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Abstract
Currently, synthesizing zeolites with specific physicochemical properties in a more environmentally benign and safe way 
is challenging. Herein we report a novel ionothermal route of preparing HZSM-5 zeolite, which is featured by the direct 
interzeolite transformation of HY to HZSM-5. The appropriate synthetic conditions of this HZSM-5 material are refined. 
Although performing a series of optimization, the resultant product still contains minor  (NH4)3AlF6 impurity. Pure HZSM-5 
phase with high relative crystallinity can be obtained through successive calcination and acid-washing treatments towards 
the as-made sample. SEM–EDS characterization and nitrogen physisorption measurement reveal that this pure HZSM-5 
sample is composed of classical coffin-like crystals with a low Si/Al ratio and evident hierarchical micro-mesoporous struc-
ture. Benefiting from its unique physicochemical properties, this pure HZSM-5 catalyst exhibits more superior methanol-
to-aromatics performance than those of the state-of-the-art HZSM-5 and Metal/ZSM-5 catalysts evaluated under similar 
reaction conditions. It can be anticipated that this HZSM-5 material may be applied in other industrially relevant reactions 
owing to its particular structure and properties.
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1 Introduction

As a class of versatile materials, zeolites have been exten-
sively used in the fields of adsorption separation, ion 
exchange, and catalytic process due to their unique pore 
architecture, high surface area, and specific acidity [1, 2]. 
Among the diverse research fields of zeolite science and 
technology, the synthesis chemistry of zeolite materials 
is perhaps the most fascinating. Except for conventional 
hydrothermal synthesis, a series of intriguing nonconven-
tional synthesis methodologies of zeolites were successively 
fabricated in the past several decades, such as solvother-
mal/ionothermal synthesis [3, 4], OSDA/solvent-free syn-
thesis (OSDA: Organic Structure-Directing Agent) [5, 6], 

interzeolite conversion (IZC) [7], charge density mismatch 
[8], free-radical-assisted synthesis [9], continuous flow syn-
thesis [10], microwave/ultrasound-assisted synthesis [11, 
12], topotactic transformation [13] and ADOR route [14]. 
Historically, these novel methods played extremely crucial 
roles in obtaining the zeolite materials with new topologies 
and compositions. Among these, IZC is quite attractive one. 
The main advantage of IZC is that it allows the more selec-
tive and rapid synthesis of certain valuable zeolite topolo-
gies with particular physicochemical properties.

Among 255 different zeolite topologies approved by the 
International Zeolite Association till now, Y and ZSM-5 
zeolites are perhaps the most valuable and well-studied 
commercial zeolite catalysts. USY zeolite is the backbone 
of fluid catalytic cracking process (FCC), while ZSM-5 
is the second widely used component [15]. Recently, the 
interzeolite conversion of the two zeolite materials, that is 
Y zeolite to ZSM-5, received considerable attention. One 
of the main benefits of this process is that it can reutilize 
the spent FCC catalysts that are massively produced in the 
oil refining. Goel et al. [16] obtained high-silica ZSM-5 
from Y zeolite in the presence of seeds using OSDA-free 
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interzeolite transformation method. Rimer’s group and Mas-
carenhas et al. found that this process can be achieved in 
the absence of OSDA and seeds [17, 18]. Goel et al. [19] 
achieved the encapsulation of metal clusters within ZSM-5 
via interzeolite transformations assisted by ZSM-5 seeds or 
organic templates. Despite great success in this direction, 
it should be mentioned that the above interzeolite conver-
sions were exclusively carried out under hydrothermal  con-
ditions. It is well known that large amounts of wastes and 
high autogenous pressure will be inevitably produced during 
this hydrothermal conversion process. These disadvantages, 
on the one hand, bring about some environmental and safety 
issues, on the other hand, cause great difficulty in exploring 
the formation mechanism of zeolites with conventional tech-
niques due to the presence of high pressure. From this point 
of view, developing a new and more sustainable interzeolite 
conversion route to obtain targeted zeolite topology with 
ideal physicochemical properties is highly desirable.

