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A B S T R A C T   

YNU-5 zeolite has the YFI-type framework with a 12-12-8-ring system (2-dimensional 12-oxygen membered ring 
pores 3-dimensionally connected by twin 8-ring channels), and isolated 8-ring channels separated from the 
system by a thin (mono-atomic silicate) wall. In this study, the acidic property of YNU-5 zeolite was analyzed 
mainly by means of the ammonia IRMS-TPD (infrared/mass spectroscopy temperature-programmed desorption) 
method. In addition, the accessibility of acid sites was evaluated through adsorption of pyridine. The number of 
Brønsted acid sites approximately agreed with the number of Al atoms, and the amount of Lewis acid sites was 
negligible, indicating that most acid sites have the nature of bridging Si(OH)Al group in the YFI framework. Most 
of the Brønsted acidic OH groups on the YNU-5 zeolites (including the dealuminated samples) reacted with 
pyridine vapor at 343 K to form pyridinium cations, indicating that the Brønsted acid sites are highly accessible 
through the 12-12-8-ring system. Enthalpy of ammonia desorption from the Brønsted acid site, which can be an 
index of acid strength or reactivity of the acid site with a basic reactant, was in the following order: FAU < MOR 
(12-ring) ≈ *BEA < MFI < MWW ≈ YFI < MOR (8-ring), indicating the markedly large ammonia desorption 
enthalpy on the YNU-5 zeolite compared to the other 12-ring zeolites. The DFT calculations suggest that the 
Brønsted acidic protons with especially high ammonia desorption enthalpy are located in the isolated 8-ring but 
accessible from the 12-12-8-ring system side. In addition, dealumination at a high temperature under the reflux 
conditions with nitric acid resulted in the preferential removal of Brønsted acid sites with low ammonia 
desorption enthalpy, probably in the 12-12-8-ring system. The presence of reactive Brønsted acid sites in the 
isolated 8-ring, accessibility to them from the 12-12-8-ring system, and preferential removal of the Brønsted acid 
sites from the 12-12-8-ring system are reasonably consistent with the previously reported catalytic properties for 
dimethyl ether-to-olefin reaction.   

1. Introduction 

Zeolite is a family of materials with aluminosilicate composition and 
micropores ascribed to a 3-dimensional crystalline framework [1–6]. To 
date, there are more than 250 zeolite framework types, as a three-letter 
code is given to each framework type by the structure commission of the 
International Zeolite Association [7]. The most widely used framework 
types are MFI, *BEA, MWW, FAU, MOR, CHA and FER. They are used 
as solid acid catalysts for various chemical and petroleum refinery 

processes due to their unique properties including strong acidity, high 
thermal stability, and shape-selectivity. These functions of zeolites have 
supported the mankind’s culture throughout the petroleum era by 
realizing the efficient conversion of hydrocarbons into valued fuels and 
chemical products generating relatively low environmental pollution 
[8]. Nowadays, applications of zeolites are extended not only to cata-
lysts for fossil hydrocarbons conversion [9], but also to environmentally 
benign organic synthesis and conversion of bio-derived compounds into 
useful chemicals [10], as well as non-catalytic usages of zeolites range 
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from environmental protection and clean energy [11] to biomedical 
engineering [12], medical and biological fields [13]. 

The zeolites have ordered micropores, which are classified with 
respect to their opening size into small (8-ring), medium (10-ring), large 
(12-ring), and extra-large (>12-ring) ones. It is still challenging to 
synthesize an aluminosilicate zeolite, which shows high thermal and 
chemical stability, with extra-large pore windows. Therefore the 
maximum ring size of pore openings in aluminosilicate zeolites has 
practically been limited to 12-ring whose size is 0.6–0.7 nm [7]. The 
quest of large pore zeolites that are capable of converting heavy hy-
drocarbons is urgent, and hence the generation of strong Brønsted acid 
sites with high catalytic activity on the wall of 12-ring micropores is 
necessary. 

However, strong and/or catalytically-active Brønsted acid sites tend 
to be situated in the smaller pores of zeolite. Several examples are listed 
below:  

(1) The order of activity for Brønsted acid-catalyzed reactions over 
zeolites per one acid site is FAU [large cavity (supercage) con-
nected by 12-ring windows, 1.3 nm] < *BEA [3-dimensional 12- 
ring channels, 0.6 nm] < MFI [10-ring, 0.54–0.57 nm] [14–17]. 
This allows multiple interpretations; (1a) the strong Brønsted 
acid site is difficult to be formed on the wall of large pore; (1b) the 
high Si/Al ratio of MFI provides the high catalytic activity, and 
high silica, large-pore zeolite that is more active than MFI has not 
been found. In any cases of (1a) or (1b), catalytically-active 
Brønsted acid sites tend to be situated in the smaller zeolite pores.  

(2) Infrared (IR) spectroscopy identifies the Brønsted acidic OH 
groups, i.e. [Si(OH)Al] moieties, in 8- and 12-rings of MOR 
[18–20]; only OH in 12-ring is accessible by pyridine [19–21], 
and OH in 8-ring has stronger Brønsted acidity than that in 
12-ring [20,22,23].  

(3) The ammonia desorption enthalpy (i.e., ammonia adsorption 
heat) is higher on the Brønsted acid in the smaller sodalite cage 
than that in the larger supercage in FAU type zeolite [24].  

(4) In the field of mesoporous silica [25–27], it has still been difficult 
to find or construct strong or active Brønsted acid sites on mes-
oporous aluminosilicates [28]. These trends imply the difficulty 
of generating catalytically-active Brønsted acid sites accessible by 
large molecules. 

The Brønsted acid site is generated by isomorphous substitution of 
tetravalent Si atom with trivalent Al atom (this means "replacement of Si 
by Al" in this manuscript) in the zeolite framework [29]. Therefore, the 
Brønsted acid site is a bridged Al–O–Si unit in which a proton is attached 
to the oxygen atom, i.e. [Al(OH)Si] moiety. The Brønsted acid site 
strength is dependent on factors such as framework type [15], Al con-
centration [30] and the presence of extra-framework Al species [31–33], 
even if the material is limited to pure aluminosilicate. Quantum chem-
istry analysis suggests that the features such as AlO distance and AlOSi 
angle influence the Brønsted acid strength [34], and it is considered that 
the framework topology influences on the Brønsted acid strength 
through such geometrical parameters. Katada et al. propose that the 
shorter AlO distance gives the higher ammonia desorption energy (one 
of the parameters showing Brønsted acid strength) owing to the nature 
of Al strongly electron-withdrawing from SiOH [35–37]. Because 
compression from both ends of the [Al(OH)Si] unit is necessary to 
shorten the AlO distance, it is speculated that the wall of small pores 
with large curvature and high density of atoms provide the environment 
to generate the strong Brønsted acidity. In other words, it should be 
difficult to form a strong Brønsted acid site on a wall of large pore or on a 
plane. However, microstructure of zeolite has unlimited variation, and it 
should be possible to find unique structure with both of strong Brønsted 
acidity and high accessibility [38]. 

