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The dealumination of HZSM-12 zeolite (Si/Al = 65) was carried out with citric acid and hydrochloric acid.
The structure and acidity were characterized by XRD, XRF, SEM, N,-adsorption, NH3-TPD, Py-IR and 2°Si
MAS NMR. The zeolites’ catalytic properties were studied using the methylation of naphthalene to pre-
pare 2,6-dimethylnaphthalene as a test reaction. The results show that the two kinds of acid can remove
the framework Al of and decrease the amount of Brgnsted acid sites, while not destroying the frame-
work structure of the zeolite under the proper conditions. Hydrochloric acid removed both the strong
and weak acid sites simultaneously, resulting in improved catalytic stability in the methylation of naph-
thalene (NAPH). In contrast, the citric acid preferred to remove the strongly acid sites and also formed
secondary mesopores in the sample, resulting in improved reaction performance. Under the proper reac-
tion conditions including: a reaction temperature of 350 °C, a reaction pressure of 4 MPa, a nitrogen flow
rate of 10 mL/min, NAPH:CH30H:1,2,4-TMB 1:2:8 (mol), and WSHV =3 h~! with a reaction time of 4h,
the conversion of naphthalene was 30.5% and the ratio of 2,6-/2,7-DMN was 1.83 over dealuminated
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1. Introduction

2,6-Dimethylnaphthalene (2,6-DMN) is an important precursor
of 2,6-naphthalene dicarboxylic acid, which is used as a monomer
of polyethylene naphthalates (PEN) [1]. Compared with poly-
trimethylene terephthalate (PET), PEN has excellent properties
as a gas barrier, as well as thermal and chemical stability, and
mechanical properties leading to its wide application in elec-
tronics components, insulation material, food containers, aviation,
and atomic energy materials. The multistep B.P-Amoco process,
which involves four successive reactions starting from o-xylene
and butadiene, has already been commercialized. However, it has
the disadvantages of being environmentally unfriendly, a difficult
process to execute and expensive, which greatly limits its applica-
tion in industry. The process to prepare 2,6-DMN by alkylation of
naphthalene with methanol is the most reasonable route for new
technology. However, finding a high-yielding single-pot, selective
method for preparing 2,6-DMN still remains an elusive goal because
the products of methylation of naphthalene are very complicated,
e.g., dimethylnaphthalene has 10 different isomers, and the dif-
ference in the boiling points of the isomers is extremely small:
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there is only a difference of 0.3°C between the boiling points of
2,6-DMN and 2,7-DMN. Therefore, developing a highly selective
catalyst is the key to realizing improved efficiency in the 2,6-DMN
industry.

Zeolites are environmental friendly catalysts with designable
porous structures and surface acidity that allows for improved
selectivity for the desired products. The ZSM-12 zeolite is a one-
dimensional pore zeolite with pore openings of 0.57 nm x 0.61 nm,
which are between the pore size of large-pore and medium-
pore zeolites, making it an interesting material for isomerization,
alkylation, and the reforming of paraffins [2,3]. In the alkyla-
tion of naphthalene for the preparation of 2,6-DMN, 2,7-DMN has
higher-energy diffusion barriers than 2,6-DMN in the ZSM-12 zeo-
lite (102.6kJ/mol and 10.9 kJ/mol, respectively) [4]. In addition,
ZSM-12 showed excellent resistance to deactivation by carbona-
ceous deposits due to its one-dimensional pore. ZSM-12 has been
predicted to be the most promising candidate for the selective alky-
lation of naphthalene to 2,6-DMN [5].

Acid dealumination is an important method to improve the cat-
alytic properties of zeolites through the modification of the pore
structure and surface acid properties, and leads to high hydrother-
mal stability [6-9]. In this work, the dealumination of HZSM-12
(Si/Al=67) was carried out with citric acid and hydrochloric acid.
A systematic investigation was carried out on the effects of cit-
ric acid and hydrochloric acid treatments on ZSM-12, including its
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structure, acidic properties and catalytic behavior in the 2,6-DMN
synthesis.

