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Abstract: Hierarchical zeolites attract people’s attention due to their enhanced mass transfer proper-
ties in catalytic reactions. The research over obtaining these zeolites in green and efficient methods is
of great significance for the current post-treatments and templating strategies tend to be costly for
hierarchical zeolite synthesis. In this research, nanosized mesoporous ZSM-5 (SN-ZSM-5) zeolites
have been synthesized without the addition of mesoscale templates under highly concentrated
conditions. The physicochemical characteristics were systematically investigated by XRD, SEM, N2
sorption, TEM, and NMR. The SEM images showed ZSM-5 crystals with sizes between 50–110 nm
were obtained. N2 sorption and high-resolution TEM images gave direct evidence for the hierarchical
structure of SN-ZSM-5. The forming mechanism for the hierarchical structure was proposed that
the etching effect of the highly alkaline environment for the starting gels played a critical role in
the formation of hierarchical structure. Catalytic tests in methanol-to-olefins (MTO) showed the
SN-ZSM-5 performed a longer catalyst lifetime and higher propylene selectivity than the conven-
tional ZSM-5 zeolites (C-ZSM-5) obtained from a traditional hydrothermal method. The features of
hierarchical structure in the SN-ZSM-5 crystals and the sustainability for synthesis method could
show a promising choice for wide applications of these SN-ZSM-5 zeolites in the future.

Keywords: ZSM-5 zeolite; efficient synthesis; hierarchical; nano crystals

1. Introduction

Zeolitic materials have always been drawing people’s attention due to their important
applications in catalysis and adsorption [1–5]. However, zeolitic crystals easily encounter
severe coke depositions and fast deactivation as the limitation of mass diffusion in the
micropores with a size of less than 2 nm. In order to weaken the mass transfer disadvantage
in catalytic reactions, nanosized and hierarchical zeolites have been constructed to obtain
better performance in catalytic reactions [6–8]. For instance, nanosized and hierarchical
aluminosilicate ZSM-5 zeolites with MFI topological structure could obtain superior cata-
lyst lifetime in the methanol-to-olefin (MTO) reaction, which is regarded as a promising
route for light olefins production from natural gas, coal, and biomass with methanol as
the intermediate [9–21]. It is pointed out that the lower cokes deposition rate makes direct
contributions to the superior catalytic performance of nanosized and hierarchical zeolites.

Traditionally, zeolites are synthesized under hydrothermal conditions. In these cases,
the construction of nanosized zeolite usually needs more organic template consumptions
to produce more crystal nuclei, leading to the cost increase and large water consumption
for zeolite synthesis [1,21–23]. In the early days, the preparations of hierarchical zeolites
were usually performed by post-treatments such as high-temperature steaming and acid or
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base leaching [24–26]. In recent years, scientists reported that we could prepare hierarchical
zeolites from templating strategies using organic directing agents such as nanosized car-
bon, polymers, and amphiphilic surfactants [27,28]. Both post-treatments and templating
strategies are confirmed to be successful for the preparation of hierarchical zeolite crystals,
but the relatively high cost still hinders their wide applications in industrial processes. For
the hierarchical nano zeolite crystals, it is of great challenge to find proper methods to
make them greener and more economical for industrial applications.

Zeolite scientists tried various methods towards the green synthesis of zeolites with
excellent catalytic performance. Xiao’s group reported that zeolite could be synthesized
under solvent-free conditions, which makes a contribution to the much less water sol-
vent consumption and higher production yields for zeolite synthesis [29,30]. There have
been several reports that mesoporous zeolite could be prepared under solvent-free con-
ditions, but these zeolite crystals are usually on a micron-scale [31,32]. The green and
economical acquisition for hierarchical nano zeolites are still of great significance to make
further investigations.

Herein, we successfully one-step synthesize nano ZSM-5 crystals with rich mesoporos-
ity inside the crystals without the addition of mesoscale templates and water solvents.
The obtained nano ZSM-5 crystals show greatly extended catalyst lifetime and higher
propene selectivity in the MTO process compared with the traditional ZSM-5 samples
obtained in a hydrothermal method. The forming mechanism of the hierarchical structure
is also proposed, which could originate from the etch of starting amorphous phase via the
highly alkaline environment. The convenient and efficient synthesis for hierarchical nano
ZSM-5 zeolites combined with the excellent catalytic performance provides a sustainable
methodology for efficient zeolite catalysts in the future.

