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Abstract

Aluminosilicate solid acid catalysts, especially zeolites, have been widely utilized in
petroleum refinery and environmentally benign chemical processes. The acidic property of
aluminosilicates has been a subject of advanced studies. Recently an ammonia IRMS-TPD (infrared
/ mass spectroscopy temperature-programmed desorption) method, an application of operando
technique, has been developed to quantify the number and strength distribution of each of Brensted
and Lewis sites on a solid. With an aid of quantum chemistry, relationships among the composition,
structure and acidic property are being unveiled to totally understand the chemistry of SIOHAI unit

in the aluminosilicates.
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1. Importance of analysis of solid acidity

Nowadays, we recognize that Brensted and Lewis acids are different concepts, although they
show similar behaviors. The similarity had confused the interpretation of acid base chemistry until
1920's, when Brensted [1], Lowry [2], Lewis [3] and other researchers discussed and established the
definition of acid and base. = A number of literatures published in this period evidencing the presence
of serious discussion tell us that practical importance of acid base chemistry had already been
recognized in this period. It is supposed that they did not discuss on the definition of materials

which changed the color of a specific moss, but they discussed for proper understanding of a series



of materials which showed important function such as catalysis.

After 100 years, we still have similar discussion on solid surfaces. Throughout the
petroleum era, solid acid catalysts, mainly zeolites and other aluminosilicates, have been utilized in
many processes such as fluid catalytic cracking (FCC) [4-6], hydrocracking / hydrotreatment [7] and
skeletal isomerization [8] in petroleum refinery (Figure 1) [9,10]. Mainly later than 1980,
replacement of liquid acid catalysts with solid acid catalysts realized various environmentally benign
chemical processes [11-13], e.g., alkylation-dealkylation of mono-cyclic aromatic compounds [14-
18], hydration [19], amination of alcohols [20,21] and phenol [22], Chichibabin condensation [23],
and Beckmann rearrangement [24]. Many of materials are now called solid acids, and they are
industrially important due to their usage of catalysts, but the type of acid sites, Bronsted or Lewis, or,
in some cases, even the presence of acid sites is unclear. However, many kinds of materials are
called solid acids, because they show catalytic functions like those of acidic ion exchange resins and
H-form zeolites, in which the protons have been clarified to act as Bronsted acid sites. Even on
zeolites, relationships among the composition, structure and acidic property have been subjects of
serious discussion for finding principles controlling the nature and role of acid sites [25].

To solve energy and environmental problems, development of efficient solid acid catalysts
is strongly demanded. The catalysis of solid acid is fundamentally owing to the chemical action of
acid sites, in many cases Bronsted acid sites, and therefore it should be necessary to investigate the
acidic properties of solid acid catalysts especially aluminosilicates.

In addition, the aluminosilicates, especially zeolites, are utilized as catalyst supports of
transition metals and ion exchangers. These functions are also generated by ion exchange ability of
aluminosilicates, which may be related with the Brensted acidic property in their proton forms [26].
Degree of stabilization and electronic nature of transition metal species in atomic dimension held by
the ion exchange site are related with the Bronsted acid strength in the H-form of zeolite [27,28].
Such mono-atomically dispersed metal species shows chemical function which is never seen on bulk

materials [29].



From these backgrounds, we believe that the analysis of Brensted acidic property is an
important subject. One distinct feature of zeolites is microporosity, and most of commercial
amorphous silica alumina catalysts are mesoporous. Therefore, identification of the effects of
porosity and acidic property is necessary for fundamental understanding of the catalysis.
Nowadays, the analysis of porous nature has been established, but the analysis of acidic properties of
solids have been under development. This short review as a proceeding of the plenary lecture in
Acid-Base Catalysis 8 describes advances in the measurements and interpretation of acidic properties

of zeolites giving new insights on relationships among the composition, structure and acidic property.

2. Advances in measurements of acidic properties of solids

The acidic property of a solid is described by the number (amount), strength and type
(Bronsted or Lewis) of acid sites on it. According to the definition by Brensted, the strength of
Brensted acid site on a solid surface should be shown by some parameters describing the position of

equilibrium of the following reaction, i.e., protonation of a probe base:

H-A+B(g) — BHA" (1)

where H-A is the discussed Bronsted acid site, and B (g) is vapor of probe base. Similarly, the
strength of Lewis acid site should be shown by those of the following reaction, i.e., coordination of a

probe base [13]:

L+:B(g) — B:L (2)

where L shows the Lewis acidic species, and ":" shows a pair of electron. As the parameters,

equilibrium constant and standard Gibbs energy at a specific temperature such as 298 K, or, a set of

standard enthalpy (reaction heat) and standard entropy can be used.