2. Experimental
2.1. Preparation of samples

The zeolite ZSM-12 was crystallized for 120 h using hydrother-
mal method at a temperature of 433K in the autoclave with
polytetrafluoroethylene inside linings, silica sol as silica source,
sodium aluminate as aluminum source and tetraethylammo-
nium bromide as template. In typical preparation, the ZSM-12
was synthesized from a reaction mixture having the composi-
tion 3.25Na,0:0.77A1,05:100Si0;,:12.5TEABr:1300H, 0. When the
autoclave is cooled and the solid is separated from the mother
liquor. The as-synthesized ZSM-12 was ion-exchanged by 0.5 M
NH4NO3 solution at room temperature for 3h and then washed
with demineralized water until the washing water has a pH of 7.
This was followed by drying at 120 °C overnight. The above process
was repeated three times. The NH4-form zeolite thus obtained was
calcined at 550°C for 3 h in air to obtain HZSM-12 (these samples
are labeled as PZ).

Dealumination was processed by acid leaching of 5g of the
PZ mixed with 50mL of solution of critic acid or hydrochlo-
ric acid at reflux temperature. The samples treated by 1 mol/L,
6 mol/L, 10 mol/L hydrochloric acid for 6 h denoted HCIZ1, HCIZ2
and HCIZ3, respectively. The samples dealuminated by 2 mol/L
critic acid for 6h, 18 h and 24h labeled CAZ1, CAZ2 and CAZ3,
respectively. The obtained zeolite samples were washed with
water, dried at 120°C for 12h and then calcined at 520°C for
4h.

2.2. Characterization

X-ray powder diffraction (XRD) patterns of the modified
and unmodified zeolite samples were recoded on a D/MAX-3B
powder diffractometer range of 3-50° at a scanning speed of
2°/min and step size of 0.02°. The bulk composition of the sam-
ples was performed by SRS-3400 XRF (Bruker Co., Germany).
Physical-absorption of nitrogen was studied using Quantachrome
AUTOSORB-1-MP Automated Gas Sorption System. Prior to mea-
surement the samples were outgassed at 300°C for 24 h. Specific
surface areas were determined using the BET equation and values
of the micropore surface area, micropore volume were estimated
by applying the t-plot method. Total pore volume was deter-
mined at about 0.99 relative pressure. To observe the crystal
modification of the treated zeolite, scanning electron microscopy
was carried out (D/max-IIIB). Pyridine- adsorbed Fourier trans-
form Infrared (Py-FTIR) spectrum experiments conducted on a
VECTOR22 FTIR instrument (Bruker Co., Germany) with a resolu-
tion of 4cm~!. A wafer was prepared from 30 mg of catalyst and
preheated at 350°C in vacuum, and then cooled to room tem-
perature, followed by pyridine adsorption. Physisorbed pyridine
was removed by degassing for 1h at 150°C in vacuum and then
the FTIR were carried out at room temperature. The quantities
of Breonsted acid sites and Lewis acid sites were then measured
in the range of 1750-1350cm~!. NH3 temperature-programmed
desorption (NH3-TPD) was performed on a conventional set-up
equipped with a thermal conductivity detector (TCD). The cata-
lyst charge was 0.2 g with particle size of 20-40 mesh. The sample
was first treated in the flow of helium at 550°C for 1h, and then
cooled down to 120°C. The adsorption of NH; was performed
with the flow of He at 120°C. The desorption was conducted
between 120 °C and 800 °C at a heating rate of 12 °C/min. 29Si MAS
NMR spectra were recorded on a Infinity plus 300WB (Varian Co.,
American).