Ionothermal and solvent-free  synthesis recently attracted 
extensive interest, for the two particular synthetic methods 
of zeolites could be conducted at ambient pressure. Benefit-
ing from this feature, Tian’s group could successfully use 
multinuclear solid-state NMR technique to study the for-
mation mechanism of aluminophosphate molecular sieves 
by ionothermal method [20]. Very recently, Xiao’s group 
reported the generalized ionothermal synthesis of silica-
based zeolites that was once considered as a big challenge 
[21]. Meantime, the combination of IZC with solvent-free 
synthesis has achieved great success. Xiong et al. reported 
the rapid interzeolite transformation of Y into SSZ-13 in the 
absence of water [22]. Miyagawa et al. successfully prepared 
SSZ-13 zeolite via the interzeolite transformation route 
under solvent/OSDA-free conditions [23]. Xu et al. reported 
the solvent-free interzeolite conversion of Y to SSZ-39 in 
the presence of OSDA and zeolite seeds [24]. To the best of 
our knowledge, the interzeolite conversion of Y to ZSM-5 
under ionothermal (or solvent-free) conditions has not yet 
been reported by any researchers until now.

Benzene, toluene, and xylene (BTX) are the most crucial 
bulk raw materials for producing various high-value-added 
chemicals. Traditionally, BTX is produced by catalytic 
reforming and cracking of petroleum [25]. However, for 
those districts poor in petroleum resources but rich in coal, 
these traditional routes of producing BTX are not cost-effec-
tive. As an ideal alternative, methanol-to-aromatics reaction 
(MTA) recently received extensive interest around the world 
because methanol is readily available from various carbon 
resources, including coal and natural gas [26]. HZSM-5 is 
perhaps the most widely-used catalyst in the MTA reac-
tion owing to its unique pore architecture and properties. 
Although great progress has been made in this field, this 
process still suffered from poor catalytic stability and BTX 
selectivity [27, 28].

Inspired by the above-mentioned Xiao’s work [21], herein 
we attempted to conduct the interzeolite conversion of HY 
zeolite to HZSM-5 by a novel ionothermal route. The pur-
poses of our work are to strengthen our understanding on the 
synthesis chemistry of IZC and meantime obtain HZSM-5 
catalysts with particular properties different from those by 
other routes. To this end, the major factors influencing this 
process, such as the mass ratios of  NH4F/HY and TPABr/
HY (TPABr:tetrapropylammonium bromide), crystalliza-
tion temperature, and time, were thoroughly investigated. 
The resultant HZSM-5 zeolite with good crystallinity was 
selected and characterized by various techniques, and its 
catalytic performance was evaluated in the methanol-to-
aromatics (MTA) reaction.

2  Experimental section

2.1  Materials

HY zeolite  (SiO2/Al2O3 = 11.5, Tianjin Nanhua Catalyst Co., 
Ltd.), HZSM-5  (SiO2/Al2O3 = 300, Tianjin Nanhua Catalyst 
Co., Ltd.), 1-ethyl-3-methyl imidazolium bromide (denoted 
as ILs, 98 wt.%, Meryer (Shanghai) Chemical Technology 
Co., Ltd.), ammonium fluoride (98 wt.%, Meryer (Shanghai) 
Chemical Technology Co., Ltd.), tetrapropylammonium bro-
mide (denoted as TPABr, 98 wt.%, Aladdin Reagent), nitric 
acid (65–68 wt.% in water, Sinopharm Chemical Reagent 
Co. Ltd), methanol (AR, 99.7 wt.%, Sinopharm Chemical 
Reagent Co. Ltd), deionized water (homemade).