Recently, Kubota and co-workers synthesized a new type of zeolite 
material denoted as YNU-5 (Yokohama National University-5) [39]. The 

YFI framework consists of 12–12-8-ring system (2-dimensional 12-ring 
network 3-dimensionally connected by 8-ring windows) and individ-
ual straight 8-ring channels (hereafter "isolated 8-ring"). The large 
micropore system (12-12-8-ring system) is separated from the small 
micropore (isolated 8-ring) by a monoatomic silicate layer in the YFI 
framework (Fig. 1). 

The YNU-5 zeolite has high stability even after conversion into NH4- 
form, subsequent calcination into H-form and during treatments in an 
acidic medium [39,40], which brings it usefulness as a solid acid cata-
lyst. In addition, dealumination of the YNU-5 zeolite for adjusting the 
concentration of acid sites is possible because of its high stability in the 
acidic medium [41]. Catalytic activity of the YNU-5 zeolite for typical 
Brønsted acid-catalyzed reactions such as dimethyl ether-to-olefin [42] 
and hexane cracking [43] have been reported. 

The 8-rings in YFI framework are promising to have strong Brønsted 
acidity due to the geometrical nature. Among the 8-rings, the twin 8-ring 
is directly connected to the 2-dimensional 12-ring network and thus 
obviously expected to be accessible by a bulky molecule inside the 12- 
ring. In contrast, it seems that only very small molecules can enter 
into the isolated 8-ring. It is also reasonable to speculate that the 
aluminum atoms tend to remain in the hindered space inside isolated 
narrow channels even after almost all Al atoms are removed through 
deep dealumination by acid-treatment. Nevertheless, the highly deal-
uminated YNU-5 catalyst shows enough activity for the reaction of the 
molecules too bulky to enter into 8-ring while less bulky than 12-ring 
size [42,43]. Based on such an observation, it may be possible for the 
bulky molecule to access the acid site in the isolated 8-ring in some way. 
A closer look at the framework structure allows us to say that the iso-
lated 8-ring is only separated from the 12-12-8-ring system by a 
mono-atomic silicate wall. The remaining framework Al inside isolated 
8-ring channels are expected to afford strong Brønsted acidity according 
to the explanations given above. Therefore, the YNU-5 zeolite is ex-
pected to have strong Brønsted acid sites accessible from the 12-ring. On 
these backgrounds, this study focuses on the acidic property of YNU-5 
zeolite. 

Temperature-programmed desorption (TPD) method using vapor of 
basic probe adsorbate is suitable for accurate quantification of the 
number of adsorption sites, as well as for estimating such a kinetic 
parameter as activation energy for desorption or such a thermodynamic 
parameter as enthalpy of desorption (adsorption heat) [44]. Ammonia is 
most frequently used as the probe adsorbate because of the small mo-
lecular size is and the low reactivity for side reactions such as decom-
position [45]. Disadvantages of the ammonia TPD caused by multiple 
types of ammonia adsorption and influences of re-adsorption [46] have 
been overcome as follows. 

The adsorption of ammonia includes the chemisorption on both 
Brønsted and Lewis acid sites, as well as the physical adsorption, often 
on NH4

+ cation which had been adsorbed on the Brønsted acid site 
[47–51]. Extraction of information on the acid sites or Brønsted acid 
sites needs help of infrared (IR) spectroscopy which can identify the 
NH4

+ cation formed on Brønsted acid site, and the NH3 species coordi-
nated to Lewis acid site and sometimes physically adsorbed [52,53]. 

On the other hand, it has been found that equilibrium exists during 
the TPD of ammonia over a wide range of solid acids, various zeolites 
[54] and non-zeolitic materials [23,55,56]. It simplifies the argument, 
because the possibility of diffusion control is ignored under the equi-
librium conditions [44]. However, the equilibrium conditions make it 
impossible to obtain kinetic parameters, because the apparent desorp-
tion rate is influenced by the re-adsorption [46,57], and it looks a 
disadvantage. Nevertheless, a thermodynamic parameter such as molar 
standard enthalpy of ammonia desorption (= adsorption heat, hereafter 
ΔH) is calculated from the TPD profile based on theories assuming the 
equilibrium control [15,44,58]. This gives an advantage of the ammonia 
TPD, because one can calculate equilibrium constant and Hammett 
index at any temperature from ΔH [59], giving the strength of acid-base 
interaction according to the traditional definition of acid strength [60]. 
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Therefore, combining the ammonia TPD and IR techniques makes it 
possible to determine the number and strength of each of Brønsted and 
Lewis acid sites on a solid, and we have developed an ammonia IRMS 
(infrared/mass spectroscopy)-TPD method [23,61]. 

Even after the disadvantages (multiple types of adsorption and in-
fluence of re-adsorption) have been overcome, we have an argument on 
the interpretation of ΔH or ammonia desorption energy, because the 
quantum chemistry clarifies that the order the ammonia desorption 
energy on various zeolites disagrees with the order of deprotonation 
energy, which is considered to be an index of intrinsic Brønsted acid 
strength [62,63]. The ΔH includes the energy of stabilization of NH4

+ by 
the solid surface [17], and therefore, the feature of the stabilization 
strength is speculated to influence ΔH values on zeolites. Further details 
have been under discussion [63], but ΔH on Brønsted acid site should 
represent the strength of stabilization of a typical basic molecule by the 
Brønsted acid site, and, in a fact, strong relationships between activation 
energies of some acid-catalyzed reactions and ΔH have been observed 
[64,65]. Therefore, ΔH has been widely used to exhibit the efficiency of 
Brønsted acid site on a solid acid for acid-catalyzed reactions. 

For these reasons, we here applied the ammonia IRMS-TPD to 
measure the total acidic property of YNU-5 zeolite. Furthermore, the 
accessibility of a large molecule to the Brønsted acid site was investi-
gated with an aid of pyridine adsorption [66]. In addition, IR spectros-
copy of adsorbed deuterated acetonitrile (CD3CN, acetonitrile-d3) [67] 
was also adopted to quantify the acid sites to support the above exper-
iments. The set of experimental data provides deep insight into YNU-5’s 
acidic properties and potential as a heterogeneous catalyst. 