Table 1 lists methods typically used for the measurements of acidic properties of solids.
They are classified into [i] titration-based techniques to mainly quantify the number and strength of
acid sites such as indicator and ammonia temperature-programmed desorption (TPD) methods,
including H/D exchange [30], and [ii] spectroscopy-based techniques to mainly identify Brensted and
Lewis acid sites such as infrared spectroscopy (IR) of adsorbed pyridine and carbon monoxide. By
combining these two principles, Niwa et al. developed a method of ammonia infrared / mass
spectroscopy temperature-programmed desorption (IRMS-TPD) [31]. It is noteworthy that the IR
measurement of adsorbed pyridine can give a way of quantification of the Brensted and Lewis acid
sites on the assumption that the molar extinction coefficient is constant as proposed by Emeis [32].

It should be noted that, apart from the techniques, amines like ammonia and pyridine are
protonated by the Bronsted acid site and chemically coordinate to Lewis acid site giving parameters
related to the equilibrium, whereas such molecules as argon, carbon monoxide and nitrile are
physically adsorbed by acid site.  On the other hand, again apart from usually employed techniques,
it has been known that pyridine can change the structure (and hence nature) of the solid surface due
to its high basicity [33]. Ammonia should have similar nature based on its basicity, although the
extent seems low. In addition, ammonia can reduce the transition metal species, if they are present
on the surface, resulting in unexpected modification of the property of solid surface. We should use
these probe molecules with deep understanding of these advantages and disadvantages.

A typical operando equipment [34] is used for the ammonia IRMS-TPD method. The
sample is compressed into a thin wafer and placed in a sample holder. It is fixed in a cell, in which
the IR beam passes through calcium fluoride windows and the center of sample wafer. The cell is
connected to a vacuum line to which necessary gases can be supplied, and the outlet is connected to
vacuum pumps and a mass spectrometer (MS). After a suitable pretreatment, reference IR spectra
of the solid sample are repeatedly recorded in a time interval with heating the holder and sample in a
carrier gas flow (usually helium) from a temperature lower than the temperature for ammonia

adsorption shown below up to a high temperature such as 773 K where all ammonia will be desorbed.



Here, the gas is removed by a vacuum pump from the outlet through a needle valve, giving a certain
total pressure in the cell. Then, ammonia is adsorbed by introducing gaseous ammonia into the cell
at a relatively low temperature such as 343 K. Subsequently, the sample is again heated at the ramp
rate and flow rate of the carrier gas same as those in the measurements of reference IR spectra before
the ammonia adsorption. Here IR spectra of sample adsorbing ammonia are recorded, as well as
MS at some mass to valence ratios (m/e) such as 4, 16, 17, 18, 28, 32 and 44 for monitoring the
concentrations of carrier gas (helium), desorbed ammonia and unexpected but possible compounds
(water, nitrogen, oxygen and carbon dioxide) in the gas phase. A set of the ramp rate, flow rate of
carrier gas and the total pressure affect (i) the temperature distribution in the sample wafer, (ii) the
signal to noise ratio in mass spectrum (MS) and (iii) the time for transporting the gas from the sample
to MS, and all of them influence the accuracy. We recommend 0.033 K s7!, 82 umol s'! and 6 kPa
for the ramp rate, flow rate of carrier gas and total pressure, respectively. At the last of experiments,
standard mixture of ammonia and helium with a known concentration is fed to calibrate the MS
detector for absolute quantification [34].

Because a very small amount of solid sample, ca. 10 mg, is employed to form a 1 cm
diameter-wafer with sufficient transparency to IR beam, the amount of measured ammonia is small
compared to the conventional ammonia TPD typically using 100 mg of the sample. It gives weak
intensity of MS signal. The experimental parameters are more strictly limited in the above values
than those for the conventional ammonia TPD. The advance in mass spectroscopy was required to
perform this kind of measurement. Recently we have developed an automatic analyzer which
brought not only the automatization of measurements but also high stability of the sample position,
flow rate etc. contributed to improve the accuracy of this method.