2. Materials and Methods
2.1. Materials

Fumed silica, silica gel, ethyl acetate, potassium carbonate, ethanol, tripropylamine,
1, 6-dibromohexane were purchased from Aladdin. Tetrapropylammonium hydroxide
(TPAOH of 40 wt.%) was supplied by Macklin Reagent Co. NaOH, NaAlO2, and methanol
were received from Sinopharm Chemical Reagent Co. All the materials were used as
received without any further treatments.

2.2. OSDA Synthesis

The organic template was synthesized according to published literatures with par-
tial changes [33]. Bis-1, 6-(tripropylammonium) hexamethylene was prepared by ex-
haustive alkylation of tripropylamine with 1, 6-dibromohexane. Typically, 90 g of 1, 6-
dibromohexane, and 110 g of tripropylamine were dissolved in 150 g of ethanol, and then
50 g of potassium carbonate was added. After reflux condensation with the stirring condi-
tion under 80 ◦C for 24 h, the solution was cooled and filtered to remove potassium salts.
Ethanol was removed by rotary evaporation until yielded the semi-solid. The samples were
recrystallized with ethyl acetate. After being washed by ethanol and dried under vacuum
conditions, the white solid was obtained. The product was converted from the bromide to
the hydroxide form (denoted as ROH) with an anion exchange resin. Detailly, the white
solid was dissolved in a certain amount of deionized water, followed by stirring with ex-
cessive anion exchange resin (hydroxide form) for 3 h under room temperature. The anion
exchange process was repeated twice to assure the anion exchange degree. The obtained
ROH solution was concentrated to 19 wt.% by rotary evaporation (denoted as ROH-19).

2.3. Synthesis of Mesoporous Nano ZSM-5 Zeolite (SN-ZSM-5)

Nanosized ZSM-5 zeolite was synthesized by grinding the solid raw materials and
heated at 180 ◦C with molar relations at 300SiO2/Al2O3/8.8OSDA/46Na2O/820H2O. As a
typical run, 0.027 g of NaAlO2 was added into 3.0 g of ROH-19. Then the mixed solution
was added into a mortar and ground with 3.0 g of fumed silica and 0.6 g of NaOH. After
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grinding for 10–20 min, the mixtures were transferred to an autoclave for crystallization.
After heating at 180 ◦C for 4 h, the samples were completely crystallized. The products
were washed with deionized water, centrifuged at room temperature to get zeolite powder,
and calcined at 550 ◦C for 5 h to remove the organic templates. The H-form of the samples
was prepared from ion-exchange with NH4Cl solution (1 M) at 80 ◦C for 2 h, and this
procedure was repeated twice followed by calcination at 550 ◦C for 5 h again. The obtained
samples were designed as SN-ZSM-5.

2.4. Synthesis of Conventional ZSM-5 Zeolite (C-ZSM-5)

The conventional ZSM-5 zeolite was synthesized under hydrothermal conditions with
molar relations at 300SiO2/Al2O3/117OSDA/Na2O/9610H2O. In a typical run, 0.055 g of
NaAlO2 and 40.0 g of TPAOH (20 wt.%) were added into 26.0 g of distilled water. After fully
dissolved, 6.0 g of solid silica gel was added. After stirring for 4 h, the finally obtained gels
were transferred into an autoclave and heated at 180 ◦C for 48 h, followed by calcination
at 550 ◦C for 5 h. The H-form of the samples was obtained by ion-exchange with NH4Cl
solution (1 M) at 80 ◦C for 2 h. The ion-exchange procedure was repeated twice, followed
by calcination at 550 ◦C for 5 h. The obtained samples were designed as C-ZSM-5.

2.5. Characterization

X-ray powder diffraction (XRD) patterns were measured with a Rigaku Smartlab
X-ray diffractometer (45 kV, 200 mA) (Rigaku, Qingdao, China), step size at 0.02 degree,
and counting time at 0.03 s using CuK∝ radiation. The morphology of these samples
was observed on Hitachi SU 1510 and Hitachi S4800 scanning electron microscope (SEM)
(Hitachi, Qingdao, China). The samples were ultrasonically treated for 30 min before SEM
characterization. High-resolution transmission electron microscopy (HR-TEM) images
of the samples were obtained on a JEM-2100F transmission electron microscope (JEOL,
Qingdao, China). The calcined samples were dispersed in absolute ethyl alcohol and
ultrasonically treated for 20 min before TEM characterization. 29Si and 27Al MAS NMR
spectra were recorded on a Bruker AVANCEIII 400M spectrometer. The nitrogen sorp-
tion isotherms at the temperature of liquid nitrogen were measured using Micromeritics
ASAP 2460 (Micromeritics, Qingdao, China). The NH4-exchanged and calcined zeolite
samples were degassed at 200 ◦C for 12 h before being measured at the temperature of
liquid nitrogen.