Dealumination of the YNU-5 zeolite has been achieved by acid 
treatment in an aqueous medium. It has been clarified that microstruc-
ture and physicochemical property of the dealuminated sample are 
considerably dependent on the temperature of acid treatment [41]. A 
treatment with nitric acid at 353 K yields a YFI type zeolite with 
considerable concentration of SiOH groups (most probably “site defects” 
which mean framework vacancies) due to dislodging of Al atoms from 
the framework. The thermal stability of the thus dealuminated sample 
was low; heating at 923 K drastically reduced the crystallinity. At a 
higher temperature (aqueous nitric acid solution was refluxed under 
atmospheric pressure in an oil bath which was kept at 403 K), the SiOH 
groups were diminished due to migration of Si atoms filling the defects. 
The extent of dealumination (resultant Si/Al ratio or [Al], i.e., Al con-
centration in the solid) can be adjusted by selecting the concentration of 
nitric acid. Thus, YNU-5 zeolites with high concentration of defects and 

low thermal stability (hereafter termed unstable deAl-YNU-5) and those 
with high thermal stability (stable deAl-YNU-5) possessing various [Al] 
can be prepared [41]. 

It has been known that moderate concentration of Brønsted acid sites 
is preferred to generate high catalytic activity of MFI and other medium 
pore zeolites for reactions of mono-cyclic aromatic hydrocarbons [68]. 
Therefore, investigation of the acidic properties of the dealuminated 
YNU-5 zeolites will be important for the use of solid acid catalysts. The 
properties of stabilized and unstabilized deAl-YNU-5 samples at the 
same level of the Si/Al ratio were also compared in this study. 

2. Experimental and computational methods 

Details of experimental and calculation methods are shown in Sup-
porting Information. 

YNU-5 zeolite was synthesized according to the previously reported 
method [39], and after calcination, ion-exchanged with NH4NO3 into 
NH4-YNU-5. In the ammonia IRMS-TPD and pyridine/acetonirile-d3 
adsorption experiments, the basic probes were adsorbed after the con-
version of the NH4-form into H-form without exposure of the H-form 
sample to the ambient atmosphere; this procedure was adopted to avoid 
from unexpected dealumination of the YNU-5 zeolite with high 
aluminum concentration. It has been known that the H-form zeolite with 
high aluminum concentration (i.e., high H concentration) causes deal-
umination by contact with humid atmosphere even at the room tem-
perature [69], affecting the acidic property through loss of a part of ion 
exchange sites and formation of extra-framework Al species [29,69,70]. 
The dealumination is prevented by the preparation of H-form zeolite 
from NH4-form just before use without exposure to atmosphere [69,71]. 

Partially ion-exchanged samples were prepared by varying the 
amount of NH4NO3, and termed HNaK-YNU-5. 

Dealumination was performed according to the previous report [41]. 
The treatment conditions, and the obtained results are summarized in 
Table 1. Reflux of the calcined YNU-5 in 2.0 mol dm− 1 nitric acid using a 
hot oil bath (403 K) was adopted to replace a part of framework Al with 
Si as already reported [41], and the resulting dealuminated YNU-5 with 
high stability is designated as “stable deAl-YNU-5”. The mild heating 
(353 K) of YNU-5 in an acid was reported to give an unstable sample due 
to dealumination and formation of defects; the thus obtained sample is 
denoted “unstable deAl-YNU-5”. Treatment with concentrated nitric 
acid gave the sample named “deeply-deAl-YNU-5” with very low 
aluminum content [Al] in mole per kilogram sample. The chemical 

Fig. 1. Schematic illustration of 12-ring system and isolated 8-ring channel in YFI framework viewed along c-axis.  
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compositions including [Al] were analyzed by inductively coupled 
plasma atomic emission spectroscopy (ICP-AES) and presented in 
Table 1. 

The YNU-5 samples prepared under the given conditions have been 
confirmed to have YFI framework, high crystallinity and high micropore 
volume [39–41]. For the sake of comparison, zeolites with FAU, MFI, 
*BEA, MWW and MOR frameworks (Table S1) were also employed. 

Ammonia IRMS-TPD measurements were performed according to 
our previous paper [17,23]. The IR spectra of YNU-5 type samples 
(Fig. S3) and ammonia TPD profiles of Brønsted acid sites on various 
YNU-5 samples and other types of zeolites (Fig. S4) are shown in the 
Supporting Information. For pyridine adsorption experiments followed 
by the ammonia adsorption, a self-supported disc was prepared and after 
activation, the pyridine was adsorbed at 343 K. Then, ammonia was 
introduced at 343 K, and the sample was heated from 343 to 823 K with 
recording IR. Independently, the IR spectrum of adsorbed pyridine was 
collected after pretreatment of the sample at 723 K, adsorption of pyr-
idine at 423 K to quantify the Brønsted and Lewis acid sites based on the 
reported molar extinction coefficient [66]. Similar pretreatment prior to 
the adsorption of CD3CN was used; the IR spectra were recorded and 
analyzed based on the reported molar extinction coefficient [67]. 

Quantum chemical calculations of ammonia desorption energy/ 
enthalpy were carried out based on density functional theory (DFT) 
using a Dmol3 software developed by BIOVIA in periodic boundary 
conditions using the (HCTH) 407 correlation-exchange functional [72], 
as detailed in Supporting Information. In our previous paper, agreement 
between the experimentally observed ΔH values and those calculated by 
principally same method have been reported [35]. The calculations were 
performed for the H-form zeolite model with a pair of H and Al atoms at 
all crystallographically non-equivalent positions in one unit cell of the 
YFI framework. The structure optimization was carried out for the 
H-form and corresponding NH4-form models. The molar standard 
energy/enthalpy of ammonia desorption was calculated from 

ΔU =UH− Z + UNH3(g) − UNH4 − Z  

where ΔU showed the standard molar energy of ammonia desorption, Ux 
showed the total energy of species x, and -Z showed the zeolite anion, 
and 

ΔH =ΔU + PΔV = ΔU + RT ≈ ΔU + 5  kJ  mol− 1  

where ΔH showed the standard molar enthalpy of ammonia desorption, 
P showed the pressure of standard conditions (105 Pa), ΔV showed the 
volume increase by the desorption of ammonia in standard conditions 
(≈RT), R showed the gas constant, and T showed the average temper-
ature of experiments (ammonia desorption); on approximation T = 600 
K gives RT = 5 kJ mol− 1. 

