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Benzene akylation with 1-dodecene over H-mordenite zeolite

Bo Wang 2, Chul Wee Leg, Tian-Xi Cai @ and Sang-Eon Park *

Catalysis Center for Molecular Engineering, KRICT, Tagjon 305-600, Korea
E-mail: separk@pado.krict.re.kr
@school of Chemical Engineering, DUT, 116012 Dalian, PR China

Received 9 March 2001; accepted 21 June 2001

The akylation of benzene with 1-dodecene was studied over solid-acid zeolites, such as H-mordenite, H-USY, HY, and H-ZSM-5, in
a batch reactor at 140 °C and 10 atm. H-mordenite showed the highest selectivity of 78.2% for 2-phenyldodecane with 100% cornversion.
Depending on the catalyst amount (from 0.5 to 1.0 g) and the molar ratio of benzene to 1-dodecene (from 7 to 10), the conversion of
1-dodecene varied in the range from 63.8 to 100%. Furthermore, modification of H-mordenite by dealumination using nitric acid and by
solid ion exchange with Mg2+ and Fe3t ionsled to the improvement of the selectivity for 2-phenyldodecane, and simultaneously reduction
of the conversion of 1-dodecene is observed. In addition, it was found by pyridine adsorption FT-IR study that both strong Brensted and

Lewis acid sites are closely related to the conversion.
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1. Introduction

The akylation of benzene with higher n-alkenes, basi-
caly in the range of Cyg to Cs3, is performed industrially in
the manufactureof linear alkylbenzene (LAB), an intermedi-
ate used in the production of linear alkylbenzene sulphonate
(LAS). It is believed that the 2-phenyl isomer gives deter-
gent of better emulsibility and biodegradability. The com-
mercial process for LAB is based on alkylation of benzene
with olefins using anhydrous HF as catalyst. Due to the haz-
ardous nature of HF, efforts have been made to replace it
with environmentally safer catalysts. Other solid acid cata-
lysts reported for the alkylation of benzene with olefins in-
clude heteropolyacids [1], clays [2], ZSM-12 [3], HY [4],
and pillared clays[5]. Thealkylation of benzenewith olefins
goes through a carbonium ion mechanism. In the case of do-
decene, six carbonium ions are possible. On the basis of the
relative stabilities of the carbonium ions, one would expect
the isomer content to increase with the carbon number (to-
ward the center of the chain). Thisis found to be so in the
case of HF, in which thermodynamic equilibrium is proba
bly reached and six isomers are in the range from 16.7 to
25.3%. However, zeolitic materials, compared to other cata-
lystsin thisreaction, showed relatively higher selectivity for
the 2-phenyl isomer, ranging from 20 to 35%. Young [3] re-
ported alkylation of benzene with 1-dodecene over H-ZSM-
12 and H-mordenite dealuminated by HCI. The conversions
of 1-dodecene were 54 and 98%, respectively, with selec-
tivities for phenyldodecane of 63 and 82%, respectively, of
which the content of 2-phenyl isomer was 92% over H-ZSM-
12 and 85% over dealuminated H-mordenite [3]. Recently,
Wang et al. reported that the akylation of benzene with
1-dodecene over a commercial mordenite, which contained
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30% Al>0O3 as the binder, was studied in a fixed-bed reac-
tor at over 1.0 MPa, resulting that 95% conversion and 98%
selectivity to linear phenylalkanes was achieved [6]. Be-
sides, the mordenite exhibits very high selectivity for the
2-phenyl-substituted isomer, of 60% in the products. In ad-
dition, Anantaneni et al. patented a process of alkylation
of benzene to form linear alkylbenzenes with selectivity for
the 2-phenyl isomer in the range of 60.4-83.5% at different
conversions using fluorine-containing mordenites [7-9]. It
was believed that HF treatment induces reduction of the to-
tal Bronsted acid sites and increment of the strength of the
remaining acid sites in the mordenite, which retarded coke
build-up during LAB production.

In this study, much work was attempted for the prepara-
tion of 2-phenyldodecane with high selectivity in benzene
akylation with 1-dodecene over H-mordenite zeolite in a
batch type reaction. In order to increase the selectivity for
the 2-phenyl isomer, modification of H-mordenite was per-
formed by dealumination using nitric acid and by solid ion
exchange with Mg?" and Fe3*t cations. Furthermore, it was
evidenced by FT-IR that both strong Bransted and Lewis
acid sites are responsible for this reaction.