The MS gives a desorption profile (called MS-TPD) as shown by the black line in Figure 2.
Typical H-form zeolite [35] shows two peaks at low and high temperatures, named /- and A-peak,
respectively. The intensity of /-peak is sensitively dependent on the measurement conditions. Due

to the small amount of solid sample in IRMS-TPD method compared to the conventional ammonia



TPD, the intensity of /-peak is often small or negligible. Usually, the /-peak is due to ammonia
hydrogen-bonded to cations including NH4* [36-39] and therefore should be ignored in the analysis
of acidic property. However, sometimes it is due to ammonia species adsorbed on weak acid site,
and therefore, it must not be ignored. In conclusion, we cannot identify the desorption peaks to be
considered or ignored with only the information from MS.

Detection of physically adsorbed or hydrogen bonded ammonia species as a desorption peak
was pointed out to be a disadvantage of the ammonia TPD method [40]. Introduction of water vapor
after the adsorption of ammonia [37,41] or the desorption of ammonia in a humid carrier gas [42]
were reported to remove the physically adsorbed and hydrogen bonded species, while the ammonia
species adsorbed on the acid site was not affected; water has high boiling point and highly polar O-H
bond, contributing to strong physical adsorption and hydrogen bond, respectively, compared to
ammonia, while the basicity of water is weaker than ammonia. The introduction of water vapor is
therefore utilized as a method to remove unnecessary adsorbed species selectively from the TPD
profile, but the disadvantage of this method has been pointed out. In some cases, the co-presence
of ammonia and water, probably giving strongly basic conditions, may decompose the framework
structure of solid, as reported [43,44]. It should be mentioned that the following phenomena were
reported when water vapor was introduced after the adsorption of ammonia on solid acids. Woolery
et al. interpreted that ammonia coordinated to Lewis acid sites on zeolite, due to extra-framework Al
or framework-anchored Al, was selectively replaced by water [42]. Bagnasco [41] and Naito et al.
[45] found that ammonia coordinated to the Lewis acid sites on basic oxide surfaces were replaced
by water. Water changed the nature of surface through hydration to weaken the acidity of surface,
resulting in no adsorption of ammonia. In conclusion, the introduction of water vapor requires
careful consideration not to cause the structural change of solid.

With an aid of infrared spectroscopy, one can identify the adsorbed species and hence
Brensted acid sites, Lewis acid sites and any other sites. Figure 3 shows the IR difference spectra

[(absorbance after adsorption of ammonia) - (absorbance before adsorption of ammonia)] on alumina-



supported-silica monolayer [46] as an example of aluminosilicates possessing both of Brensted and
Lewis acidity [47]. The bands have been attributed based on the vibrations of ammonium salts [48]
and ammine complexes [49], quantum chemical calculations [37] and desorption behaviors [50].
The band at 1450 cm™ is ascribed to symmetric deformation vibration of NHy4 species (classified as
v4 by Nakamoto [48]). The band observed in 1000-1300 cm™ region is ascribed to symmetric

deformation vibration of NH3;—M (M = Lewis acidic metal, classified as Js by Nakamoto [49]),
whereas the wavenumber is sensitive to the kind of M.  On Al-containing materials, it is NH3—Al

giving the band around 1220 cm™!, but only a part of them around 1300 cm™! can be observed on

aluminosilicates, because the part at >1240 cm’!

is hidden by strong absorption ascribed to
asymmetric stretching vibration of Si-O-Si [51]. Hydrogen-bonded ammonia, if it exists, should
show a band around 1100 cm™ but is also hidden by Si-O-Si on aluminosilicates [50]. Usually on
aluminosilicates, the 1450 and 1300 cm™'-bands are the keys for quantification of Brensted and Lewis

acid sites, respectively.

The peak intensities of 1450 and 1300 cm™'-bands are recorded and differentiated by the

d4
temperature to draw curves T where 4 and T show the absorbance and temperature (K),

respectively. The function — T is pseudo-quantitative but not quantitative, as shown by the unit

cm™! K! without including mol. It is related with the concentration of ammonia in the gas phase C,

(mol m?) by the following equation:

e, -2 (-] ®)
el \ dT

where 7, d, f and F are the circular constant (3.1416), diameter of sample disk (mm), ramp rate (K
s'') and flow rate of carrier gas (m® s!), respectively, and they are constant independently of the kinds

of adsorbed species on any solids. The remaining parameter ¢ is the molar extinction coefficient