2.6. Catalytic Tests

The MTO reaction was carried out with a fixed-bed tubular steel reactor with a length
of 30 cm at atmospheric pressure. After 0.50 g of catalyst (20–40 mesh) was loaded in the
middle of tubular steel between two layers of quartz wool, it was pre-treated in flowing
nitrogen at 500 ◦C for 2 h and cooled down to a reaction temperature of 480 ◦C. Methanol
was injected into the catalyst bed using a pump with a weight hourly space velocity (WHSV)
of 1.0 h−1. The products from the reactor were analyzed online using an Agilent 6890N
gas chromatograph equipped with an FID detector (detector temperature at 180 ◦C, inlet
temperature at 180 ◦C) and a PLOT-Al2O3 capillary column (the temperature is controlled
by a temperature program: 80 ◦C for 5 min, then increased to 160 ◦C with the speed
of 10 ◦C/min, followed by keeping for 15 min). Selectivity towards the products was
expressed as the mass percentage of each product among all the detectable products except
dimethyl ether.

3. Results

Figure 1 shows the X-ray diffraction (XRD) pattern, N2 sorption isotherms, scanning
electron microscopy (SEM), and high magnification transmission electron microscopy
(TEM) images of SN-ZSM-5 prepared at 180 ◦C for 4 h. Figure 1a shows the XRD pattern
of the samples, exhibiting the well-resolved peaks with an MFI-type zeolite structure in
the range of 5–40◦. We could find the characteristic diffraction peaks of MFI topology with
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2θ at 7.92◦ (011), 8.79◦ (200), 23.07◦ (501), 23.93◦ (303), and 24.41◦ (133) [34]. N2 sorption
isotherms of the samples (Figure 1b, the black points represent the adsorption curve and the
red points represent the desorption curve) give a steep increase in the curve at the relative
pressure at 10−6 < P/P0 < 0.01, which is due to the rapid filling of the micropores in the
zeolite samples [35,36]. It is worth noting that an apparent gradual increase can be observed
at the relative pressure of 0.01–0.9, suggesting there may be mesopores in these samples. It
has been reported the hierarchical structure in zeolite crystals would give advantages to
the mass transfer and longer catalyst lifetime in catalytic reactions [6–8]. In addition, a fast
increase with relative pressure higher than 0.9 can also be observed, which is likely related
to the agglomeration of zeolite crystals. Accordingly, the obtained ZSM-5 zeolite gives
BET surface area at 386 m2/g, micropore volume at 0.099 cm3/g, and mesopore volume at
0.176 cm3/g. Figure 1c shows the high magnification SEM image of SN-ZSM-5. Clearly,
the obtained SN-ZSM-5 gives nanocrystals with sizes ranging 50–110 nm measured from
more than 100 zeolite particles [37]. Figure 1d shows the high magnification TEM image of
SN-ZSM-5. Interestingly, we could directly observe the presence of mesopores with pore
sizes ranging 5–15 nm inside the zeolite crystals. The BET and micropore volume values
of the obtained zeolite crystals are relatively small compared to standard ZSM-5 zeolites,
which may be caused by the effect of nano size and internal mesopores, as previously
reported [38,39]. These results agree with the N2 sorption information. XRD pattern, SEM
images, and N2 sorption isotherms of C-ZSM-5 and TEM image of SN-ZSM-5 with higher
magnification are shown by Figures S1–S4.

Figure 1. (a) XRD pattern, (b) N2-sorption isotherms, (c) SEM image, and (d) high magnification
TEM image of obtained SN-ZSM-5 zeolite.

Normally, the acid sites in zeolites originate from the Al species in the zeolite frame-
work [36]. Figure 2 shows the 29Si and 27Al MAS NMR spectra of SN-ZSM-5. The 29Si
spectrum (Figure 2a) gives significant signals centered at −113 ppm, representing the Si(Si,
Al)4 in the zeolite framework. The 27Al spectrum (Figure 2b) gives a sharp band at about
58 ppm associated with the tetrahedrally coordinated Al species in the zeolite framework.
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These results indicate the high crystallinity of SN-ZSM-5 zeolite. The 29Si and 27Al MAS
NMR spectrum of C-ZSM-5 samples are shown in Figure S5.