2. Experimental

Zeolite H-mordenite (Zeolyst, SIO2/Al,03 = 35), H-Y
(Zeolyst, SIO2/AlI203 = 4.8), H-ZSM-5 (Zeolyst, SiOy/
Al>03 = 80) and H-USY (Zeolyst, SiO2/Al203 = 80) were
used in this work. Mg-H-mordenite and Fe-H-mordenite
were prepared by a solid-state ion exchange method accord-
ing to [10,11]. 3 g H-mordenite was mixed with a desired
amount of magnesium or ferric nitrate, respectively, and
ground homogeneously, then calcined at 500°C in a stream
of dry inert gasfor 5 h.
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Dealumination of H-mordenite is carried out based
on [12]: 3 g H-mordenite was added into 250 ml 2 and
4 N HNOj3 solution and refluxed for 7 h, then filtered,
washed with 10% HNO3 and water, dried and calcined at
500°C for 5 h. These dealuminated sampleswere denoted as
H-mordenite (2 N) and H-mordenite (4 N) for H-mordenite
treated with 2 N HNO3z and 4 N HNOg, respectively.

For the FT-IR study, a 12 mg sample was pressed into
a self-supported wafer. This wafer was mounted in an in-
frared vacuum cell with calcium fluoride windows and de-
gassed at 450°C for 2 h. 1.5 Torr of pyridine vapor was
introduced into the cell at room temperature. The cell was
elevated to 200°C and kept for 2 h. In order to investigate
the acid strength, desorption of pyridine was performed by
evacuation at 200 and 400°C, respectively. The IR peak
intensities were normalized with the 1882 cm~1 band as-
signed to the Si—O overtone of the zeolite framework [13].
The FT-IR spectra were recorded at room temperature, us-
ing a Nicolet Magna-IR 560 spectrometer over the range of
1000-4000 cm~* with 2 cm~? resolution.

The akylation reaction was carried out in a batch reac-
tor with a total volume of 150 ml at 140°C. The reaction
pressure was set at 10 atm by charging with N, to keep
the reactants and products in the liquid phase. The typi-
cal composition of reaction mixture is benzene: n-decane:
1-dodecene (molar ratio) of 8.7:10.0: 1, which is very sim-
ilar to the commercial mixture used in the majority of in-
dustrial processesfor the manufacture of LAB. Before reac-
tion, the catalyst was activated at 500 °C for 3 h under flow
N2, cooled down in adry box to 150 °C, then added into the
reacting mixture. The products were analyzed by GC (HP
5890 series I1) using FID furnished with a SE-30 30 m cap-
illary column.

3. Resultsand discussion

Theresults of the alkylation of benzene with 1-dodecene
over various catalysts, along with those over H-mordenite
as a function of catalyst loading are presented in table 1.
H-ZSM-5 showsno catalytic activity in thisreaction. Among
five different positional phenyldodecane isomers, as for the
reaction product, isomer content decreases with the carbon
number (toward the center of the chain) and a little higher
selectivities for the 2-phenyl isomer of 30.7 and 25.5% are
observed over H-Y and H-USY, respectively. However, only
two different positional phenyldodecaneisomers are formed
over H-mordenite with the selectivity for 2-phenyl isomer
up to 85%. Intable 1, theisomer distribution in the dodecyl-
benzene fraction of a commercia sample of LAB manufac-
tured using anhydrous HF asthe catalyst is also included for
comparison. It is observed that in contrast to H-Y, H-USY
and H-mordenite, the isomer content increases with the car-
bon number (toward the center of the chain) with selectiv-
ities from 16.7% for the 2-phenyl isomer to 25.3% for the
6-phenyl isomer. It is also presented in table 1 that with in-
crement of catalyst loading from 0.5to 1.0 g, the conversion
for 1-dodecene over H-mordenite goes up gradually from
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Tablel
Benzene akylation with 1-dodecene over various catalysts and asafunction
of the weight of catalyst.2
Catalyst, weight Conversion®  Selectivi ty for positional isomers of
(%) phenyldodecanes