The energy calculations were also performed for models possessing 
one Al atom and one negative charge in one unit cell with all 9 crys-
tallographically non-equivalent positions of Al without counter cation, 
as well as the energies of the YFI framework with one Si vacancy 

replaced by four OH groups forming silanol nest (Fig. S2) were calcu-
lated according to Petkov et al. [73]. The same approach has been used 
to calculate the energy gain for substitution of Si with Al (replacement of 
Si with Al) in the zeolite. We started with an all-silica model of YFI 
zeolite framework using a unit cell with the following dimensions a =
1.81807 nm, b = 3.18406 nm, c = 1.26407 nm, and symmetry corre-
sponding to the space group Cmmm. The relative energy, ΔE, for the 
formation of silanol nest in each T-atom positions of the YFI framework 
is calculated at the reaction energy of the following formal reaction:  

Zeo[(SiO2)n] + 4H2O → Zeo[(Sin− 1O2nH4)] + Si(OH)4                               

All reported energies are obtained for fully relaxed structures. A 
negative value of the substitution energies ΔE suggests that the forma-
tion of the silanol nest in the corresponding position or the replacement 
of Si with Al is preferable, while a positive value corresponds to unfa-
vorable substitution. Those energy values give estimates of the relative 
preference for substitution in different crystallographic positions in the 
framework, as already reported for Ti-silicates [74] or Ge-silicates [73]. 

3. Results 

3.1. Brønsted acid amount and strength 

Fig. 2 displays the Brønsted (filled symbols) and Lewis (open sym-
bols) acid amounts estimated by ammonia IRMS-TPD (blue symbols), 
pyridine IR (green symbols) and CD3CN IR (purple symbols). One can 
find that the three methods exhibited similar values throughout the 
cases where the three methods were applied to one sample. The Brønsted 
acid amount showed a linear relationship with [Al]− [Na]− [K], and the 
values were slightly lower than [Al]− [Na]− [K] over the HNaK-YNU-5 
(partially ion-exchanged samples), H-YNU-5 (completely ion- 
exchanged sample) and dealuminated samples. This indicates that, 
principally, the isomorphous substitution of one tetravalent Si atom 
with a trivalent Al atom in the framework generated one Brønsted acid 
site, and that most of Al atoms were incorporated into the framework, as 

Table 1 
Dealumination conditions and aluminum concentration in YNU-5 samples.  

Sample Nitric acid treatment Si/Al 
molar 
ratio 

[Al]/ 
mol 
kg− 1 [HNO3]/ 

mol dm− 3 
Heating 
method 

Time/ 
h 

H-YNU-5    10.7 1.44 
stable deAl- 

YNU-5 
2 refluxed in 

403 K-oil bath 
24 50.7 0.323 

unstable 
deAl-YNU- 
5 

3 heated at 353 
K in oil bath 

2 49.8 0.329 

Deeply- 
deAl-YNU- 
5 

13.4 refluxed in 
403 K-oil bath 

24 294 0.056  

Fig. 2. Plots of Brønsted (●, ◆, ■, ▴, ▾, ●, ▾, ● and ▾) and Lewis (○, ⋄, □, △, 
▽, ○, ▽, ○ and ▽) acid amounts measured by ammonia IRMS-TPD (●, ◆, ■, 
▴, ▾, ○, ⋄, □, △ and ▽), IR of adsorbed pyridine (●, ▾, ○ and ▽) and IR of 
CD3CN (●, ▾, ○ and ▽) on H-YNU-5 (●, ●, ●, ○, ○, and ○), HNaK-YNU-5 with 
different [Na] and [K] (◆ and ⋄), stable deAl-YNU-5 (■ and □), unstable deAl- 
YNU-5 (▴ and △) and deeply-deAl-YNU-5 (▾, ▾, ▾, ▽, ▽ and ▽). 
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often found in zeolites with high crystallinity [17]. In contrast, none or 
only a few Lewis acid sites were observed, supporting that most Al atoms 
were in the framework position and acted as Brønsted acid sites. 

The number of Brønsted acid sites on “unstable deAl-YNU-5” was 
lower than on the “stable deAl-YNU-5”, although Al content was similar 
to that in the “stable deAl-YNU-5”, indicating that the destruction of the 
framework was more significant in the “unstable deAl-YNU-5”, as 
already reported [41]. The deeply dealuminated sample (“deep-
ly-deAl-YNU-5”) exhibits a few acid sites, due to the very low Al content. 

The experimentally observed Brønsted acid strength distribution 
revealed by the ammonia desorption enthalpy (ΔH) is presented in 
Fig. 3. Only on MOR, the acidic properties of Brønsted acidic OH groups 
in 8-ring and 12-ring are separately analyzed [23], because they have 
different wavenumbers in the IR spectrum [18–20,75]. ΔH of 71% of 
Brønsted acid sites in H-YNU-5 was within 140–170 kJ mol− 1 range. The 
Brønsted acid strength of the series of YFI samples with different 
aluminum content was as follows: the ΔH distribution of the H-YNU-5 
and unstable deAl-YNU-5 showed weaker sites in the range 110–140 kJ 
mol− 1, while that of the stable deAl-YNU-5 was relatively sharp with 
140–165 kJ mol− 1 values. 

Fig. 3 shows ΔH distributions on zeolites with various framework 
topologies; the samples were chosen from a range of aluminum content 
1–2 mol kg− 1. The ΔH on FAU was distributed in 100–150 kJ mol− 1 with 
ca. 125 kJ mol− 1 of the top of the distribution curve. The MOR (12-ring) 
showed slightly higher ΔH in a range of 100 − 150 kJ mol− 1 with the top 
at ca. 140 kJ mol− 1. The *BEA also revealed ΔH in a range of 100–150 
kJ mol− 1 with the top at ca. 140 kJ mol− 1. Compared to these 12-ring 
zeolites (FAU and *BEA) or the Brønsted acid sites located in 12-rings 
(MOR), the 10-ring zeolites, i.e., MFI and MWW, revealed the higher 
regions of ΔH; the MFI showed mainly 130–150 kJ mol− 1 of ΔH with ca. 
140 kJ mol− 1 of the top of distribution curve, whereas the MWW 
showed a broader distribution over 100–180 kJ mol− 1 of ΔH with ca. 
150 kJ mol− 1 of the top. The ΔH of Brønsted acid sites in 8-ring of MOR 
was in 150–180 kJ mol− 1 with the top at 170 kJ mol− 1, being highest 
among the examined zeolites. Compared with these zeolites, the ΔH 
observed on YFI, 140–170 kJ mol− 1 range as stated above, was obvi-
ously higher than FAU and *BEA, similar to MWW and located between 
MFI and MOR (8-ring). In other words, the order of the ΔH of Brønsted 
acid sites was FAU < MOR (12-ring) ≈ *BEA < MFI < MWW ≈ YFI <
MOR (8-ring). It is noteworthy that the YFI (YNU-5 type zeolite) 
exhibited the highest ΔH among the 12-ring zeolites. 