Figure 2. (a) 29Si, and (b) 27Al MAS NMR spectrum of SN-ZSM-5 samples.

Figure 3 shows the dependence of methanol conversion in time over SN-ZSM-5 and
C-ZSM-5 catalysts in MTO, which is regarded as the most promising method to obtain
light olefins in non-petrochemical routes. The MTO reaction has been proposed as a dual-
cycle mechanism, where the methylbenzenes and olefins serve as the intermediate species.
According to this mechanism, fast mass transfer properties would be of great significance
for the preparation of highly efficient MTO catalysts [40,41]. Remarkably, the SN-ZSM-5
catalyst exhibits a greatly extended catalyst lifetime as long as 147 h (Figure 3b), while C-
ZSM-5 couldn’t give full methanol conversion at 43 h (Figure 3a). Table 1 gives the product
selectivities over these two catalysts at a reaction time of 1.0 h. SN-ZSM-5 and C-ZSM-5
both give high selectivity for light olefins (ethylene, propylene, and butylene). But SN-ZSM-
5 performs higher propylene selectivity at 42.4%, lower selectivity for ethylene (15.7%),
and similar selectivity for butylene (12.6%), while C-ZSM-5 gives product selectivity for
ethylene, propylene, and butylene at 20.1, 39.7, and 12.8%, respectively. In addition,
we test the TG properties of the two deactivated catalysts. In the temperature range
of 450–650 ◦C, the TG curves of deactivated SN-ZSM-5 and C-ZSM-5 catalysts display
quite different weight loss at 21.7% and 4.7%, respectively, shown by Figures S6 and S7.
Considering the much longer resistance to deactivation, we could infer the superior anti-
coke-deposition ability of SN-ZSM-5. Our research shows comparative results with the
reported literatures [41–43]. Considering the acidity of zeolites could greatly influence
the olefins formation and hydrogenation process in MTO [36–38], we have performed
the NH3-TPD curves of the two obtained ZSM-5 catalysts, shown by Figure 4. Clearly,
both examples give very similar desorption peaks and peak intensities, indicating the two
ZSM-5 zeolites exhibiting quite similar acidic strength. Considering the similar Si/Al ratios
(SN-ZSM-5 at 121 and C-ZSM-5 at 116 measured by ICP), these catalytic differences in MTO
could be reasonably attributed to the different crystal sizes and mesoporosity properties.
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Figure 3. Dependence of methanol conversion on time in MTO reaction over (a) C-ZSM-5
and (b) SN-ZSM-5 catalysts.

Table 1. Product selectivities in MTO over the SN-ZSM-5 and C-ZSM-5 catalysts at reaction time of
1.0 h a.

Catalyst C1 C2−4 C2
= C3

= C4
= ≥C5

SN-ZSM-5 2.2 8.0 15.7 42.4 12.6 19.1
C-ZSM-5 2.0 9.1 20.1 39.7 12.8 16.3

a: Reaction temperature at 480 ◦C and WHSV at 1.0 h−1.

Figure 4. Dependence of NH3-TPD signals on temperature over (a) C-ZSM-5 and (b) SN-ZSM-5
catalysts. The data of b curve is vertically offset for clarity.

In order to further understand the synthesis nature, we investigate the crystallization
process of SN-ZSM-5 with different crystallization times by XRD and SEM technologies,
shown in Figure 5A,B. Figure 5(Aa) shows the amorphous phase nature of starting mix-
tures without crystallization. Correspondingly, we cannot find the zeolite crystals in
Figure 5(Ba). As crystallization time increases, the samples with various crystallization
times (Figure 5(Ac–Ag)) give characteristic peaks associated with MFI topology except for
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the sample with crystallization time at 60 min (Figure 5(Ab)), as the crystallization of zeolite
requires the induction time. We can find more and more zeolite crystals with sizes ranging
50–110 nm as crystallization time increased (Figure 5(Bb,Bc)), until all the amorphous phase
disappears in the SEM images with crystallization time increased to 240 min (Figure 1a).
In addition, it is worth noting that these ZSM-5 samples exhibit similar crystallinity with
more than 3 h, suggesting that we could efficiently obtain the well-crystallized nanosized
ZSM-5 zeolites with rich mesopores inside the zeolite crystals with the crystallization time
at 3–4 h. The elemental mapping results of the SN-ZSM-5 with different crystallization
times are shown in Figure S8.