2.3. Catalytic reaction

All experiments were carried out in a high-pressure fixed-
bed down-flow microreactor with an inner diameter of 10 mm.
The reactants mixture of naphthalene, 1,2,4-trimethylbenzene,
methanol were injected by a high-pressure pump into the tubu-
lar stainless-steel reactor, the middle stage of which was charged
with 2.0¢g of catalyst in the form of granules (20-40 mesh). The
catalyst was initially pretreated in situ in N, flow 500°C for 1h
before reactants were injected into the reactor. The typical reaction
conditions were as follows: 350°C reaction temperature; 4.0 MPa
reaction pressure; 3h~! weight hourly space velocity (WHSV,
total liquid feed); 1:2:8 molar ratio of naphthalene, methanol,
1,2,4-trimehtylbenzene in liquid feed. To keep the system at
steady high-pressure, 10 mL/min N, stream was introduced con-
currently with the reaction feed into the reactor at the reactor
head. Under these reaction conditions, the reaction could take
place in the liquid phase. The catalytic reaction products con-
taining mixture of 2,6-DMN were analyzed by GC on a Angilent
6890N instrument, with a SHINWA Industry WCOT PLC capil-
lary column (50.0 m x 250 m x 0.25 wm). The conditions of typical
sample analysis were as follows: the temperature program used
was a ramp beginning at 130°C for 2 min, going to 151°C at
2.5°C/min and making an isotherm for 40 min. Nitrogen was used
as the carrier gas. Injection and FID detector temperatures 250 °C.

The conversion and 2,6-/2,7-DMN were calculated as follows.
NAPH Conv.= (MNAPHO — MNAPH)/MNAPHO X ]OO%, where NAPH
Conv. is conversion of naphthalene, Myapho is the molar per-
centage of naphthalene before reaction, and Mpnpy is the molar
percentage of naphthalene after reaction. 2,6-/2,7-DMN stands for
the molar ratio of 2,6-DMN to 2,7-DMN.

3. Results and discussion
3.1. Relative crystallinity and bulk composition

The XRD patterns of the samples are shown in Fig. 1. The bulk
composition and relative crystallinity of the samples are shown in
Table 1.

As shown in Fig. 1, the samples are highly crystalline after citric
and hydrochloric acid leaching, as indicated by the strong intensity
of the characteristic peaks that occurred at 26 values of 7.4°, 8.8°,
20.8°,and 23.1°, which are exclusively attributed to the structure of
MTW type material [10]. This suggests the different dealumination
methods used did not obviously degrade the crystalline structure
of the HZSM-12 zeolites.

Table 1 clearly shows that the relative crystallinity of the HZSM-
12 zeolite decreases as the concentration of the hydrochloric acid
increases because of the formation of amorphous phases during
dealumination. It also shows the Si/Al ratios increase to 76 and

Table 1
Compositional and structural characteristics of the parent and HZSM-12 zeolites
treated with acids.

Samples Treatment method Si/Al (atom ratio)? Relative
crystallinity (%)°
PZ Parent 67 100
HCIZ1 1mol/LHCIL, 6h 76 90
HCIZ2 6moL/LHCl, 6h 98 83
HCIZ3 10mol/LHCl, 6h 90 77
CAZ1 2mol/LCA,6h 67 94
CAZ2 2mol/LCA, 18h 78 82
CAZ3 2mol/LCA, 24h 88 72

@ Calculated from X-ray fluorescence spectroscopy (XRF) data.

b Obtained by comparing the X-ray diffraction (XRD) peak (260 =18.6°, 20.64°and
22.88°) intensities of the modified samples with that of the parent ZSM-12 zeolite
that considered to be 100% crystallinity.
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Fig. 1. XRD patterns of the parent and HZSM-12 zeolite samples treated with CA (a) and HCI (b).