3.2. Accessibility of Brønsted acid sites 

The H-YNU-5 showed a large absorption band ascribed to the 
stretching of Brønsted acidic OH groups at 3610 cm− 1 [Fig. 4 (A)]. A 
small absorption at 3745 cm− 1 due to isolated SiOH groups was 
observed similarly to highly siliceous middle or large pore zeolites such 
as MFI [76] and *BEA [77,78]. Here it is noteworthy that the OH 
stretching band was single. After elimination of the influences by the 
external surface, extra-framework species and defect, the MFI zeolite 
shows single acidic OH stretching band like the present YFI [79], while 
the MOR shows a band with a broad tail extended to the lower wave-
number region [20,23]. Origin of the separation or broadening of the 
band on MOR has been analyzed to be the position of acidic OH group; 

Fig. 3. Distribution of ammonia desorption enthalpy of Brønsted acid sites on zeolites with various structures, where Cw shows the concentration of Brønsted acid 
sites per unit weight of zeolite, and ΔH shows the standard molar enthalpy of ammonia desorption. 

Fig. 4. 3500− 3800 cm− 1 region of IR spectrum of (A) evacuated in situ H-YNU- 
5 zeolite, followed by (B) exposure to pyridine vapor and (C) further treatment 
with ammonia at 343 K. 
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the OH groups in 8- and 12-rings show the bands at ca. 3585 and 3615 
cm− 1, respectively [20,80]. The reason for the single band on MFI is 
believed to that most of acidic OH groups are in 10-ring. Based on these 
knowledges, it is considered that the acidic OH groups in YNU-5 behaves 
as if they are in the same size of micropore, although the YFI framework 
structure has 12-12-8-ring system and isolated 8-ring. 

The Brønsted acidic OH groups were almost completely attenuated 
by the contact with pyridine vapor (B), clearly indicating that most of 
the Brønsted acid sites on the H-YNU-5 zeolite were accessible by pyri-
dine. Simultaneously, pyridinium cations were detected through their 
characteristic band at 1540 cm− 1 [Fig. 5 (b)] [81], as already reported 
[39], evidencing the neutralization of Brønsted acid sites by the base 
(pyridine). In addition, absorption bands were observed at 1445 and 
1455 cm− 1, attributed to hydrogen-bonded and Lewis acid-coordinated 
pyridine, respectively. The latter was small, in agreement with a small 
amount of Lewis acid sites detected by the ammonia IRMS-TPD method. 

Then, ammonia was introduced at 343 K. The adsorption tempera-
ture was chosen to be sufficiently low to allow all the Brønsted acid sites 
with ΔH > 100 kJ mol− 1 holding ammonia. It was observed that the 
introduction of ammonia into the system did not largely change the 
spectrum in the OH stretching region (3500− 3800 cm− 1) [Fig. 4 (C)], 
indicating the absence of Brønsted acid sites which are accessible solely 
for ammonia but not for pyridine. The band due to pyridinium cation at 
1540 cm− 1 and other absorption bands due to adsorbed pyridine or 
pyridinium cation (1640, 1630, 1590 and 1480 cm− 1) were slightly 
weakened but not largely affected by the contact with ammonia. On the 
other side, the absorbance in 1400–1500 cm− 1 region [Fig. 5 (c0)], 
which was in agreement with the symmetric deformation of ammonium 
cation [52], was observed after the introduction of ammonia. It suggests 
that a part of pyridinium bonded to the Brønsted acid sites was replaced 
by ammonium cation; it just tells us the accessibility of these Brønsted 
acid sites by both pyridine and ammonia. The bands ascribed to the 
adsorbed pyridine (including pyridinium cation) and ammonium cation 
gradually decreased with the raise of the temperature [(c1)− (c5)]. 

The stable deAl-YNU-5 showed a band of Brønsted acidic OH groups 
at 3610 cm− 1 overlapping a broad absorption due to SiOH (and possibly 

AlOH) with various environments around 3650− 3745 cm− 1 region 
[Fig. 6 (A)]. Upon saturation with pyridine, the acidic OH band disap-
pear [Fig. 7 (b)], which is a consequence of the formation of pyridinium 
cation. This result again indicates that Brønsted acid sites are fully 
accessible. In addition, the contact with pyridine modified the shape of 
the free OH band peak around 3745 cm− 1, presumably due to the 
hydrogen-bonding between pyridine and OH [21]. The introduction of 
ammonia after these procedures changed the shape of the broad OH 
band, but never changed the spectrum around 3600 cm− 1 [Fig. 6 (C)], 
indicating the lack of Brønsted acid sites accessible for ammonia but not 
for pyridine. After the adsorption of pyridine, the band of 
hydrogen-bonded pyridine (1445 cm− 1) was more intense on this sam-
ple [Fig. 7 (c0)]. The heating even at 473 K removed most of the 1445 
cm− 1-band [Fig. 7 (c2)], supporting that the attribution of this band to 
the hydrogen-bonded species (weakly-held compared to the species with 
acid-base interaction). 

The unstable deAl-YNU-5 showed only a weak intensity of the band 
ascribed to the stretching vibration of Brønsted acidic OH group, over-
lapping the large band due to SiOH (and possibly AlOH) with various 
environments [Fig. 8 (A)]. The band ascribed to the hydrogen-bonded 
pyridine was larger than that on the stable deAl-YNU-5 [Fig. 9 (b)]. 
The OH group concentration formed by the acid treatment for deal-
umination on the unstable deAl-YNU-5 was presumably higher than that 
on the stable deAl-YNU-5. The Brønsted acidic OH group was observed 
to lose intensity by the contact with pyridine, indicating that most of the 
Brønsted acid sites on this sample were also accessible by pyridine. The 
spectrum of Brønsted acidic OH was unchanged upon further contact 
with ammonia, showing the lack of Brønsted acid sites accessible only by 
ammonia but not by pyridine also on this sample. 

3.3. Calculated ammonia desorption enthalpy 

As shown in Table 2, most protons located at crystallographically 
non-equivalent positions in the YFI framework are estimated to possess 
110–170 kJ mol− 1 of ΔH. In Fig. 10, the positions where protons show 
strong Brønsted acidity (ΔH > 140 kJ mol− 1) are displayed by red dots, 
and the blue dots show the positions where protons reveal weak 
Brønsted acidity (ΔH < 140 kJ mol− 1). Most of the red dots are located 

Fig. 5. 1300− 1800 cm− 1 region of IR spectra of in situ H-YNU-5 zeolite after 
(b) exposure to pyridine vapor, (c0) further treatment with ammonia at 343 K 
and elevation of temperature (c1: 373 K, c2: 473 K, c3: 573 K, c4: 673 K, c5: 
773 K), shown by difference [spectrum after exposure - spectrum before 
exposure (A)]. 

