed to the C—C
stretching vibration of the pyridinium ion and has been used for
the identification of the B sites. The other at ~1490cm™! is
attributed to the pyridine species interacting with both the two
kinds of acid sites [62,63]. The DSs between those recorded at two
adjacent temperatures are obtained and illustrated in Fig. 5(B).
Fig. 5(A and B) shows that the intensity of the band at ~1450 cm™!
decreases quite fast and monotonically with the increase of
temperature from 398 to 573 K, while that of the band at
~1540cm™! shows a complex profile with the increase of
temperature. The intensity of the later shows an obvious reduction
in temperature intervals of 398-423 and 573-723 K, and a minor
change in 423-573 K. The intensity of the band at ~1490 cm™!
decreases monotonically with the increase of temperature.

4.3. Pyridine TPD

In order to determine the kg and E, TPD spectra were measured
by increasing the starting temperature, at which the sample was
saturated by adsorption of pyridine and quenched consequently
for 2 h, each time for 25 K (AT) from 398 to 523 K. The curves are
shown in Fig. 6. For each temperature interval, the acid sites are
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Fig. 4. FT-IR spectra in the hydroxyl group stretching region (A) 3760-3710 cm™’,
(B) 3690-3650 cm™ !, (C) 3645-3590 cm ™! obtained after adsorption of pyridine
and desorption for 1 h at temperatures (a) 398 K, (b) 423 K, (c) 473 K, (d) 573 K, (e)
723 K.
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Fig. 5. FT-IR spectra. (A) Obtained after desorption of pyridine at different
temperatures (a) 398 K, (b) 423 K, (c) 473 K, (d) 573 K, (e) 723 K in the region of
1570-1425 cm™ . (B) Differential spectra corresponding to temperature ranges (a)
398-423 K, (b) 423-473 K, (c) 473-573 K, (d) 573-723 K.

assumed to have an identical strength and the amount of the sites
is estimated by subtracting the two neighboring thermograms. The
DSs of Fig. 6 are presented in Fig. 7. The areas below the curves
represent the amount of acid sites with strength corresponding to
an adsorption temperature range between T and T + AT. Each of the
curves in Fig. 7 is fitted with Eq. (3). kg and E were estimated by
non-linear least square regression and are listed in Table 1. The
logarithm of kg is plotted against E. The «, B of this material are
estimated with Eq. (4) as 263 and 5.28 x 1072, respectively.

5. Discussion
5.1. Purity of the sample

The XRD pattern shows that the sample is ZSM-5. However, as
shown in Fig. 2, the 2’Al NMR spectrum shows that a considerable
amount of Al exists, which contributes to the extraframework
acid sites within this context.

5.2. Type and origin of acid sites

The data presented in Fig. 4 indicate that a part of SiOHs are not
B sits and do not adsorb pyridine, because the band of these groups

TCD signal

Il 1
400 500 600 700
Fig. 6. Pyridine-TPD thermograms obtained by increasing the starting temperature
from 398 to 573 K with 25 K steps. (a) 398 K, (b) 423 K, (c) 448 K, (d) 473 K, (e)
498K, (f) 573 K.
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Fig. 7. Differential curves of pyridine-TPD thermograms between two adjacent
starting temperatures in Fig. 4. (a) ATses_423 k. (D) AT423_448 k, (€) AT4a5-473 1, (d)
AT4737498 K-

was not affected by pyridine adsorption. The B sites are recovered
gradually with the stepwise increase of the desorption tempera-
ture. However, different bands, with different acid strength,
recover at different temperatures. A general concept has been
proposed that the lower the frequency, the stronger the acidity of
the OH groups [64]. Here, the spectra in Fig. 4 do show a same
trend, that the band at 3740 cm ™! recovered at lower temperature
than the bands at 3600-3620 and 3660-3690 cm™!. This means
that the acid strength of AIOHSi and AlOH.f is stronger than the
SiOHs.