98, both of which are easily reached using 1 mol/L and 6 mol/L
hydrochloric acid, respectively, but ultimately the Si/Al ratio is
about 90 using a 10 mol/L solution. The abnormal behavior of Si/Al
ratio can be explained by the simultaneous dissolution of silica
units from the framework owing to the high acidity of the solution
that is at a pH of —1 in the case of 10 mol/L hydrochloric acid solu-
tion, and the degree of desilication is higher than dealumination
when the highly concentrated hydrochloric acid solution is used.
In previous works, Giudici et al. also showed that the hydrolysis
of the silicon bonds occurred in the case of 6 mol/L nitric acid (pH
-0.8)[11,12].

Itis also shown that the relative crystallinity of HZSM-12 zeolite
gradually decreases from 100% of the sample PZ to 94%, 82%, 72% of
CAZ1,CAZ2,CAZ3, respectively, with the increase of dealumination
time. For CAZ1, the relative crystallinity decreases to 94%, but no
evident changes are found in the Si/Al ratios. This is because the
removal of the framework aluminum results in a lattice defect in
the framework of the zeolite, but the extra-framework aluminum
formed did not diffuse off from the channels. With the prolonging
of the dealumination time, the extra-framework aluminum diffuses
off from channels gradually, leading to an increase in the Si/Al ratio.

SEM images of CAZ3 and HCIZ3 in Fig. 2 show that the outer
surface of the CAZ3 is essentially unchanged compared with PZ
(not shown here). However, the outer surface of HCIZ3 is strongly
corroded and partially cracked, split in one direction, owing to the
severe dealumination accompanied by desilication.

3.2. Nitrogen adsorption

For the samples PZ, HCIZ3 and CAZ3, nitrogen adsorption-
desorption isotherms at liquid-nitrogen temperature are presented

1000nm

in Fig. 3. The isotherm of the untreated ZSM-12 sample is type  with
a steep uptake below P/Py=0.02, indicating micropore filling and
limited N, uptake at higher relative pressures. The nitrogen adsorp-
tion isotherms still contain an insignificant hysteresis loop from
P[Py =0.45 to about 0.9, which suggests secondary particle piled
pores of ZSM-12 grain or local defects formed in the crystalliza-
tion process. The adsorption-desorption isotherms of the sample
PZ was in accord with that reported in the literature [13]. The hys-
teresis loops of the samples HCIZ3 and CAZ3 are wider than that
of PZ. When taken together, the increase of the Si/Al ratio and the
reduction in the relative crystallinity after acid treatment wider
hysteresis loop attributed to a compound-type of type I and IV
isotherms [14], which indicates the formation of a secondary pore
[15], which is probably related to the removal of the aluminum
atoms in the structural defects in the framework of the zeolite.
Textural properties of untreated and acid-treated ZSM-12 sam-
ples are shown in Table 2. For HCIZ1 and HCIZ2, the micropore
volumes slightly increase from 0.100 m3/g of PZ to 0.102 m3/g and
to 0.101 m3/g, when the Si/Al ratio increases from 67 to 76 and
to 98, respectively. This phenomenon shows that treatment with
low concentrations of hydrochloric acid can remove the aluminum
oxide species that block the micropores without the destruction of
the ZSM-12 framework. However, when Si/Al ratio increase to 90
for HCIZ3, the micropore surface areas and the micropore volumes
markedly decrease owing to the partial collapse of the structure
(relative crystallinity is 77%) and to the extra-framework aluminum
formed. In contrast to these results, the micropore volumes and
micropore areas of all samples of the citric acid-treated HZSM-12
are larger than PZ because the coordination compound of citric acid
and alumina, including framework alumina and extra-framework
alumina, could escape from the channels [16], thus the channels are

1000nm

Fig. 2. SEM micrographs of the dealuminated HZSM-12 zeolite samples CAZ3 (a) and HCIZ3 (b).
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Fig. 3. Nitrogen adsorption-desorption isotherms of the parent (a) and dealuminated HZSM-12 zeolite samples HCIZ3 (b) and CAZ3 (c).

dredged, which is beneficial to the reactants and products diffusion
and improves the catalytic performance. The degree of dealumina-
tion is further strengthened by the time of the treatment, and the
secondary pore structure is formed without the destruction of the
framework structure.