2.2  Synthesis of HZSM‑5 from zeolite HY

The process of preparing HZSM-5 zeolite: HY zeolite 
(0.80 g),  NH4F, TPABr, ZSM-5 seed crystals, 1-ethyl-3-me-
thyl imidazolium bromide (ILs), and deionized water were 
measured out and added into a mortar in turn according to 
the following mass ratio of HY:  NH4F: TPABr: Seeds: ILs: 
 H2O = 1: (0–1.88):(0–0.57):0.025:6.25:0.38. Then the start-
ing materials were mixed and ground by a pestle for 20 min. 
The milled precursor mixture was transferred to a 50 mL 
Teflon-lined autoclave and crystallized at 160–200 °C for 
24–96 h. Finally, the crystallized samples were collected, 
washed with deionized water, and dried at 120 °C for 2–3 h 
in air atmosphere. The as-made solid samples were calcined 
at 550 °C for 4 h to remove the template. The detailed syn-
thesis conditions were summarized in Table1.

To obtain pure HZSM-5 sample, the above-calcined 
product was treated with 1 M  HNO3 solution at 70 °C for 
6 h. Then the product was washed with deionized water and 
ethanol by centrifugation until the supernatant was neutral. 
The washed product was dried at 120 °C for 2 ~ 3 h to obtain 
HZSM-5 zeolite catalyst.
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2.3  Characterizations

Powder X-Ray diffraction (XRD) patterns of the products 
were conducted on a D/Max-2400 Rigaku diffractometer 
under the conditions of Cu  Kα radiation, 40 kV, 150 mA, 
and a scan speed of 1.2° (2θ)  min−1. Scanning electron 
microscope images were obtained from an SEM (TES-
CAN MIRA3) instrument. Energy disperse spectroscopy 
(EDS) were obtained from a JEOL JEM-2010 instrument. 
Nitrogen physisorption measurements were carried out 
on a Micromeritics ASAP 2020 adsorption instrument at 
− 196 °C. Samples were degassed at 150 °C for 4 h before 
the measurements. Specific surface areas of zeolite materials 
were calculated from the adsorption data obtained at P/P0 
between 0.06 and 0.20, using the Brunauer–Emmett–Teller 
(BET) equation. The micropore volumes were determined 
by the t-plot method. The adsorption branch data were used 
to plot the pore size distribution curve.

2.4  Catalytic reaction

The methanol to aromatics reaction (MTA) was performed 
on a fixed-bed flow reactor (Boya Automation Equip-
ment Co. Ltd) at atmospheric pressure. Typically, 0.5 g of 
HZSM-5 catalyst diluted with quartz sand was loaded in 
the reactor with 700 mm length and 10 mm inner diameter, 
which was pretreated at 400 °C in  N2 flow of 20 mL/min for 
1 h. Before methanol entered the reactor, it was firstly vapor-
ized in the gasification chamber and then mixed with  N2 into 
the reactor at the weighted hourly space velocity (WHSV) 
of 1.9  h−1. The effluent products were analyzed by an online 
gas chromatograph (Tianmei GC-7890II, Shanghai), which 

was equipped with a flame ionization detector (FID) and a 
SE-30 capillary column.

3  Results and discussion

3.1  Optimization of the interzeolite conversion 
conditions

In the present research, a series of experiments were car-
ried out to explore the effects of  NH4F/HY ratio, TPABr/
HY ratio, crystallization temperature, and time on the inter-
zeolite conversion of HY to HZSM-5 zeolite. The initial 
mass ratio of starting materials, that is, HY:NH4F:TPAB
r:Seeds:ILs:H2O = 1:(0–1.88):(0–0.57):0.025:6.25:0.38, 
was attempted to conduct this conversion. It was reported 
in the literature that the molar ratio of  OH−/SiO2 and  Na+/
SiO2 must be strictly controlled during the hydrothermal 
conversion of Y zeolite to ZSM-5 [18]. This indicates that 
the reaction conditions have a significant impact on the final 
product phase. Thus, it is essential to investigate the vari-
ous factors that influence the conversion of HY to HZSM-5 
under ionothermal conditions.