Fig. 6. 3500− 3800 cm− 1 region of IR spectra of (A) evacuated stable deAl- 
YNU-5 zeolite, followed by (B) exposure to pyridine vapor and (C) further 
treatment with ammonia at 343 K. 

N. Katada et al.                                                                                                                                                                                                                                 



Microporous and Mesoporous Materials 330 (2022) 111592

7

in the 8-rings, whereas most blue dots are in the 12-rings. On the other 
hand, Fig. 11 indicates that ΔH of Brønsted acid sites in the isolated 8- 
ring, connected 8-ring and 12-ring mainly distribute in 140–170, 
130–140 and 110–130 kJ mol− 1, respectively. These tell us a tendency 
that the strong Brønsted acid sites are generated in small pores, in 
agreement with the observations in the previous section. In addition, it is 
estimated that the Brønsted acid sites with ΔH < 140 kJ mol− 1 are 
located in the 12-12-8-ring system (12-ring and connected 8-ring), 

whereas the sites with ΔH > 140 kJ mol− 1 are located in the isolated 
8-ring. 

The deprotonation energies [62,63] of these sites are of interest, but 
we have not investigated. The calculation of deprotonation energy has 
still been influenced by charge localization, and accurate evaluation 
requires a broad range of trials [63]. This study adopted a method for 
calculation of ΔH which is similar to our previous study, and the 
agreement with the experimental observations has been confirmed [35]. 
We here discuss on only ΔH, and the deprotonation energy will be 
investigated in the future. 

3.4. Energies of dealumination 

The dealumination of YFI framework with 120 T atoms in the unit 
cell, among which one site is occupied by the Al atom, is expected to 
proceed via the following chemical formulas:  

Zeo[(SiO2)119(AlO2)1]− + H+ + 3H2O → Zeo[Si119O240H4] + Al(OH)3  (1)  

Zeo[(SiO2)119(AlO2)1]− + H+ + Si(OH)4 → Zeo[(SiO2)120] + Al(OH)3 +

H2O                                                                                              (2) 

where Zeo[x] means the YFI framework with x representing the 
composition; Zeo[(SiO2)119(AlO2)1]− shows the framework with an Al 
atom and a negative charge in one unit cell; Zeo[Si119O240H4] shows the 
framework with a vacancy shown by Fig. S2 in one unit cell; Zeo 
[(SiO2)120] shows the completely siliceous framework. The deal-
umination may terminate to form the vacancy by the reaction (1), while, 
in some different set of conditions, healing the vacancy with migration 
of Si species may occur to complete the total reaction formula (2). 

Table 2 shows the relative energy of Zeo[(SiO2)119(AlO2)1]− , which 
corresponds to the energy for the inverse of the reaction (2). Low values 
(0–7 kJ mol− 1) at T1, T2, T4, T5 and T6 suggest difficulty of the deal-
umination with migration of Si species at these positions. In addition, 
the calculated energies for the Si vacancy formation [energies of the 
reaction (1)] are also listed in Table 2. It ranges from − 67 to +8 kJ 
mol− 1. The high values at T4 and T5 sites (− 2 kJ mol− 1 and 8 kJ mol− 1, 
respectively) suggest that the dealumination resulting in the formation 

Fig. 7. 1200− 1800 cm− 1 region of IR spectra of stable deAl-YNU-5 zeolite after 
(b) exposure to pyridine vapor, (c0) further treatment with ammonia at 343 K 
and elevation of temperature (c1: 373 K, c2: 473 K, c3: 573 K, c4: 673 K, c5: 
773 K), shown by difference [spectrum after exposure - spectrum before 
exposure (A)]. 

Fig. 8. 3500− 3800 cm− 1 region of IR spectra of (A) evacuated unstable deAl- 
YNU-5 zeolite, followed by (B) exposure to pyridine vapor and (C) further 
treatment with ammonia at 343 K. 

Fig. 9. 1200− 1800 cm− 1 region of IR spectra of unstable deAl-YNU-5 zeolite 
after (b) exposure to pyridine vapor, (c0) further treatment with ammonia at 
343 K and elevation of temperature (c1: 373 K, c2: 473 K, c3: 573 K, c4: 673 K, 
c5: 773 K), shown by difference [spectrum after exposure - spectrum before 
exposure (A)]. 
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of silanol nests at these positions is not preferred. The energy at T1 (− 18 
kJ mol− 1) was also higher than other sites. The large negative values 
imply that the removal of Al is a spontaneous process at the sites other 
than T1, T4 and T5. From these calculations, we estimate that the 
dealumination is relatively difficult at T1, T4 and T5 positions in the YFI 
framework. The T1 and T4 are the positions inside the isolated 8-ring 
with no oxygen atoms sharing with 12–12-8-ring system. 

4. Discussion 

4.1. Presence of Brønsted acid sites with high ammonia desorption 
enthalpy accessible from 12 to 12-8-ring system 

The 10-ring in MFI allows diffusion of benzene derivatives and small 
alkanes, but the adsorption/diffusion of polycyclic aromatics like 

Table 2 
Enthalpy of ammonia desorption and energies of framework YFI models estimated by quantum calculations.  