In Fig. 5(A and B), the results indicate also the gradual
rejuvenating of the acid sites as the increase of the desorption
temperature. The areas under the IR bands at ~1540 and
~1450 cm™! contain the information of the relative ratio of the
B and L sites. The change of the ratio along with the adsorption
temperature is informative. Fig. 5(B) shows that in the desorption
temperature range 398-423 K both B and L sites are rejuvenated.
However, the information in Fig. 4 shows only the reappearance of
the SiOHs. Buzzoni et al. [51] proposed that the band at
~1540 cm™! does not correspond to the pyridine adsorbed via
hydrogen bond with SiOHs in zeolite, but corresponds more
probably to that adsorbed with AIOHSis. However, Trombetta et al.
[65] and Crépeau et al. [64] found respectively that a SIOHs group
does interact with pyridine and exhibits an IR band with a
wavenumber equivalent to that of the bridged groups. Trombetta
et al. [65-67] found that the basic molecule adsorption caused the
external terminal silanol group on ZSM-5 bridged with the vicinal
Al cationic sites, as shown in Scheme 1. The data presented in
Figs. 4 and 5 indicate that the acid sites associated with pyridine
desorbed in a temperature range of 398-423 K are composed of
both B and L sites, while the B sites are due to the SiOHs groups.

Fig. 5(B) shows that the intensity of the band at ~1450 cm™!
changes much, while that of the band at ~1540 cm~! shows a
minor change in between 423 and 473 K. It means that the B sites
do not recover much in 423-473 K. However, in Fig. 4, it shows an

Table 1
E and K values estimated for four temperature intervals by fitting Eq. (1) with the
TPD data of ZSM5125

To (K) To + AT (K) E (k] mol~1) Ke (s71)

398 423 71.5 2.25 x 10°
423 448 81.1 7.24 x 10°
448 473 91.6 2.44 x 10'°
473 498 115.1 454 x 10"

b ® 1)
0 O L} /O\

S' " ik AI i
SNV s QO\/ The

Scheme 1. Scheme of terminal silanol group geometry change induced by the
adsorption of pyridine.

obvious increase of the intensity for the bands, i.e. ~3660-
3690 cm ™ for the AIOHss and ~3590-3640 cm~ " for the AIOHSis
in 423-473 K. The ~1540 cm™~' band is associated with pyridine
adsorbed on B sites which are the AIOH.¢s and the AIOHSis. It seems
that the results in Figs. 4 and 5(B) have some inconsistency. This
can be explained by the transformation of pyridinium ion dimmers
(PyH...Py) to the pyridinium ions in this temperature interval.
Crépeau et al. [64] postulated that pyridinium ion dimmers form
due to the hydrogen bond interaction, as shown as Scheme 2. At a
low temperature, e.g. 423 K, both the dimer and the ion coexist on
the surface. The dimer decomposes to the pyridinium ion with
enhancement of the band at ~1540 cm™~! and release of a pyridine
molecule. At the same time, the independent ions decompose also
according to Scheme 3 and lead to the rejuvenating of the bands in
~3660-3690 and ~3590-3640 cm™! and the decrease of the band
at ~1540 cm~ . These processes result in a fact that the change of
the band at ~1540 cm ! in 423-473 K appears slower than in 398-
423 and 573-723 K. Therefore, in 423-473 K both B and L sites are
important and AlIOH¢s and the AIOHS:is are associated with B sites.

In 473-573 K, consistent information is obtained from the data
in Figs. 4 and 5. The spectra in hydroxyl region have no obvious
change. The band at ~1450 cm~! has a substantial change, while
the band at ~1540cm~! keeps unchanged along with the
temperature. Thus, it can be proposed that the acid sites with
strength corresponding to pyridine desorption temperature 473-
573 K are associated with L acidity.