3.1.1  The effect of  NH4F/HY mass ratio

The effect of  NH4F/HY ratio on the interzeolite conver-
sion of HY to HZSM-5 zeolite is shown in Fig. 1. As 
shown in Fig. 1, when no  NH4F is added to the precur-
sor mixture, the product phase in the sample  NH4F-0 is 
HY zeolite with FAU topology, i.e., the starting material. 
When the  NH4F/HY ratio is increased to 0.63, the main 

Table 1  The sample 
names, initial composition, 
crystallization conditions and 
the product phase

a The sample  NH4F-1.25-C is the calcined version of the as-synthesized sample  NH4F-1.25
b The sample  NH4F-1.25-C-AT is the acid-treatment version of the sample  NH4F-1.25-C

Samples HY:NH4F:TPABr:
seed:ILs:H2O (mass ratio)

Time
(h)

Tem
(°C)

Product
phase

NH4F-0
NH4F-0.63

1.00: 0: 0.38: 0.025: 6.25:0.38
1.00:0.63:0.38:0.025:6.25:0.38

96
96

180
180

HY
(NH4)3AlF6

NH4F-1.25 1.00:1.25:0.38:0.025:6.25:0.38 96 180 HZSM-5 +  (NH4)3AlF6

NH4F-1.88 1.00:1.88:0.38:0.025:6.25:0.38 96 180 HZSM-5 +  (NH4)3AlF6

TPABr-0 1.00:1.25: 0: 0.025: 6.25:0.38 96 180 (NH4)3AlF6

TPABr-0.19 1.00:1.25:0.19:0.025:6.25:0.38 96 180 (NH4)3AlF6

TPABr-0.57 1.00:1.25:0.57:0.025:6.25:0.38 96 180 HZSM-5 +  (NH4)3AlF6

T160t96 1.00:1.25:0.38:0.025:6.25:0.38 96 160 HZSM-5 +  (NH4)3AlF6

T200t96 1.00:1.25:0.38:0.025:6.25:0.38 96 200 (NH4)3AlF6

T180t24 1.00:1.25:0.38:0.025:6.25:0.38 24 180 (NH4)3AlF6

T180t48 1.00:1.25:0.38:0.025:6.25:0.38 48 180 (NH4)3AlF6

T180t72 1.00:1.25:0.38:0.025:6.25:0.38 72 180 (NH4)3AlF6

NH4F-1.25-Ca – – – HZSM-5 + amorphous
NH4F-1.25-C-ATb – – – HZSM-5
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product phase observed in the sample  NH4F-0.63 becomes 
 (NH4)3AlF6 compound. These results indicate that only 
when  NH4F is introduced to the synthesis system can the 
initial HY zeolite be disassembled into locally ordered 
aluminosilicate species (nanoparts) [29] or ring building 
units (RBU) [18]. It is well known that fluoride ions as 
a mineralizing agent can help to dissolve silica or other 
T-atoms sources by chelation or coordination for the zeo-
lite synthesis [30]. The introduction of fluoride ions allows 
the crystallization of zeolite under nearly neutral or acidic 
conditions, as compared to the typical zeolite synthesis 
in hydroxide solution. Since our synthesis system is in 
a more acidic environment, ammonium fluoride may be 
an indispensable agent for the interzeolite conversion of 
HY to HZSM-5. In particular, when the  NH4F/HY ratio 
is higher than 0.63 (samples  NH4F-1.25,  NH4F-1.88), the 
primary product phase is HZSM-5, but accompanied by 
evident  (NH4)3AlF6 impurity phase. This result indicates 
that the crystal structure of the starting HY zeolite will 
be completely destroyed under a high  NH4F/HY mass 
ratio, meanwhile the nucleation and growth of the new 
zeolite phase (HZSM-5 zeolite) is taking place under the 
ionothermal conditions. This finding is consistent with the 
opinion proposed by Xiao’s group, who considered that the 
successful synthesis of silica-based zeolites by the iono-
thermal method strongly relied on the introduction of an 
appropriate amount of  NH4F [21]. On the other hand, the 
appearance of  (NH4)3AlF6 implied that the degradation 
of HY may initiate from the extraction of the aluminum 
atoms by  NH4F. In the latest review by Dusselier’s group, 
the critical role of aluminum was discussed and identified 
during the interzeolite conversion synthesis [31].