(cm™' m? mol!) based on Lambert-Beer law:
A=sgcl “4)

where ¢ and / are the concentration of discussed species per unit volume (mol m~) and light path
length (m), respectively. The value of & depends on the vibration mode and nature of adsorbed
species, which may also depend on the nature of site, and therefore the value has not been known
before the experiment. In a fact, the values observed for the band at 1450 cm™! for Brensted acid
sites on various solid acids were similar (ca. 900 cm™ m? mol™"), while those 1000-1300 cm™' for
Lewis acid sites were distributed widely (averagely 700 cm™ m? mol™! unless it was perturbated by
Si-O-Si vibration) [52].

On the other hand, we can assume that the sum of concentrations of ammonia from all the

adsorbed species should be equal to C; measured by MS over the temperature range as follows:

dAi
C, = ZX{—d—TJ (5)

where X; is the suitable coefficient for an adsorbed species i showing the IR band with the intensity

1s 4A;. Here X; is defined as:

2
x, =P
4e F

(6)

where ¢; is the molar extinction coefficient (cm™ m? mol™!) of i.

Because each —d—’ have their unique temperature dependency, the set of coefficients X;



d4,
giving the best fitting between C, measured by MS and ZX ,.(— d_le C, can be obtained by a

numerical technique such as minimum squire method as shown in Figure 4.  On the solid acid shown
in Figure 4 (silica monolayer), the sum of ammonia from Breonsted and Lewis acid sites well related
with the major part of total desorption profile recorded by MS [47]. Another example is shown in
Figure 2. In this case (SSZ-16, aluminosilicate zeolite with AFX structure), the /-peak could not be

fitted, indicating that it was ascribed to the hydrogen-bonded species with the IR band hidden by Si-

nd’ d4
O-Si vibration [35]. By these treatments, one can obtain IRMS-TPD profiles C, = 2 Fﬂ(_ Ej
&

of each of Bronsted and Lewis acid sites. The value is now quantitatively shown by the unit of
vertical axis as mol m=. Simultaneously, the molar extinction coefficient is estimated.
The amount A4 (in other words, number of sites, mol kg!) of each of Brensted and Lewis

acid site is calculated as follows:
F
4=l Car (7)

where W is the amount of solid employed for the measurement (kg).

Quantitative evaluation of acid strength requires discussion. The TPD process is classified
into three cases; [I] kinetic control, [II] equilibrium control, and [III] diffusion control [53]. Niwa
et al. found that, in ordinal conditions on various zeolites [54,55] and non-zeolitic solid acids [45,56],
the ammonia TPD process was in the class of [II], controlled by equilibrium; it was found from the
dependence of peak maximum temperature 7, (K) on the W/F ratio. =~ Masuda et al. found that the
activation barrier of adsorption-desorption of ammonia on zeolites are ca. 15 kJ mol™! [57], while the
desorption enthalpy is more than 100 kJ mol !, suggesting that the activation barrier is sufficiently
small not to affect the practical influence on the apparent desorption rate.

The control by equilibrium means that 7, depends not only on the experimental conditions



(W, F and p) but also on A4y, a nature of sample. In other words, the re-adsorption of ammonia from
the gas phase affects the desorption temperature. On very simple consideration, it disturbs the
observation of desorption behavior, giving a disadvantage of the ammonia TPD [40]. However, it
should be emphasized that the equilibrium control conditions give parameters describing position of
the equilibrium of protonation by Brensted acid site or coordination to Lewis acid site, which should
be the index of acid strength according to the original definition as stated in the previous section.
During the desorption, equilibrium exists between the adsorbed species (NH3) and a pair of

gas molecule and vacant site ().

(NH3) — NH3(g)+( ) (8)

The equilibrium constant K can be drawn as

_ 40N, (e)
K=— ©)

(NH;)

where @, is the (thermodynamic) activity of species i.

It can be assumed that the activity of any surface species is proportional to the coverage,

indicating the following relationship [58].

) _1-9 10
; (10)

where @1s the coverage of acid sites by ammonia.

On the other hand, the activity of gaseous compound is given by the partial pressure relative

to the pressure of standard conditions (P° = 1.013x10° Pa) [59].

10



ANHy(2) = he (11)

where P is the partial pressure of ammonia (Pa).