2-Ph 3-Ph 4-Ph 5Ph 6Ph
HF® 100 16.7 164 175 241 25.3
H-ZSM-5,0.5¢g 0 - - - - -
H-USY, 0.5¢ 100 255 203 165 188 18.7
H-Y,0.5¢g 76.0 307 216 168 160 148
HF-treated mordenite” 99.7 799 16.6 0.8 13 13
H-mordenite, 0.5 g 63.8 850 15.0 - - -
H-mordenite, 0.6 g 81.0 847 153 - - -
H-mordenite, 0.7 g 882 832 168 - - -
H-mordenite, 0.8 g 985 795 174 15 16 -
H-mordenite, 1.0g 100 782 180 19 19 -

@Reaction conditions: 140°C, 10 atm, 3 h, benzene : n-decane : 1-dodecene
(molar ratio) = 8.7:10.0: 1.

b Conversion is calculated based on 1-dodecene. See [7].

€ Cq, —akyl benzene fraction from commercial LAB: liquid phase reaction,
WHSV indeterminate.

dBenzene : 1-dodecene (molar ratio) = 28, from [§].

63.8 to 100%, whereas the selectivity for 2-phenyldodecane
decreases a little from 85.0 to 78.2%.

The absence of conversion over H-ZSM-5 indicates that
its channel structure (0.53 x 0.56 nm and 0.51 x 0.55 nm)
doesnot provide enough space for the formation of the bulky
intermediate which would result from the electrophilic at-
tack of the benzene ring with a secondary dodecylcarbe-
niumion. de Almeidaet al. observed the same phenomenon
when they applied H-ZSM-5 and H-ZSM-12 to this reac-
tion [14]. H-ZSM-5 and H-ZSM-12 did not promote alkyla-
tion at 100°C. At 180°C, they exhibited avery low activity.
H-ZSM-5 gaverise to 2-, 3-, 4-, 5- and 6-phenyldodecane,
but only 2-phenyldodecane was formed over H-ZSM-12.
The low performance of these catalysts occurred despite the
presence of acid siteswith number and strength at least com-
parable with a dealuminated H-Y zeolite, as was charac-
terized by NH3-TPD. The H-Y zeolite, however, exhibited
a higher activity, even at 100°C. It was suggested that the
very low activity of H-ZSM-5 was due to its small pore size
(0.53 x 0.56 nm and 0.51 x 0.55 nm). The channel sys
tem did not provide enough space for the formation of the
bulky transition state and the alkylation was hindered. The
low conversion observed was attributed to the reaction on
the external surface of the zeolite crystals and this al'so ex-
plained why all possible isomers were found. In the case of
H-ZSM-12, the alkylation reaction appeared to be not over
the external surface of the particle but in the H-ZSM-12 pore
system with non-connecting unidimensional pores of cross
sections of dimension of 0.57 x 0.62 nm due to the absence
of 3-, 4-, 5- and 6-phenyldodecane. It was suggested that
product or transition state intermediate selectivity prevailed
over H-ZSM-12, resulting in only the 2-phenyldodecane, the
least bulky isomer.

In comparison with H-ZSM-5, the pore openings of H-
mordenite, H-Y and H-USY are much bigger. It is known
that H-mordenite has only unidirectional pores (0.67 x
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0.70 nm), while the H-Y and H-USY have large cavities
(1.3 nm diameter) along with 3D pore systems (0.73 nm and
0.76 x 0.73 nm, respectively). With the same catalyst |oad-
ing of 0.5 g, the conversions of 1-dodecene over H-USY,
H-Y, and H-mordenite are 100, 76.0, and 63.8%, respec-
tively, whichis proportional to the pore aperture. So the pore
aperture of azeoliteis an important factor in controlling the
catalytic activity. It isbelieved that compared to H-USY, the
relatively smaller pore size of H-mordenite restricts the dif-
fusion of reactants and products, as well as the formation of
a bulky transition state, which leads to decrease of the con-
version.