3.1.2  The effect of TPABr/HY mass ratio

The influence of TPABr/HY ratio on the transformation 
of HY was investigated here, since the quaternary ammo-
nium salt TPABr is a commonly used OSDA for the synthe-
sis of ZSM-5 zeolite catalyst [32–34] and the main synthesis 
cost is related to the use of expensive OSDA. As shown 
in Fig. 2, only  (NH4)3AlF6 impurity phase is formed when 
the TPABr/HY ratio is in the range of 0–0.19 (samples 
TPABr-0, TPABr-0.19). When the mass ratio of TPABr/HY 
is not lower than 0.38 (samples  NH4F-1.25, TPABr-0.57), 
HZSM-5 zeolite phase appears, but  (NH4)3AlF6 impurity 
phase can also be detected in the two samples. These results 
suggest that the nanoparts (or RBU) from the disassembly 
of HY zeolite cannot be reassembled into HZSM-5 zeolite 
in the absence of a suitable amount of TPABr [29]. In this 
study, the appropriate mass ratio of TPABr/HY should be 
not less than 0.38.

3.1.3  The effect of crystallization temperature

It is generally accepted that the structure of zeolites gener-
ated from the synthesis system strongly relies on the crystal-
lization temperature [35]. Here, three crystallization tem-
peratures of 160 °C, 180 °C, and 200 °C, of which 180 °C is 
the frequently employed one in the hydrothermal synthesis 
of ZSM-5 zeolite, were investigated in the present interzeo-
lite conversion process, and its effect on the resulting prod-
uct phase was studied in detail using XRD technique. As 
shown in Fig. 3, when the conversion process is performed 
at 200 °C (sample T200t96), only the complex  (NH4)3AlF6 
is obtained with no observable HZSM-5 phase. This result 
may relate to the Hoffman degradation of TPABr caused by 
high temperature [36]. In particular, when the crystallization 
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temperature is not higher than 180 °C (samples  NH4F-1.25 
and T160t96), this conversion process can be successfully 
accomplished. Nevertheless, the impurity phase  (NH4)3AlF6 
is still detected in the final products. As a comparison, the 
diffraction peak intensity of HZSM-5 phase in the sam-
ple  NH4F-1.25 is slightly higher than that of the sample at 
160 °C. This may be due to the fact that the higher tempera-
ture is conducive to the interaction of the reaction mixture, 
thereby reducing the need for nucleation [32]. Obviously, the 
suitable temperature range is 160–180 °C for the interzeolite 
conversion of HY to HZSM-5 under ionothermal conditions.

3.1.4  The effect of crystallization time

To understand the transformation process of HY zeolite to 
HZSM-5, the duration of 24 h, 48 h, 72 h, and 96 h was stud-
ied in detail and the XRD patterns of the resultant products 
are also shown in Fig. 3. For the three samples (T180t24, 
T180t48, T180t72) synthesized in the period of 24–72 h, it 
can be seen from their XRD patterns that three faint charac-
teristic peaks attributed to HZSM-5 can be clearly observed 
at 2θ = 7.9°, 8.8°, and 23.3°. In contrast, the characteristic 
peaks of HY zeolite are not detected throughout this stage. 
This result indicates that the parent HY zeolite is completely 
dissolved and its conversion to HZSM-5 has initiated when 
the crystallization time reaches 24 h, verifying the remark-
able efficiency of the phase transition between zeolites. The 
nanoparts (or RBU) from the dissolution process will be 
rebuilt under the action of the OSDA to form MFI topo-
logical structure of HZSM-5 zeolite [37]. It is worthwhile 
to note that the three weak diffraction peaks relevant to 
HZSM-5 zeolite almost do not increase in intensity with the 
prolonging crystallization time during the period of 24–72 h. 
This result implies that this stage may be considered as the 