Positiona Multiplicity Direction of 
acidic H 

Enthalpy of ammonia desorption 
(ΔH)/kJ mol− 1 

Relative energy of Zeo[(SiO2)119(AlO2)1]− / 
kJ mol− 1b 

Energy of dealumination [reaction 
(1)]/kJ mol− 1 

Al1O7Si3 16 Isolated 8-ring 164.35 0 − 18 
Al1O20Si1 8 Isolated 8-ring 150.65 
Al1O21Si5 8 Isolated 8-ring 157.76 
Al2O1Si9 16 Connected 8-ring 143.04 2 − 65 
Al2O4Si2 32 Connected 8-ring 141.72 
Al2O13Si8 16 12-ring 128.66 
Al3O7Si1 16 Isolated 8-ring 137.17 22 − 45 
Al3O16Si4 16 Connected 8-ring 139.50 
Al3O17Si6 16 12-ring 124.65 
Al3O18Si9 16 Connected 8-ring 141.45 
Al4O3Si4 8 12-ring 101.22 0 − 2 
Al4O9Si4 8 Connected 8-ring 161.08 
Al4O16Si3 8 Connected 8-ring 100.92 
Al5O19Si8 16 Isolated 8-ring − 339.67 7 8 
Al5O21Si1 8 Isolated 8-ring 160.91 
Al5O22Si5 8 Isolated 8-ring 165.25 
Al6O10Si6 16 Isolated 8-ring 152.35 2 − 57 
Al6O12Si6 16 12-ring 123.95 
Al6O14Si7 16 Isolated 8-ring 148.00 
Al6O17Si3 16 12-ring 127.60 
Al7O2Si7 16 Isolated 8-ring 148.90 34 − 56 
Al7O6Si8 16 12-ring 127.08 
Al7O11Si7 16 12-ring 119.07 
Al7O14Si6 16 Isolated 8-ring 149.96 
Al8O6Si7 16 12-ring 131.17 35 − 49 
Al8O8Si9 16 12-ring 123.34 
Al8O13Si2 16 12-ring 130.72 
Al8O19Si5 16 Isolated 8-ring 130.56 
Al9O1Si2 16 12-ring 127.27 36 − 67 
Al9O8Si8 16 12-ring 127.32 
Al9O15Si9 16 12-ring 168.50 
Al9O18Si3 16 12-ring 123.99  

a AliOjSik shows that the Al and Si atoms are located at Ti and Tk sites, whereas the proton is bonded to oxygen atom at Oj site. The numbering of sites is according to 
the original report on YNU-5.37. 

b Difference between the total energy of discussed model and the minimum value among the sites shown here. 

Fig. 10. Positions of protons calculated to show (red) > 140 or (blue) < 140 kJ mol− 1 of ammonia desorption enthalpy viewed from c-axis directions of YFI structure. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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naphthalene and bulky branched alkanes is difficult. MWW framework 
has large cavities, but they are isolated and connected by 10-ring win-
dows, which allows the diffusion of only molecules smaller than 10-ring. 
FAU, MOR, *BEA and YFI have 12-ring systems which enable large 
molecules such as branched alkanes and polycyclic aromatics to diffuse 
inside. As one of the parameters showing the strength of acid-base 
interaction due to the Brønsted acid site on solids, ΔH (ammonia 
desorption enthalpy) of these framework structures were found in the 
order of FAU < MOR (12-ring) ≈ *BEA < MFI < MWW ≈ YFI < MOR 
(8-ring) (Fig. 3). The Brønsted acid sites in 12- and 8-rings of MOR are 
identified by their IR wavenumber [20], as the strong acid sites are 
located only in the 8-ring [23], in agreement with previous studies [20, 
22]. On the other hand, most of the Brønsted acid sites in YFI type zeolite 
were observed to be accessible by pyridine. This was observed on all of 
the H-YNU-5 and dealuminated samples (Fig. 4− 9). The molecular size 
of pyridine (0.57 nm) [82] is obviously larger than the 8-ring of YFI 
(0.36 nm) [7], and therefore, pyridine is presumed to access the 
Brønsted acid sites from the 12-12-8-ring system side. These observa-
tions indicate that the Brønsted acid sites with high ammonia desorption 
enthalpy in YNU-5 zeolite are accessible from the large micropore 
(12-12-8-ring system). More precisely, the Brønsted acid sites in YNU-5 
zeolite located in 12–12-8-ring system and isolated 8-ring both react 
with pyridine. As stated above, the ammonia desorption enthalpy of 
YNU-5 type zeolite was higher than those in 12-rings of FAU, MOR and 
*BEA, and higher or comparable to those on the 10-ring zeolites, i.e., 
MFI and MWW. From a view of ammonia desorption enthalpy, Brønsted 
acid sites on YFI showed the highest value among those accessible from 
12-ring to the best of our knowledge. 

Because the number of Brønsted acid sites in the series of YFI dis-
cussed here were approximately equal to the number of ion exchange 
sites based on chemical composition [Al]− [Na]− [K] (Fig. 2), the above 
nature of Brønsted acid sites is believed be due to the intrinsic property 
of YFI framework but not by exceptional phenomena due to impurity, 
extra-framework metal species nor defects. 

4.2. Positions of Brønsted acid sites 

Nakazawa et al. reported that at counter cations (mainly K+), at least 
a part of them, are located in the isolated 8-ring of as-synthesized YNU-5 
zeolite [39]. Consequently, after the conversion of zeolite in H-form, at 
least a part of generated protons is located in the isolated 8-ring. The 
latter suggestion is in line with the quantum chemical calculations 
showing that the Brønsted acid sites with ΔH > 140 kJ mol− 1 are located 
in the 8-rings (Fig. 11). In conclusion, it is reasonable to say that most of 
the Brønsted acid sites with high ammonia desorption enthalpy were 
located in the 8-rings before contact with pyridine. 

It is known that the protons hop on the four oxygen atoms bonded to 
Al (ion exchange site) [83–86] with the activation energy <40 kJ mol− 1 

[87], sufficiently low for the free movement at 343 K where the 
adsorption of pyridine was performed in the present study. It is probable 
that a part of the Brønsted acidic protons were originally located in the 
8-ring and moved to react with pyridine through the monoatomic 
thickness silicate wall between the isolated 8-ring and 2-dimensional 
12-ring system. 

It is known that the OH groups in 8- and 12-rings of MOR show the 
bands at ca. 3585 and 3615 cm− 1, respectively, and the former is not 
accessible by pyridine [20,80]. In contrast, a single band was observed 
due to the stretching vibration of acidic OH groups on YNU-5, although 
the acidic OH groups of YFI should be also distributed in 8- and 12-rings. 
The hopping of protons should delocalize their positions to show a single 
vibration band in the IR spectrum, and therefore the above explanation 
that the proton hopping contributed to the accessibility of bulky mole-
cule is supported. 

4.3. Dealumination behavior 

The experimental results pointed out that ΔH of the Brønsted acid 
sites on the YFI type zeolites were distributed in 110–170 kJ mol− 1 

range (Fig. 3). The quantum calculations estimate the total distribution 
of ΔH is in a range of 110–170 kJ mol− 1 (Table 2). Thus, the experiments 
agreed with the calculations form a view of ΔH. 