3.3. NHj3 temperature-programmed desorption and FTIR of
pyridine adsorption

Fig. 4 shows the NH3-TPD results of the dealuminated sam-
ples. Three peaks of ammonia desorption are observed on the
curves. Among them, the peaks at 170°C, 300°C, and 380°C are
assigned to the ammonia desorbed from the weak, medium and
strong acid sites, respectively. Sample HCIZ1 has a larger number
of acid sites than PZ because the low concentration of hydrochloric
acid removed the aluminum oxide species, which block the micro-
pores, therefore, more acid sites are exposed. For sample HCIZ3,
the number of acid sites, including weak, medium and strong acid
sites, significantly decreased when compared with PZ, but the acid
strength made no significant difference. This phenomenon indi-
cates that the high concentration of hydrochloric acid eliminates
the same number of weak and strong acid sites, simultaneously. In
contrast, for sample CAZ1, the medium and strong acid sites signif-
icantly decrease without any change in the number of weak acid
sites denoting citric acid preferentially eliminates the strong acid
sites. By prolonging the dealumination time to 24 h, the weak acid
sites also begin to decrease.

For the two series of HZSM-12 treated by citric acid and
hydrochloric acid, the acidity of the Brensted and Lewis sites after
the adsorption of pyridine at 150 °C are shown by the intensity of
the infrared absorption band in Fig. 5 and Table 3.

As shown in Table 3, the number of acid sites in sample CAZ3 is
larger than that of HCIZ3, but interestingly the Si/Al ratio of the two
samples is similar. This finding is different from the results of the
other papers and the traditional concept that a high number of acid
sites corresponds to high Al concentration (low Si/Al ratio). This can

Table 2
Textural properties of the parent and HZSM-12 zeolites treated with HCl and CA.

be explained by the fact that the framework aluminum is removed
from the crystal lattice of ZSM-12 zeolite by hydrochloric acid to
form extra-framework non-acid aluminum species, which could
not be wiped from the channels, therefore, the Si/Al ratio is similar
to CAZ3, but the number of acid sites has decreased. As shown in
Fig. 5, the peaks at 1541 cm~! and 1447 cm~! can be attributed to
the Bronsted acid sites and Lewis acid sites, respectively, while the
signal at 1491 cm~! is attributed to the overlap of these two types
of acid sites. According to Fig. 5, post-treatment all the samples
show a decrease in their absorbance at 1541 cm~!, indicating that
each route of dealumination has an effect on the elimination of
Bronsted acid sites in the ZSM-12 zeolite. Because the Brgnsted
acid sites come from 03Si—-OH-AIO3 structure [17,18] provided by
the framework aluminum, thus dealumination mainly occurred in
the framework aluminum. On the other hand, the amount of Lewis
acid sites of HCIZ3 is similar to PZ because the forms of the extra-
framework aluminum are neutral or polymeric aluminum species,
e.g.,AIO(OH), Al(OH)3, and Al, O3. Additionally, the number of Lewis
acid sites in CAZ3 is larger than PZ due to the forms of the extra-
framework aluminum is Lewis acidity, e.g., AI3*, AlIO*, AI(OH),, and
Al(OH),* [16], thus the value of Lacid/B acid increased significantly.

3.4. 29Si MAS NMR

The 29Si MAS NMR spectra of the PZ and CAZ3 samples are shown
in Fig. 6. In both of the samples, the two lines centered at around
—113 ppm and —105 ppm are ascribed to the Si(0A1l) and Si(1A1)
crystallographic sites, respectively. Changes in the intensities of the
peaks are observed after citric acid dealumination. The intensity of
the Si(1 Al) signal decreased, but the intensity of the Si(0 Al) signal
increased. It is shown that the framework Si/Al ratio was increased
resulting in dealuminating framework aluminium.