The equation of ideal gas gives the following relation.

p= =C,RT (12)

where 1, V and R are the amount of ammonia (mol), volume of system (m?®) and the gas constant
(8.314 1 K! mol™).

From these relationships, the equilibrium constant can be shown as follows.

=1_49CgRT

0 P (13)

It is noteworthy that the above expression is according to Langmuir's theory [58], while a
different way of expression by Cvetanovi¢ and Amenomiya [53] is also utilized for the analysis of
TPD profile. The details are given in Supporting Information.

The equilibrium constant is related with thermodynamic parameters as

AH® AS°
K=e¢ Rl g R (14)
where AH° is the heat of ammonia adsorption (more exactly, "standard enthalpy change
accompanying with desorption", J mol ™), and AS° is the standard entropy change accompanying with
desorption (J K! mol™).

11



On the other hand, the material balance can be described as

—pagr 49 (15)

FC, T

From the above relationships, eq. (16) is derived.

pAWw do 0 P° AH® AS°
C =- — = exp| — ex 16
& F dT 1-0 RT P RT P R (16)

This equation shows C, as a function of 7, namely, a TPD curve. Availability of this
equation has been confirmed by experiments on various zeolites [55] and several non-zeolitic solid
acid binary oxides [45,56]. Then we found that AS® was about 150 J K'! mol™!, almost constant, on
various solids [45,55,56], and the validity of value is theoretically supported by thermodynamics [60].
Now we can analyze the value and distribution of AH° by curve-fitting between the observed
spectrum and C, simulated based on (16), as shown in Figure 5 [60,61]. Thus determined AH°, heat
of ammonia adsorption, and its distribution (red line in Figure 6) are the index of acid strength of
solid. Numerical solution of the equilibrium-based equation is also given by Masuda et al. [57]

Conversion of AH® into Hammett index Hy [62] is possible by the following equation [56].
Ho=-1.75x10*AH° / I mol™' +15.9 (17)

Figure 6 also shows the thus calculated Hy on the horizontal axis (upper side).

On the other hand, similar calculation methods for obtaining the distribution of activation
barrier of adsorption-desorption assuming the kinetic control conditions have been proposed [63,64].
Unfortunately, they are employed without confirming the kinetic control, and in most cases the

experimental conditions are within the range of equilibrium control evidenced as above [54]. It

12



should be mentioned that the experimental method to perform the kinetic control conditions has been
proposed [65]. Further discussion on the numerical analysis methods has been reviewed by Hattori
and Ono [13].

As well as the bands of symmetric deformation at 1450 and 1000-1300 cm™!, the asymmetric
deformation bands found in 1600-1800 cm™! region are also used for quantification in the cases where
the symmetric deformation bands are unclear due to some reasons, e.g., different wavenumber of
ammonia on Lewis acid site generated by a hetero metal cation.

Another information can be found in the O-H stretching vibration. A negative band is
usually found around 3600 cm™ in the IR difference spectrum on H-form zeolite, ascribed to the
consumption of Brensted acidic OH group by the reaction with ammonia. In some cases, e.g., MOR
[66], the acidic OH groups at different crystallographic positions give the IR bands at different
wavenumbers. The behavior of recovery of these bands gives us a method for quantification of
number and strength of the acidic OH groups at different crystallographic positions. Examples are
seen in our papers [31,67-72].

Thus, the ammonia TPD profiles of Brensted and Lewis acid sites, and furthermore, those
of crystallographically non-equivalent OH groups can be obtained. Therefore, the numbers and
strength (AH°) distributions of Brensted and Lewis acid sites, and specific OH groups can be obtained
by means of the ammonia IRMS-TPD.

We have applied the ammonia IRMS-TPD method to various solid acid catalysts including
zeolites with various framework types and compositions. Some interesting findings covering solid
acids other than aluminosilicates are shown here.

Figure 7 shows change in the amounts of Brensted and Lewis acid sites by chemical vapor
deposition of silica on y-alumina. It has been known that a monolayer of silica grew with 0 to 12 Si
atoms nm, and the monolayer almost completely covers the surface with 12 Si atoms nm™ [73-75].
Further deposition forms doubly accumulated layer. On the other hand, catalytic activities for

double bond isomerization of butene, and dealkylation of cumene (2-phenylpropane) and

13



hexadecylnaphthalene are created by the CVD of silica and show the maximum at 12 Si atoms nm™,
These clearly point out that the monolayer has Bronsted acidity which are the active sites [47]. The
quantification of Brensted and Lewis acid sites brought the clear conclusion on the thin silica layer,
investigated as unique aluminosilicate catalyst or catalyst support [47,73-89].