The quantum calculations furthermore derive the ΔH distributions in 
the isolated 8-ring, connected 8-ring and 12-ring mainly distribute in 
140–170, 130–140 and 110–130 kJ mol− 1, respectively (Fig. 11). In 
other words, the Brønsted acid sites in the 12-12-8-ring system (12-ring 
and connected 8-ring) should possess ΔH < 140 kJ mol− 1, whereas the 
sites in the isolated 8-ring should show ΔH > 140 kJ mol− 1. The ex-
periments indicated that the H-YNU-5 zeolite showed the ΔH distribu-
tion over 110–170 kJ mol− 1, while the stable deAl-YNU-5 had only the 
Brønsted acid sites with ΔH > 140 kJ mol− 1 (Fig. 3). In detail, because 
the Brønsted acid sites was largely decreased over a wide range of ΔH by 
the dealumination from the H-YNU-5 into stable deAl-YNU-5, it is 
considered that the dealumination proceeded in both 12-12-8-ring sys-
tem and isolated 8-ring. However, the resultant stable deAl-YNU-5 
showed negligible amount of the Brønsted acid sites with ΔH < 140 
kJ mol− 1, indicating that the remaining Brønsted acid sites were mainly 
located in the isolated 8-ring. This suggests that the dealumination 
preferentially occurred in the 12-12-8-ring system. The quantum cal-
culations show the difficulty of dealumination at T1, T4 and T5 positions 
in the YFI framework. The T1 and T4 are the positions inside the isolated 
8-ring with no oxygen atoms sharing with 12–12-8-ring system, and 
therefore, this supports that the Brønsted acid sites in the isolated 8-ring 
survived the dealumination, and the thermodynamic stability was the 
reason for preferential dealumination. 

Removal of Al from both 12-12-8-ring system and isolated 8-ring on 
the initial stage of dealumination can explain the previously observed 
behaviors of degradation and selectivity in dimethyl ether-to-olefin re-
action on the dealuminated YFI zeolite [39,41,42]. The high catalytic 
activity for the reaction of YNU-5 zeolite with high [Al] (corresponding 
to the H-YNU-5 in the present study) quickly dropped by heavy coke 
formed at mainly opened spaces such as external surface and 12-ring. 

Fig. 11. Calculated distribution of ammonia desorption enthalpy of Brønsted 
acid sites in 8- and 12-rings of YFI structure. The number of acid site models 
with ΔH in every 5 kJ mol− 1 region is counted from Table 2, and the sum of 
multiplicity is plotted against ΔH. 
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This type of degradation of catalyst was prevented by dealumination 
resulting in a moderate Si/Al ratio to reduce the active site concentra-
tion [39], in agreement with removal of Al from both 12-12-8-ring 
system and isolated 8-ring observed from the present H-YNU-5 into 
stable deAl-YNU-5. A different type of relatively slow catalyst deacti-
vation was observed, probably due to coke formation even in small 
spaces plugging the isolated ring. The slow deactivation was observed 
up to very high Si/Al ratio 160 [39]. This agrees with the present finding 
that the remaining Al was mainly in the isolated 8-ring on the stable 
deAl-YNU-5 sample with Si/Al > ca. 50. A stable activity was found at 
Si/Al = ca. 60 after the slow deactivation was saturated (probably due to 
the complete blocking of the isolated 8-ring) [39]. The stable activity is 
believed to be due to the reaction in the 12-12-8-ring system, because 
the product distribution was similar to that on *BEA zeolite (beta) with 
12–12-12-ring system but far from CHA (SSZ-13) with the 8-8-8-ring 
[42]. It is speculated that the hydrocarbons accessed from the 
12-12-8-ring system to the Brønsted acid sites remaining in the isolated 
8-ring; this agrees with the presently observed accessibility of a bulky 
molecule to the Brønsted acid sites which were estimated to be in the 
isolated 8-ring. 

On the other hand, the unstable deAl-YNU-5 zeolite showed a wide 
ΔH distribution over 110–170 kJ mol− 1, while the stable deAl-YNU-5 
with similar Si/Al ratio showed ΔH > 140 kJ mol− 1 and hence the po-
sition of Brønsted acid sites was the isolated 8-ring as above according to 
the thermodynamic stability. It is speculated that kinetics or mass 
transfer influenced on the extent of reaction at the lower temperature 
(353 K) adopted for dealumination of the unstable sample, whereas the 
equilibrium was achieved to reach the structure controlled by the 
thermodynamic stability at the higher temperature (reflux conditions in 
403 K oil bath) for the stable sample. For example, difficulty of the 
dealumination inside the particle (crystallite or secondary particle) of 
zeolite is speculated to result in the high extent of dealumination only in 
the external surface region at the lower temperature. 

5. Conclusion 

The acidic property of YNU-5 zeolite with a unique 12− 12− 8-ring 
system was studied. A combination of IR analysis using multiple probe 
molecules, ammonia IRMS-TPD techniques and molecular modeling was 
employed to evaluate the acid site strength, distribution, and accessi-
bility. No or negligible amount of Lewis acid sites was detected. The 
agreement was observed between the numbers of Brønsted acid sites and 
Al atoms, and therefore the following results are believed to show the 
nature of bridging Si(OH)Al group in the YFI framework. 

The IR band due to the stretching vibration of Brønsted acidic OH 
groups was almost completely diminished by the contact with pyridine 
vapor to form pyridinium cations. Further introduction of ammonia did 
not largely change the spectrum of OH stretching region, indicating that 
most of the Brønsted acid sites are accessible by pyridine. The ammonia 
desorption enthalpy was observed to distribute over a range of 100–170 
kJ mol− 1. Previous studies indicated the presence of counter cations in 
the isolated 8-ring of alkaline form of YNU-5 zeolite, and the DFT cal-
culations show that the Brønsted acidic protons with ammonia desorp-
tion enthalpy >140 kJ mol− 1 are mainly located in the isolated 8-ring. 
Pyridine molecule, which is larger than the 8-ring, is therefore specu-
lated to access to the Brønsted acid sites in the isolated 8-ring from the 
12-12-8-ring system side, probably through the hopping of proton 
beyond the thin silicate wall separating the 12-12-8-ring system and 
isolated 8-ring. 

The ammonia desorption enthalpy, which can be an index of acid 
strength or reactivity of the acid site with a basic reactant, was in the 
following order: FAU < MOR (12-ring) ≈ *BEA < MFI < MWW ≈ YFI <
MOR (8-ring); in the case of MOR, the Brønsted acid sites in 12- and 8- 
rings were individually analyzed because they showed different wave-
numbers in the IR spectrum. Thus, marked ammonia desorption 
enthalpy on the YFI zeolite compared to the other 12-ring zeolites was 

observed. 
The dealumination at a high temperature under the reflux conditions 

with nitric acid, which leads the stabilization through migration of Si to 
the silanol nest, resulted in the preferential removal of Brønsted acid 
sites from the 12-12-8-ring system. This explains well the previously 
reported catalytic properties of YNU-5 zeolite for dimethyl ether-to- 
olefin reaction. 
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