induction period (or the nucleation period). It should be 
noted that the characteristic diffraction peaks correspond-
ing to the MFI structure become apparent when the duration 
is extended from 72 to 96 h (sample  NH4F-1.25), indicating 
that the crystal growth may undergo an abrupt acceleration 
during this period. According to the previous research [30], 
it is reasonable to assume that the HZSM-5 zeolite crystals 
crystallized in the presence of fluoride media may become 
more perfect and contain fewer defect sites with the extended 
crystallization time. This should also be responsible for the 
observed enhanced diffraction peak intensity. Moreover, one 
can see that the diffraction peaks of  (NH4)3AlF6 complex do 
not exhibit an evident change in intensity during the entire 
crystallization period investigated here. This result manifests 
that  (NH4)3AlF6 may not serve as the nutrients of forming 
the HZSM-5 zeolite. Based on the above discussions, it is 
easily seen that the suitable crystallization time should be 
not less than 96 h for the interzeolite conversion of HY to 
HZSM-5.

3.1.5  The effects of calcination and acid treatment 
on the product phase

Although performing a series of optimization experiments, 
the complex  (NH4)3AlF6 impurity phase invariably exists 
in the resultant products. To eliminate it from the product, 
high-temperature calcination and acid-washing experiments 
were successively conducted to process the as-synthesized 
sample. As shown in Fig. 4, no diffraction lines assigned to 
the complex  (NH4)3AlF6 impurity phase could be observed 
in the XRD pattern of the sample  NH4F-1.25-C after the 
as-made sample  NH4F-1.25 was subjected to the calcination 
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treatment. This implies that the impurity phase may undergo 
decomposition and become amorphous materials that cannot 
be detected by XRD. It should be noted that the characteris-
tic diffraction peak intensity of the ZSM-5 zeolite decreases 
slightly after this calcination treatment. This may be attrib-
uted to the coverage of HZSM-5 zeolite crystals by amor-
phous aluminum species (denoted as AAS) from the decom-
position of  (NH4)3AlF6. After the sample  NH4F-1.25-C is 
further treated with 1.0 M  HNO3, the characteristic peaks 
corresponding to the MFI structure increase significantly in 
intensity, as can be seen from the XRD pattern of the sam-
ple  NH4F-1.25-C-AT. This result suggests that the relative 
crystallinity of HZSM-5 zeolite is evidently improved after 
this acid-washing treatment. This observed high crystallin-
ity may be, on the one hand, relevant to the elimination of 
those unwanted AAS, on the other hand, to the removal of 
extra-framework aluminum species occluded in the micropo-
res. Obviously, the successive calcination and acid-washing 
treatments significantly improve the quality of this HZSM-5 
material, which makes it a promising catalyst in many indus-
trial applications.

3.2  Morphology and pore structure analysis 
of HZSM‑5 zeolite

The SEM and EDS images of the samples  NH4F-1.25-C 
and  NH4F-1.25-C-AT are shown in Fig.  5. The sample 
 NH4F-1.25-C is mainly composed of coffin-like crystals 
and some flocculent matter, of which the former morphol-
ogy is very typical for ZSM-5 zeolite and its crystal size is 
about 5 μm (Fig. 5a). From the corresponding EDS map-
ping profile (Fig. 5c) of this sample, it can be seen that the 
flocculent matter is of an aluminum-rich material, which 