Fig. 5 shows from 573 to 723 K, the ratio of B to L sites for
desorption is the largest among all the temperature ranges
examined. It is expected that an obvious increase of the bands
intensities in the OH stretching region happened along with the
decrease of the band intensity at ~1540 cm™~!. However, in Fig. 4
the intensities of the bands for hydroxyls are not increased, while
the intensity of the band for AIOHSi decreased slightly along with
the increase of the temperature. The evolution of OH stretching
band observed with temperature above 673 K is similar to that
observed by Auroux et al. [53] and Védrine et al. [62]. These
authors explained that the dehydroxylation caused the decrease of
the band intensity for OH stretching. It is then likely that the
decomposition of pyridinium ion is accompanied with the
dehydroxylation in this temperature range. It can be concluded
that in the temperature range 573-723 K, B sites take the major
role. According to the above mentioned analysis, the acid types and

L . Y
N D NT N
'é'a N H
: Y o
\\\e\ / O\ \\\\9\ /O
Al Si
/ \ e N
\ / & Nt B

Scheme 2. The formation of pyridinium ion dimmers from pyridinium ion and its
reverse.
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Table 2

The acid types and origins of B sites for pyridine desorption in different temperature intervals

Temperature 398-423 K 423-473 K 473-573 K 573-723K
intervals

Acid type B and L Band L L B

Origin of B sites SiOH groups

AlOHgs and the AIOHSis

@I*-ZD

f

0
5 R N O\ PN . /O + Y
SSEN S Al Si N’
/AI Si\ O/ \(/ \O
0 \0/ 0

Scheme 3. The desorption of pyridinium ion into pyridine.

origins of B sites in different temperature intervals are identified
and summarized in Table 2.

5.3. Acid strength distribution

According to the IR analysis, the TPD thermogram of pyridine on
the sample was divided into four segments along the temperature
scale, i.e. 398-423, 423-473, 473-573 and 573-723 K. The acid
strength distribution of the sites desorbed pyridine within each
segment was obtained from the DSs of Fig. 6 and was shown in
Fig. 8. Based on the statistical concept of the acid strength
distribution, each DS is assumed to correspond to a set of sites with
a uniform acid strength. The DSs are almost Gaussian distribution
and have their own peak temperatures, viz. 475, 500, 560, and
620 K. These temperatures are used to denote the corresponding
set of sites. According to Egs. (9) and (10), the DAE for the four sets
are calculated as 70, 90, 120, and 150 k] mol~', respectively. The
results are in good agreement with that reported by Chen et al.
[68]. They proposed that pyridine adsorption heats on B sites in
zeolite are normally in a range 130-180 k] mol~! and that the
lower adsorption heats are associated with the non-framework
aluminum-containing species which may have both L and B
acidity. Earlier work [39] proved that the pyridine DAE is almost
the same as the pyridine adsorption heat.
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Fig. 8. Four sets of acid sites obtained from differential curves of pyridine-TPD
thermograms between two adjacent starting temperatures in Fig. 4. (a) AT305.423 K
(b) A7"41234173 Kk (€) A7-4737573 K (d) A7-5737723 K-

6. Conclusion

It has been demonstrated that with a comprehensive analysis of
the pyridine TPD profile and FT-IR spectrum, detailed information
on the amount, type, origination and strength distribution of the
acid sites on ZSM-5 zeolite can be obtained. The acid type and
hydroxyl structure corresponding to B sites in different tempera-
ture intervals were identified. In 398-423 K both B and L sites are
important, and the B sites for desorption are associated with SiOHs.
In 423-473 K, both B and L sites are important, but the B sites are
mainly AIOH¢ss and AIOHSis. In 473-573 K, L sites are dominant,
while in 573-723 K B sites take the major role. According to the
result of IR analysis, the TPD thermogram of the sample was
divided into four segments along the temperature scale. Based on
the statistical concept of the acid strength distribution, the acid
sites in the four segments were represented by different pyridine
DAE, i.e. 70, 90, 120, and 150 k] mol~!, respectively.
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