Thealkylation of benzenewith olefins goesthrough acar-
bonium ion mechanism. In the case of dodecene, six car-
bonium ions are possible. The relative stabilities of carbo-
nium ions increase as the C-number increases, for example,
the least stable being the primary ion (1-position). In fact,
due to its very low stability, the 1-phenyl isomer is not de-
tected in the product. On the basis of the relative stabilities
of the other carbonium ions (all secondary), it is expected
that the isomer content will increase with the carbon number
(toward the center of the chain). Thisisfoundto besoin the
case of HF, in which thermodynamic equilibrium is prob-
ably reached. However, in the cases of H-Y, H-USY, and
H-mordenite, the content of 2-phenyl isomer is greater, sug-
gesting the non-attainment of thermodynamic equlibrium. It
is pronounced in the case of H-mordenite with selectivity
for the 2-phenyl isomer of up to 85.0%, due to its relatively
smaller pore openings, while H-mordenite behaves so shape
selective that the 4-, 5-, and 6-phenyl isomers are not formed
at al. With increment of the catalyst loading from 0.5 to
1.0 g, the opportunity for reaction of reactants over external
surface acid sitesisincreased, so selectivity for the 2-phenyl
isomer decreases a little from 85.0 to 78.2%. At the same
time, 4- and 5-phenyl isomers are also detected. However,
theconversionfor 1-dodeceneover H-mordeniteisimproved
clearly from 63.8 to 100% when the catalyst is loaded from
0.5 to 1.0 g, respectively. It is deserved to point out that
even at 100% conversion, selectivity for 2-phenyl isomer is
78.2%, much higher than that over H-USY of 25.5% due to
their different structural characteristics. High selectivity for
the 2-phenyl isomer and high conversion over H-mordenite
make it applicable to selective production of the 2-phenyl
isomer, the most desirable product in detergency sector.

On the other hand, it is observed that with the increase of
benzeneto 1-dodeceneratiosfrom 7:1to 10: 1, the conver-
sion increases from 56.2 to 98.0%. Meanwhile, the selec-
tivity for the 2-phenyl isomer decreases from 88.0 to 83.3%.
As this reversible reaction reaches equilibrium state, the in-
crease of the amount of benzene leadsto the increase of con-
version for 1-dodecene. At the same time, the isomerization
of 2-phenyl isomer to 3-phenyl isomer resultsin alittle de-
crease of its selectivity.

In order to understand the relationship between acidic
properties and catalytic activities and to improve the selec-
tivity for the 2-phenyl isomer, H-mordenite is modified by
Mg?t and Fe3t ion exchange. As seen in table 2, Mg?*
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Table 2
Benzene akylation with 1-dodecene over dealuminated H-mordenite and
Mg?* - and Fe3*-ion-exchanged H-mordenite.2

Catalyst Conversion® Selectivity for positional isomers of
(%) phenyldodecanes (%)
2-Ph  3-Ph  4-Ph 5Ph 6-Ph

H-mordenite 63.8 85.0 150 - - -
Mg—H-mordenite 4.0 100 - - - -
(1 wt% Mg)

Fe-H-mordenite 21.4 90.3 9.7 - - -
(1 wt% Fe)

H-mordenite (2 N)° 57.3 86.1 139 - - -
H-mordenite (4 N)© 22.7 89.4 107 - - -

@Reaction conditions: 140°C, 10 atm, 3 h, benzene : n-decane : 1-dodecene
(molar ratio) = 8.7:10.0: 1.

b Conversion is calculated based on 1-dodecene.

€ H-mordenite (2 N) and H-mordenite (4 N) represent that H-mordenite is
dealuminated by 2 and 4 N HNOs.

and Fe3* ion exchange leads to a decrease of conversion
from 63.8 to 4.0 and 21.4%, respectively, but they favor
formation of 2-phenyldodecane, with selectivity of 100 and
90.3%, respectively. It is expected that Mg+ and Fe3t+
ion exchange reduces acid strength and decreases its num-
ber as well, which leads to the decrease of conversion and
lowers the opportunity for 2-phenyldodecane to isomerize
to other isomers. The clogging effect of MgO and Fe>Os,
which seem to be formed during solid-state ion exchange
at high temperature, in the zeolite channel is also proba-
bly attributed to the increase of selectivity for less bulky
2-phenyldodecane.

Comparedto H-Y and H-USY, therelatively smaller pore
openings of H-mordenite restrict the formation of bulky in-
termediate and limit its catalytic activity in benzene akyla-
tion with 1-dodecene. So H-mordenite was dealuminated by
HNO3 to widen the poresin order to increase the conversion
of 1-dodecene [12]. As we could see in table 2, after de-
alumination by 2 and 4 N HNOg, the conversions over these
two dealuminated H-mordenite zeolites decrease to 57.3 and
22.7%, respectively. Micropore analysis shows that the
pores of dealuminated H-mordenite (2 N) and H-mordenite
(4 N) increase a little from H-mordenite’'s 0.65 to 0.67 and
0.68 nm, respectively. Also it is characterized by XRD that
the crystallinities of the samples before and after dealumina-
tion by 2 and 4 N HNOg, respectively, have no apparent dif-
ference. So, itisinterpretedthat it isthe removal of acid sites
by dealumination with HNO3 which causes the decrease of
conversion.