Because the Brgnsted acid sites are mainly provided by the
03Si-OH-AIO;3 structure (i.e., Si(1Al) sites), acid dealumination
can reduce the number of Brgnsted acid sites. Moreover, we do
not observe the peak at around —100 ppm, which is ascribed to the

Sample Surface area (m?/g) Pore volume (cm?/g)
BET? External Micropore® Total® Mesopore Micropore ?

PZ 371 137 234 0.335 0.235 0.100
HCIZ1 357 107 250 0.298 0.196 0.102
HClz2 353 103 250 0.309 0.208 0.101
HCIZ3 365 137 228 0.269 0.180 0.089
CAZ1 396 141 255 0.387 0.286 0.101
CAZ2 365 114 251 0.321 0.218 0.103
CAZ3 379 122 257 0.355 0.249 0.107

2 BET method.
b t-Plot method.
¢ Volume adsorbed at P/Py, =0.99.
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Fig. 4. NH5-TPD profiles for parent and HZSM-12 zeolite samples treated with HCI (a) and CA (b).

Table 3

The acid distribution of the parent and dealuminated HZSM-12 zeolites CAZ3 and HCIZ3.
Samples Si/Al Total acidity (mmolg~1) Bronsted acidity (mmolg—!) Lewis acidity (mmolg=1) L/B acidity
PZ 65 0.55 0.24 0.31 1.30
CAZ3 88 0.48 0.10 0.38 3.89
HClZ3 90 043 0.13 0.30 222

Absorbance

1 s 1 s |

1600 1550 1500 1450 1400

Wavenumber(cm™")

Fig. 5. Pyridine adsorbed FTIR spectra of the parent and dealuminated HZSM-12
zeolite samples CAZ3 and HCIZ3.

Si(2 Al)signal in both samples. Because the samplesin this work are
a high silica zeolite, the Si(0 Al) is the chief chemical environment
of the silicon atoms.

3.5. Methylation of naphthalene over dealuminated zeolites

The methylation of naphthalene with methanol over the HCIZ3
and CAZ3 catalysts was carried out. Figs. 7 and 8 and Table 4 show
the conversion of NAPH, product distribution and 2,6/2,7-DMN
ratio with time on stream (TOS).

As shown in Figs. 7 and 8, the catalytic stability of the PZ is lower,
and the conversion of naphthalene decreases quickly under the
high initial activity. The initial activity of the dealuminated sam-
ples are lowered because of the less active centers, whereas the
catalytic stability was improved markedly, the conversion of naph-
thalene over samples HCIZ1, HCIZ2 and CAZ2 is significantly higher
than with PZ after 4 h of the reaction. This may be attributed to
a decrease in the strong acid sites of the dealuminated samples
which conduced to restrain coke formation (as shown in Fig. 9). On
the other hand, the diffusion of products was improved by appli-
cation of the dealumination as a promising alternative to increase
(meso)porosity in ZSM-12 zeolites. Secondary mesopores reduces
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-113
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1 L 1 L N 1
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Fig. 6. 2°Si MAS NMR spectra of the parent (a) and dealuminated HZSM-12 zeolite sample CAZ3 (b).
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Fig. 8. Effect of dealuminated HZSM-12 zeolite samples by CA on the conversion of NAPH (a) and 2,6-/2,7-DMN ratio (b).

the diffusion resistance and correspondingly increases the diffu-
sion rate of the feed and reaction products, thus finally leading
to the significant improvement of the conversion of naphthalene.
Figs. 7 and 8 and Table 4 show lower activity and higher catalytic
stability of the HCIZ3 and CAZ3 samples, highest 2,6-DMN molar
percentages of 28.9% and 2,6-/2,7-DMN ratio of 1.92 were obtained
at 4 h over the HCIZ3 sample. First, this may be attributed to inten-
sify the effect of electron density distinction between positions
6 and 7 in 2-MN molecule (negative ESP charge was —0.088 and
—0.049, respectively [19]) over the catalyst HCIZ3 having less strong
acid sites, carbocation produced from methanol possesses higher