Figure 5. (A) XRD patterns of the SN-ZSM-5 zeolites with crystallization time of (a) 0, (b) 60, (c) 90,
(d) 100, (e) 110, (f) 120, (g) 180 min; (B) SEM images of SN-ZSM-5 with crystallization time at (a) 0,
(b) 90, (c) 110 and (d) 180 min.

The synthesis of hierarchical zeolite with no additional mesoscale organic templates
is a novel and significant area in the catalysis field. For instance, Yu et al. synthesized
the hierarchical porous SAPO-34 zeolites with the assistance of organosilane [41]. Xiao
et al. reported the synthesis of hierarchical SAPO-11 molecular, where the released gaseous
species were reported as the key factor for the hierarchical structure [33]. Herein, it is
interesting to construct the hierarchical structure inside the ZSM-5 crystals without the
presence of mesoporous templates. In order to understand the origination of hierarchical
structure, we systematically characterized the ZSM-5 zeolites at different crystallization
processes with HR-TEM (Figure S9). Accordingly, the proposed mechanism forming the
hierarchical zeolite crystals is shown by Scheme 1. In the early stage of gels crystallization,
the amorphous fumed silica species are intended to be etched by the highly alkaline
environment, considering the zeolite samples are synthesized under highly concentrated
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conditions and sodium hydroxide is added as the alkalinity resource. The etching effect of
strong alkalinity for the starting raw materials portrays the role of a sculptor to construct
the mesopores inside the amorphous and partially crystallized fumed silica (Figure S9a,b),
which is similar to the post-treatment of zeolites to introduce mesopores via alkali [41,42].
As the crystallization time is prolonged, the formed pores are reserved while the amorphous
species were continuously transformed to zeolite crystals (Figure S9c). After the samples
are fully crystallized, we could obtain the nano ZSM-5 zeolite crystals with hierarchical
structures (Figure S9d). In our research, the synthesis performed under a highly alkaline
environment originated from the OH− in the template and the addition of NaOH. The
strong alkalinity makes contributions to the formation of zeolite crystals with a hierarchical
structure. Weakening the alkalinity of the synthetic gels by adding a certain amount of
water, we should obtain the zeolite crystal with less or no mesopores. As predicted, we
couldn’t get the mesoporous ZSM-5 zeolite samples when water solvent is added, shown
in Figures S10–S12. It is reasonable that the highly concentrated conditions play a critical
key to obtain the nanosized crystals and hierarchical structure without the presence of the
mesoscale templates.

Scheme 1. Formation mechanism for hierarchical structure of the SN-ZSM-5 zeolite (a–d represent
the different crystallization periods).

4. Conclusions

In summary, we have developed an efficient and convenient method to synthesize
hierarchical nano ZSM-5 zeolites (SN-ZSM-5) without the addition of mesoporogens under
highly concentrated conditions. Such obtained ZSM-5 zeolites show high crystallinity and
mesoporosity features. Catalytic tests in MTO show that the SN-ZSM-5 shows greatly
extended catalyst lifetime and higher propylene selectivity compared with that of the
conventional ZSM-5 zeolite obtained by the hydrothermal route. The combination of
efficient preparation and excellent catalytic performance of hierarchical nano ZSM-5 zeolite
crystals enables the potential application of these obtained zeolite catalysts in the future.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cryst11101247/s1, Figure S1: XRD pattern of C-ZSM-5, Figure S2: SEM images of C-ZSM-5,

https://www.mdpi.com/article/10.3390/cryst11101247/s1
https://www.mdpi.com/article/10.3390/cryst11101247/s1
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Figure S3: N2 sorption isotherms of C-ZSM-5, Figure S4: A TEM image of SN-ZSM-5 with different
magnification compared with figure 1d, Figure S5: (a) 29Si, and (b) 27Al MAS NMR spectrum of
C-ZSM-5 samples, Figure S6: TG curve of deactivated SN-ZSM-5 catalysts, Figure S7: TG curve of
deactivated C-ZSM-5 catalysts, Figure S8: Element mapping images of SN-ZSM-5 with crystallization
time at (a) 0, (b) 90, (c) 110 and (d) 240 min, Figure S9: HR-TEM images of SN-ZSM-5 synthesized
with different crystallization time at (a) 0, (b) 60, (c) 110, and (d) 240 min, Figure S10: XRD pattern of
ZSM-5 (calcined) synthesized with H2O/SiO2 ratio at 26, Figure S11: SEM images of ZSM-5 zeolite
synthesized with H2O/SiO2 ratio at 26, Figure S12: N2 sorption isotherms and TEM image of ZSM-5
synthesized with H2O/SiO2 ratio at 26.
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