Figure 6 displays the Bronsted acid strength distributions of a typical zeolite (MFI) and the
sulfated zirconia. The distribution on the zeolite is narrow as shown by the fact that most of
Brensted acid sites had the ammonia desorption enthalpy in 130-150 kJ mol!.  On the contrary, the
non-zeolitic acid catalyst, sulfated zirconia, had a wide distribution of Brensted acid strength. On
the other hand, an acid with Hy lower (larger negative) than -12 is called superacid [90]. Presence
of superacidity or super Bronsted acidity on the sulfated zirconia has been a subject of discussion.
Findings consistent with the presence of superacidity have been reported [9,91-95], while those
consistent with the lack of superacidity [96-104] have been obtained. Figure 6 tells us that the super
Brensted acid sites with Hp <-12 exist, and the averaged Ho of Bronsted acid sites is around -11 which
is not categorized as the superacid. This solves the controversy [61].

The relationship between the acid strength and catalytic activity per site, or lack of the clear
relationship between them have been reported and discussed from various viewpoints, as reviewed
[9,11,13,33]. Excellent works have been carried out also on the relationship between the catalytic
activity and ammonia desorption enthalpy (adsorption heat) [105]. Here some recent examples are
shown.

Based on H/D exchange and other techniques, Louis et al. clarified that the cracking of
alkane on a solid Brensted acid catalyst was initiated by the protonation like a superacid-catalyzed
mechanism [106]. Catalytic activity of small alkane cracking in mono-molecular mechanism
conditions is related with the ammonia desorption enthalpy of Brensted acid sites on various zeolites
and non-zeolitic solid acid catalysts [107]. High ammonia desorption enthalpy gives low activation
enthalpy of the reaction as shown in Figure 8, equivalent to that the stronger the Bronsted acid sites,

the higher the activity per site.  The linear relationship between the activation enthalpy and ammonia
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desorption enthalpy covered FAU, *BEA, MOR and non-zeolitic structures, but the MFI showed
exceptional behaviors probably due to the small pore size in the case shown in Figure 8 [108].

The ammonia IRMS-TPD analysis allows us to calculate the kinetic parameter normalized
by the number of active sites, which can be assumed to be equivalent to the number of Brensted acid
sites. The activation entropy thus determined shows the loss of freedom of reactant molecule by
formation of transition state on the active site. In the small alkane cracking [108], cumene
dealkylation and toluene disproportionation [109], compensatory relationship was found between the
activation enthalpy and entropy. Contributions of the acid strength, structure of transition state and
shape of reaction field can be discussed using the entropy-enthalpy relationship [109-112], as clarified

by the advances in host-guest chemistry [113].

3. Principles in Bronsted acid amount and strength of zeolite

Figure 9 shows the plots of Brensted acid amount against [Al] in H-form zeolites or [Al]-
[Na] in HNa-form zeolites. It is noteworthy that the deconvolution of desorption peak based on the
desorption temperature (dividing the /- and A-peaks) was not carried out here, while the Brensted acid
sites were quantified based on the IRMS technique. The number of Brensted acid site was
approximately equal to the number of Al atoms free from Na [114].

It has been believed that excess of Al or distance between two Al atoms shorter than a critical
value weakens the acid strength [115]. In a fact, the acid amount less than [Al] is observed by usual
procedure of H-form preparation and storage [38], but it is due to the dealumination at high density
of acid sites caused by humidity even at the room temperature [116,117]. Careful treatment
avoiding the H-form zeolite from exposure to humid atmosphere keeps the stoichiometry between
the Bronsted acid site and Al, indicating that a Brensted acid site is generated by isomorphous
substitution of one tetravalent Si atom with a trivalent Al atom [114,118].

Figure 10 shows the plots of averaged ammonia desorption enthalpy of Breonsted acid sites

against [Al]-[Na]. The enthalpy is generally dependent on the framework types as MOR > MFI >
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*BEA > FAU. The enthalpy is changed by varying [Al] or [Na] within £8 kJ mol!, while the
difference in enthalpy among zeolites with different framework type is in the order of 10 kJ mol™'.
In detail, the enthalpy was slightly decreased with increasing [Al] (not found in Figure 10 directly)
[60], but far significant difference in the acid strength (ammonia desorption enthalpy) is caused by
the framework structure. More than 50 kJ mol™! of difference in the ammonia desorption enthalpy
was observed on various zeolites [34,52].