Table 4

activity to attack positions 6 in intermediate product of methy-
lation of naphthalene with methanol, 2-MN molecule than the
positions 7. Therefore, weaker acid sites prefer to produce 2,6-DMN
than 2,7-DMN. Second, dealumination generated secondary meso-
pores modified diffusion of 2,6-DMN having larger dimension than
2,7-DMN (6.44 x 2.76 x 10.1 Aand 6.03 x 2.76 x 9.7 A, respectively)
[20], which leading to increase the 2,6-DMN/2,7-DMN ratio.

Fig. 9 shows the weight loss curves of the used catalysts sam-
ples PZ and dealuminated by HCl and CA. It is seen that with the
increases of concentration of HCI or treated time by CA, the amount
of coke formed on the catalysts decreases, the lost amount of coke

Catalytic performance of PZ and dealuminated catalysts in the alkylation of NAPH with methanol.

B74 CAZ2 CAZ3 HCIZ1 HCIZ2 HCIZ3 Therm?
NAPH conversion (%) 34.5 40.0 30.5 359 423 28.6 =
Product distribution (mol%)
MN 63.0 54.1 74.1 73.7 66.5 76.1 -
DMN 283 35.6 223 233 26.9 20.6 -
TMN* 8.7 103 3.6 3.0 6.6 33 -
DMN distribution (mol%)
2,6-DMN 25.7 245 25.0 23.7 23.0 28.9 12.0
2,7-DMN 15.0 14.2 13.7 14.3 14.5 15.0 11.7
2,3-DMN 3.9 4.8 4.7 4.1 44 4.0 121
1,2-DMN 54 9.3 7.5 9.8 13.2 4.2 9.7
1,3-DMN 85 8.0 9.1 9.2 8.7 8.9 14.8
1,6-DMN 239 21.8 23.0 233 214 25.8 14.0
1,7-DMN 12.8 12.2 11.9 12.1 11.6 13.2 14.7
1,4- and 1,5-DMN 4.8 52 5.1 35 32 0 11.0
2,6-/2,7-DMN 1.72 1.73 1.83 1.67 1.57 1.92 1.0

T=350°C; P=4MPa; N =10 mL/min; NAPH:CH30H:1,2,4-TMB =1:2:8 (mol); WHSV=3h-!; time=4h.

2 Thermodynamic equilibrium value.
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Fig. 9. The curves of the parent and HZSM-12 zeolite samples treated with HCI (a) and CA (b).

is about 8.5% for the used catalyst HCIZ3 was obtained which bring
highest catalytic stability.

4. Conclusions

(1) Dealumination of HZSM-12 with hydrochloric acid and citric
acid has different effects on the pore structure, acidic proper-
ties and catalyst preference. Hydrochloric acid eliminates the
strong and weak acid sites simultaneously, without destroy-
ing the skeleton structure of the zeolite and improving the
catalytic activity and stability. Treatment of HZSM-12 zeolite
by 10 mol/L HCl induces severe dealumination associated with
desilication, the amount of acid sites of the sample HCIZ3 was
markedly reduced, resulting in a lower conversion of naphtha-
lene, but the catalytic stability, 2,6-DMN molar percentages and
2,6-/2,7-DMN ratio were significantly improved.

(2) Treatment of HZSM-12 zeolite by 2 mol/L citric acid preferred
to eliminate the strong Brensted acid sites on the framework
aluminum, as well as, to increase the microporous volume and
form secondary pores. The results show that the sample CAZ2
dealuminated HZSM-12 zeolite by 2 mol/L citric acid for 18 h
obtained higher catalytic activity for the methylation of naph-
thalene with methanol.
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