strongly indicates that it should originate from the decom-
position of the complex  (NH4)3AlF6 impurity phase. As 
a contrast, the sample  NH4F-1.25-C-AT resembled as the 
sample 1.0-NH4F-C in terms of the morphology and crys-
tal size of HZSM-5 zeolite (Fig. 5b). It should be men-
tioned that the flocculent matter that appeared in the sample 
 NH4F-1.25-C cannot be observed in the SEM micrograph 
of the sample  NH4F-1.25-C-AT. These results reveal that 
this mild acid treatment can effectively get rid of the floc-
culent matter, meanwhile not prominently impair the crystal 
structure of HZSM-5 zeolite. The Si/Al ratio of the sample 
 NH4F-1.25-C-AT determined by EDS (Fig. 5d) is about 21, 
slightly higher than that of the parent HY zeolite. This result 
unambiguously proves the previous speculation that some 
specific aluminum species from HY zeolite must coordinate 
with  NH4F to form the complex  (NH4)3AlF6.

Figure  6A shows the  N2 adsorption/desorption iso-
therms of the representative samples  NH4F-1.25-C and 
 NH4F-1.25-C-AT. It can be seen from the figure that both 
samples exhibit a higher  N2 adsorption capacity at the low 
relative pressure zone (P/P0 < 0.01), indicating that they 
have a typical microporous structure. In addition, both sam-
ples show an evident nitrogen uptake at the pressure zone 
of 0.1 < P/P0 < 0.2, suggesting that the two samples con-
tain narrow mesopores. The pore size distribution curves 
shown in Fig. 6B also support this speculation. From this 
figure, it can be found that the mesopore size of the two 
samples is centered at 1.9–2.3 nm. As can be seen from 
the SEM images (Fig. 5), no apparent intercrystalline void 
can be observed for the samples, which strongly implies 
that these mesopores must result from the intracrystalline 
void. According to the reference [38], the formation of 
these intracrystalline mesopores should be a natural result 
caused by the increase of crystal phase density during the 

Fig.5  SEM and EDS-mapping images of two representative HZSM-5 
samples (a, c):  NH4F-1.25-C; (b, d):  NH4F-1.25-C-AT
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tion curves (B) of two representative HZSM-5 samples
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interzeolite conversion of HY zeolite (FD: 12.7 T/1000 Å3) 
to HZSM-5 (FD: 17.9 T/1000 Å3). It is well known that the 
introduction of mesopores in the microporous zeolite materi-
als can effectively promote the diffusion of bulky molecules, 
thereby reducing their diffusion limitation [39–41]. On the 
other hand, these mesopores in zeolite catalysts also provide 
enough space to accommodate the carbon deposition species 
generated by the reaction, thereby inhibiting the micropores 
blocking by carbon deposition to a certain extent [42].

As can be seen from Table 2, the sample  NH4F-1.25-C-AT 
exhibits a much higher microporous surface area (204  m2/g 
vs. 70   m2/g) and microporous volume (0.096   cm3/g vs. 
0.026   cm3/g), comparable BET surface area (299   m2/g 
vs. 314  m2/g), and mesoporous volume (0.085  cm3/g vs. 
0.098  cm3/g) when compared to the sample  NH4F-1.25-C. 
For the sample  NH4F-1.25-C-AT, its enhanced micropo-
rous parameters should be attributed to the removal of 
amorphous-like materials occluded in the micropores of the 
sample  NH4F-1.25-C. However, in comparison to data in the 
literature [43–46], the microporous parameters of the sample 
 NH4F-1.25-C-AT are still relatively low. Nevertheless, this 
sample may have a high potential in the petrochemical field 
due to the presence of unobstructed micropores and evident 
intracrystalline mesopores.