It should be noteworthy that the above story is not available to a sample with considerable
amount of extra-framework multivalent cations. From experiments and quantum chemical
calculations, it has been clarified that the ammonia desorption enthalpy of Brensted acidic OH at O1
position of FAU (Y) zeolite was enhanced by introduction of Ca?’, Ba?>", LaOH?* and AIOH?" into
the sodalite cage next to the acid site [70]. Various direct and indirect influences of the extra-
framework cations on catalytic activity are observed [119-123], and among them, the strong influence
of the extra-framework Al species on the Bronsted acid strength of zeolite has been reported
[9,70,124-127]. These effects are exceptional from a view of the effect of framework structure, but
the catalytic activity of ultrastable Y (USY) zeolite would be generated by these effects [126].
Because of the importance of USY zeolite in the history of zeolite, the effects of extra-framework
species on the Bronsted acid strength should be emphasized.

It is surprising that the acid strength (ammonia desorption enthalpy) is significantly changed
by the framework type even at the same composition of zeolite. However, the framework type
determines only the way of connection among atoms, i.e., topology, difficult to be related directly
with chemical nature such as acid strength. It is speculated that the framework topology generates
mechanical forces such as stress, compression and torsion around the ion exchange sites, resulting in
unique interatomic distances and angles dependently on the crystallographic position and type of
crystal structure. Advances in quantum chemistry is now unveiling the relationships among the
structural and chemical features as follows.

Based on cluster models (HO);SiOHAI(OH)s, Senchenya et al. showed that the short Al-O

16



distance and large Si-O-Al angle resulted in the low deprotonation energy, meaning high Brensted
acid strength [128]. We calculated the optimized structures and energies of models of ion exchange
sites in their H- and NHy-forms cut from real zeolite structures. The short Al-O distance brought
the high ammonia desorption energy (Figure 11) [129]; here the energy (AU°) of ammonia desorption
is treated, and it should have the same trend as the enthalpy and practically equivalent value due to

the following equation.

AU® = AH® — P°AV® (14)

where AJV° is the increase of volume by desorption of ammonia in the standard conditions, and
therefore P°AV® is only about 4 kJ mol™! at 500 K.

In addition, the relationships among geometrical parameters suggest that the short Al-O
distance was due to the compression from the both ends of SiOAl unit [129]. The narrow
distribution of ammonia desorption enthalpy of Breonsted acid sites in one zeolite is found in most
cases as stated in the previous section. This can be explained as that the compression and stress tend
to be averaged in one crystallite where all the atoms are connected through strong covalent bonds,
leading the similar ammonia adsorption energies for all the Bronsted acid sites within a crystallite.
Lower Brensted acid strength of silicoaluminophosphate (SAPO) than that on the aluminosilicate
analogue was explained according to this concept [35]. Based on this concept, the ammonia
desorption energy can be predicted from the geometrical parameters in the purely siliceous analogue
of the discussed zeolite, and those parameters are found in the database of known [130] or
hypothesized [131] zeolite structures. Possibility of selecting candidates of strong Brensted acid
sites from many structures in the database has been reported [132].

On the other hand, Born-Haber cycle like expression of the ammonia desorption is drawn as
Figure 12. Among the elementary steps, (A) deprotonation and (C) desolvation of NH4" may be

influenced by the nature of solid and site. The former (A) should be important, because it shows the

17



intrinsic acid strength, whereas the latter (C) is also important because it corresponds to the original
definition of acid strength according to Bronsted [1] or Hammett [62]. Multiple factors may be
hidden in behavior of an OH group in zeolite as a Brensted acid. Inconsistent observations are
sometimes reported from the characterization of Breonsted acid strength with different techniques.
Bréindle and Sauer pointed out that trend in the ammonia desorption energy on different zeolites was
not related with (A) [133]. It means that the ammonia desorption energy (or enthalpy) is a parameter
mainly showing the degree of stabilization of cation (C), namely the ion strength. Here it is
noteworthy that (C) may contain special steric effect such as steric hindrance and confinement effect
due to the fitting or mismatching of shapes of ammonium cation and cavity, however the above
finding (the shorter the Al-O distance, the higher the ammonia desorption energy) indicates that the
trend of ammonia desorption energy is independent of the pore size. It can be explained that the
compression from the both ends of SIOAI unit makes the anion form (Z" in Figure 12) stable, because

7" has Al-O distance always shorter than that in H-Z [129].