FT-IR spectra of four different samples (H-mordenite,
Fe—H-mordenite, Mg—H-mordenite and H-mordenite (4 N))
in the range of the hydroxyl group are shown in figure 1(A).
The spectrum of H-mordenite contains two main bands at
3610 and 3745 cm~2. The band at 3610 cm~? is associated
with the acidic OH group (-Si—-OH-Al-) and the 3745 cm—1
band with the terminal, non-acidic OH group bound to the
silicon framework [12]. In the cases of Fe-H-mordenite and
H-mordenite (4 N), the intensity of the band at 3610 cm™1
is reduced and new bands at 3665 cm~1 in both cases and
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Figure 1. (A) FT-IR spectra of the hydroxy! vibration region for (a) H-mordenite, (b) Fe-H-mordenite, (c) Mg—H-mordenite, and (d) H-mordenite (4 N).
(B) FT-IR spectra of pyridine adsorbed (a) H-mordenite, (b) Fe-H-mordenite, (c) Mg—H-mordenite, and (d) H-mordenite (4 N).

3701 cm~1 only in the case of H-mordenite (4 N), assigned
to hydroxyls linked to aluminum atoms dislodged from the
framework, are also detected. It is exhibited in figure 1(A)
that after Mg?* ion exchange, the band at 3610 cm~1 to-
tally disappears and the band at 3665 cm~1, assigned to hy-
droxylslinked to @ uminum atoms dislodged from the frame-
work, appears. It is reported that OH vibration at 3610 cm™1
represents strong acid sites and the intensity of this band is
proportional to strong acid site[2]. When H-mordeniteisex-
changed by Mg?t and Fe** ions, or dealuminated by HNO3,
this band disappears, or theintensity of thisband is reduced,
respectively, which indicates the above modification meth-
ods cause the loss of strong acid sites. However, the above
modification methods do not influence the non-acidic OH
band at 3745 cm~1 apparently.

Generally, the acidity of a catalyst influences product dis-
tribution as well as catalytic activity. Using pyridine as
a probe molecule, we can discriminate between Brgnsted
and Lewis acid sites and calculate the number of each acid
center. Figure 1(B) shows the FT-IR spectra of pyridine
adsorbed H-mordenite, Mg?t and Fe3* ion exchanged H-
mordenite and dealuminated H-mordenite (4 N), respec-
tively. For pyridine adsorbed samples, the acidic OH bands
disappear; however, the non-acidic OH bands retain the

same intensity. In the region 1400-1600 cm—! three sharp
bands due to C—C stretching vibrations of pyridine are ob-
served. The band at 1490 cm~1 is due to the pyridine ad-
sorbed on both Brgnsted and Lewis acid sites. The IR bands
at 1545 and 1455 cm~1 assigned to pyridiniumions and co-
ordinatively bound pyridine, respectively, were used to cal-
culatetherelative bulk concentrationsof Bransted and Lewis
acid sites, based on the integrated absorbances [15]. The
Mg?t ion in the zeolite shows a characteristic infrared band
at 1446 cm~1 after pyridine adsorption. And also, in order
to investigate the acid strength, desorption of pyridine was
performed by evacuation at 200 and 400°C. It is assumed
that the stability of pyridine complexesin zeolitesis consis-
tent with the order of the strength of acid sites [16]. So it
is designated that acid centers evacuated at 200 and 400°C
represent weak and strong acid sites, respectively. The rel-
ative concentration of each type of acid site determined by
pyridine adsorption/desorption FT-IR iscalculated in table 3,
based on the relative concentration of the sum of Bregnsted
and Lewis acid sites of H-mordenite, which is adopted as
the standard and normalized to 100.

As regards the active sites in akylation of aromatics
or substituted aromatics with olefins, either Bransted acid
sites/Lewis acid sites or a combination of them are believed
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Table 3
Relationship between the conversion and the relative concentration® of
Bransted and Lewis acid sites for pyridine adsorbed catalysts in terms of
the evacuation temperature.