3.3  MTA catalytic performance

Figure 7 shows the BTX’s and aromatics’ selectivity versus 
time-on-stream in the methanol-to-aromatics reaction over 
the  NH4F-1.25-C-AT catalyst. The methanol conversion 
(not shown) is invariably larger than 95% during the period 
of 5–160 h. As shown in the figure, the BTX’s and aromat-
ics’ selectivity gradually increase to 43% and 54%, respec-
tively, within the initial reaction time of 10 h. They fall in 
the range of 35.0–46.6% and 50–62% respectively during the 
period of 10–160 h. Even after 160 h reaction, the BTX’s and 
aromatics’ selectivity do not decline sharply. It can be seen 
from Table 2 and Fig. 7 that the overall catalytic performance 
of this  NH4F-1.25-C-AT catalyst is superior to those of the 

state-of-the-art HZSM-5 and Metal/ZSM-5 catalysts [43–45]. 
As indicated in the literature, BTX selectivity would continue 
to decrease at the beginning of the reaction. When the reac-
tion time reached 60 h, the BTX selectivity would drop to 
less than 35%. For this  NH4F-1.25-C-AT catalyst, its excellent 
catalytic performance, especially its high BTX selectivity and 
long catalytic lifetime, should be attributed to the following 
several factors. Firstly, the presence of naturally produced 
mesopores in our HZSM-5 catalyst will substantially reduce 
the mass transfer limitations of bulky molecules. Secondly, it 
was reported by Flaherty’s group that the suitable ratio of HF/
TPA would reduce or completely eliminate the silanol defects 
in the MFI structure [47]. It has been recognized that the pres-
ence of silanol defects will lead to the problem of catalyst 
deactivation as they are inclined to trap heavy hydrocarbons 
(i.e., carbon) [48]. Finally, all aluminum atoms prefer to be 
located at the intersections of straight and sinusoidal channels 
of HZSM-5 due to the sole use of bulky OSDA molecules 

Table 2  Textural parameters of two representative samples and the catalytic performance in MTA reaction

a Reaction conditions: NSHZ (400 °C, 0.1 MPa, WHSV = 1.2  h−1); D-HZSM-5–12(400 °C, 0.1 MPa, WHSV = 1  h−1); NZ3 (400 °C, 0.1 MPa, 
WHSV = 0.8  h−1); Nano-ZSM-5 (370 °C, 0.1 MPa, WHSV = 2.6  h−1)

Catalystsa SBET/(m2/g) SMicro/(m2/g) SExter/(m2/g) VMicro/(cm3/g) VMeso/  (cm3/g) Sel. BTX
(%)

Lifetime
(h)

NH4F-1.25-C 314 70 244 0.026 0.098 n.a n.a
NH4F-1.25-C-AT 299 204 95 0.096 0.085 35.0–46.6  > 160
NSHZ 429 323 106 0.14 0.13 36.56  <  110[44]

D-HZSM-5–12 385 333 42 0.129 0.146 34.05  <  80[45]

NZ3 398 241 157 0.10 0.13 48.27  <  175[46]

Nano-ZSM-5 379 266 113 0.08 0.26 34.2 n.a [47]
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(i.e., TPABr) [49, 50]. This siting of Al atoms would bring 
about a remarkable impact on this MTA reaction. Future study 
to fully explore the potential of this HZSM-5 catalyst is still 
underway in our lab.

4  Conclusions

In this work, a novel ionothermal route is success-
fully developed to perform the interzeolite conversion 
of HY to HZSM-5. The suitable initial composition for 
this HZSM-5 material is HY:  NH4F: TPABr: Seeds: ILs: 
 H2O = 1:1.25:0.38:0.025:6.25:0.38 (mass ratio). The minor 
 (NH4)3AlF6 impurity phase in the resulting representative 
sample can be  eliminated by successive calcination and acid-
washing treatments to obtain pure HZSM-5 zeolite with high 
relative crystallinity. Owing to its low Si/Al ratio and unique 
hierarchical micro-mesoporous structure, this HZSM-5 cata-
lyst exhibits excellent catalytic performance in the methanol-
to-aromatics reaction (MTA), giving methanol conversion of 
higher than 95% and BTX selectivity of 35.0–46.6%, with a 
lifetime longer than 160 h. This newly developed synthetic 
route may throw light on the preparation of other zeolite cata-
lysts with more superior catalytic performance in the MTA 
reaction.
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