4. Conclusion

H-form zeolite consists of only a few kinds of ubiquitous elements, Si, O, Al and H.
Dependence of the chemical nature of ion exchange site, e.g., Bronsted acid strength, on the structure
and composition of aluminosilicate has been unclear. Nowadays, advances in the measurement
techniques, e.g., ammonia IRMS-TPD, and quantum chemical calculations are topics in the studies
in this field. The relationships among the composition, structure and acidic property are being
clarified. It has been clarified that isomorphous substitution of one Si atom by one Al atom
generates one Bronsted acid site. The ammonia desorption energy (enthalpy) is mainly dependent
on the framework type, because the compression from the both ends of SIOAI unit stabilizes the anion
form. Very small difference in the interatomic distances and angles has an impact; Figure 11
indicates that only 0.1 A (10 pm) of the difference in Al-O distance results in ca. 20 kJ mol™!' of the

difference in the ammonia desorption energy. Extra-framework divalent cations including AIOH?*
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modify the strength of Brensted acid site being close to the cation.
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Table 1

Representing methods proposed for measurements of acidic property of solid

Acid Equilibrium of Type | Note
amount protonation /
coordination
[1] Indicator © © X Generally difficult
for micropores
Ammonia TPD | © © X
Ammonia © © X
calorimetry
Ar TPD © X * X Adsorbed also on
base site
Propyl amine A A A
TPD
H,O/D,0O Brensted | Bronsted only ©
exchange only
[1i] IR of pyridine X ** X © Not available to <8-
ring
IR of OH X Relative value ©
'H NMR © Relative value ©
IR of CO X X* ©
IR of nitrile X X * ©
[1]+[ii] | Ammonia © © ©
IRMS-TPD

©: can be obtained, A: partly, X: no.

*: Strength of physical adsorption can be evaluated.

k.

Assumption of molar extinction coefficient can give a way of quantification, as shown by Emeis [32].
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Figure captions

Figure 1 Schematic drawing of hydrocarbon flow in typical petroleum refinery. Thick rectangles

show the processes where aluminosilicates are used as solid acid catalysts.

Figure 2 An example of ammonia IRMS-TPD profile of H-AFX zeolite.

Figure 3 IR difference spectra on silica monolayer supported by alumina. Only the spectra

extracted in 10 K interval are displayed, while the measurements were carried out at every 1 K.

Figure4 Ammonia IRMS-TPD profiles of Brensted and Lewis acid sites.

Figure 5 Ammonia TPD profile of Breonsted acid sites observed on sulfated zirconia (blue), profiles
simulated on different ammonia desorption enthalpies (black lines) and sum of them (red) based on

distribution of enthalpy giving best fitted curves.

Figure 6 Distribution of ammonia desorption enthalpy of Breonsted acid sites on sulfated zirconia

(red) and H-MFI zeolite (blue). The former was calculated from Figure 5.

Figure 7 Amounts of Bronsted and Lewis acid sites as functions of amount of silica chemically

deposited on alumina.

Figure 8 Plots of activation enthalpy of reactions of propane (black), 2-methylpropane (red), butane

(brown), 2-methylbutane (green), pentane (grey), hexane (blue) and octane (purple) over FAU (O),
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*BEA (V), MFI (@), MOR (A) zeolites, amorphous silica-alumina (+) and sulfated zirconia ( X)

against enthalpy of ammonia desorption.

Figure 9 Plots of amount of Brensted acid sites quantified by ammonia IRMS-TPD method against

[Alr]-[Na] on various H- and HNa-form zeolites.

Figure 10 Plots of averaged enthalpy of ammonia desorption (AH ° ) of Brensted acid sites against
[Alr]-[Na] on various H- and HNa-form zeolites. The results not measured by the ammonia IRMS-

TPD method but measured by combinations of other techniques are included.

Figure 11  Plots of ammonia desorption energy against Al-O distance calculated on density

functional theory on ion exchange sites located at some different crystallographic positions in various

zeolite structures.

Figure 12 Energy diagram for ammonia adsorption-desorption divided into assumed elementary

steps. Z shows the ion exchange site.
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