Catalyst Conversion  Weak, 200°CP  Strong, 400°CP
(%) B L B+L B L B+L

H-mordenite 63.8 72 32 104 73 27 100

Mg—H-mordenite 4.0 2 3 25 3 3 6

(1 wto% Mg)

Fe-H-mordenite 214 46 28 74 3 46 49

(1 wt%% Fe)

H-mordenite (4 N) 22.7 105 22 127 31 6 37

@The numbers are the relative values normalized by strong B + L of
H-mordenite as 100. (B = Bransted acid sites, L = Lewis acid sites.)
b Evacuation temperature.

as active sites [17,18]. As shown in table 3, the conver-
sions over H-mordenite and H-mordenite (4 N) are 63.8 and
22.7%, respectively. However, the number of weak Bransted
acid sites of H-mordenite (4 N) is 105, higher than 72 of
H-mordenite, and this is in contradiction with the conver-
sion. Asregardsthe Lewis acid sites, the numbers of weak
Lewis acid sites in H-mordenite, Fe-H-mordenite and H-
mordenite (4 N) are 32, 28 and 22, respectively. The dif-
ference among them does not correlate well with the differ-
ence of conversion over these catalysts of 63.8, 21.4, and
22.7%, respectively. As it is the same case, in regard of
strong Bransted or Lewis acid sites, separately, the contra-
diction between number of acid centers and conversion is
apparent. However, if both strong Bransted and Lewis acid
sites are assumed as active sites, the sum of the numbers
of these two kinds of acid centers exhibits a most similar
trend with the conversion. So, it can be suggested that both
strong Bransted and Lewis acid sites are favorable for this
reaction. For H-mordenite with SiO,/Al»,03 of 35, the con-
centration of aluminum ions as potential acid sites is the-
oretically estimated about 83 x 10~ mol/g. By assuming
charge balance between AlO;, Fe** and Mg?*, one Fe**
ion should substitute three protons and one Mgt ion sub-
stitute two protons during the solid state ion exchange. The
degrees of exchange by Mg?+ and Fe3t are about 100 and
66%, respectively. Certainly, the solid-state reaction can-
not proceed completely. But Mg?* ion exchange results in
much decrease of acid sites of parent zeolites and this leads
to drastic decrease of conversion. Furthermore, the two main
reasons attributed for the differencesin product distributions
in benzene alkylation with 1-dodecene are: (1) the existence
of two equilibration steps, one for the olefin (1-dodecene)
and another for the phenyldodecanes, and (2) the differ-
ences in the rates of the two reactions (olefin isomerization
and alkylbenzene isomerization) [19]. Much loss of strong
acid sites in Mg—H-mordenite reduces the opportunity for
1-dodecene isomerization and phenyldodecane isomeriza-
tion, which leads to the higher selectivity for the 2-phenyl
isomer. It is also observed that Fe3t ion exchange induces
the formation of many strong Lewis acid sites, which could
overcome its loss of strong Bransted acid sites to some ex-
tent.
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4. Conclusions

Benzene alkylation with 1-dodecene was carried out
over H-ZSM-5, H-USY, H-Y, H-mordenite, and modified
H-mordenite zeolites. The conclusions are as follows:

(1) Itisobserved that the conversion of 1-dodeceneis pro-
portional to the pore apertures of the zeolites, which ev-
idences that pore size of zeolite is an important factor
in controlling activity. Furthermore, among all the cata-
lysts applied in this study, H-mordenite shows the high-
est selectivity for 2-phenyldodecane, of over 78.2%, ow-
ing to its medium pore size and one-dimensional pore
opening system. Meanwhile, the conversion over H-
mordenite could be enhanced by increasing the catalyst
amount and the molar ratio of benzeneto 1-dodecene.

(2) It is characterized by FT-IR that both strong Brensted
and Lewis acid sites are favorable for this reaction.
Mg?* ion exchange results in much decrease of strong
acid sites of parent zeolites, and this leads to drastic
decrease of conversion and higher selectivity for the
2-phenyl isomer. However, it is observed that Fe3* ion
exchange induces the formation of some strong Lewis
acid sites, which could overcome its loss of strong
Brensted acid sites to some extent. Dealumination with
nitric acid has no apparent influence on the aperture
of H-mordenite, but decreases the number of strong
Bransted and Lewis acid sites, which leads to decrease
of conversion.
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