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Abstract
SSZ-13 has been widely used in catalysis and adsorption due to its excellent hydro-
thermal stability and large specific surface area. It was reported that the long crystal-
lization time was one of the primary challenges limiting its industrial progress. In 
this paper, we reported a novel solid-state grinding route of synthesizing SSZ-13 
zeolite, which was based on interzeolite transformation strategy and promoted by 
sodium persulfate  (Na2S2O8). The effects of the amount of  Na2S2O8 and crystalli-
zation time on the purity and crystallinity of SSZ-13 zeolite were studied by XRD 
measurements in detail. The results indicated that the crystallization time could be 
significantly shortened from 72 to 24 h when the molar ratio of  Na2S2O8/SiO2 was 
changed from 0 to 0.01, proving that  Na2S2O8 has the ability of accelerating the 
crystallization of SSZ-13 as a hydroxyl radical reagent. Three typical SSZ-13 mate-
rials and a reference sample were used as the catalysts for methanol-to-olefins reac-
tion (MTO) and their physicochemical properties were analyzed by SEM,  N2 phys-
isorption and  NH3–TPD techniques. The SEM characterization results showed that 
the crystal size of SSZ-13 synthesized in the presence of  Na2S2O8 was larger than 
that of the one in the absence of it. The  NH3–TPD results showed that the introduc-
tion of  Na2S2O8 could modulate the acid properties of SSZ-13 zeolites. The MTO 
tests revealed that the catalytic lifetime of one sample with  Na2S2O8 promoter (SSZ-
13-0.01M-24h) was much longer than that of the other three samples. The observed 
difference in catalytic stability was mainly attributed to their various concentrations 
of medium strong acid sites.
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Introduction

Zeolite materials are widely used in adsorption, separation, ion exchange and 
catalytic reactions due to their special pore structure, high specific surface area 
and suitable acidity [1–4]. SSZ-13 is a kind of aluminosilicate zeolite with 
CHA topological structure and has two composite components of double six-
membered ring and cha cage, which are interwoven and combined into a three-
dimensional network structure. SSZ-13 has a single pore, which size is of up to 
0.37 nm, belonging to the zeolite pores [5, 6]. It is now widely used in the fields 
of  NH3–SCR,  NOX removal in exhaust gas treatment,  CO2 adsorption and separa-
tion, due to the characteristics of good hydrothermal stability, high activity, and 
excellent selectivity [7–14]. However, the traditional hydrothermal routes used to 
prepare SSZ-13 have many shortcomings such as long synthesis cycle and the use 
of high dosage of expensive template, which inevitably brings about a series of 
problems such as high synthesis costs and potential environmental pollution from 
wastewater and the template removal by high temperature calcination, contrary to 
the concept of contemporary green synthesis [15–17].

Recently, several new routes of synthesizing SSZ-13 zeolite were developed. 
Wang et  al. [18] and Pashkova et  al. [19] individually reported the solvent-free 
synthesis of SSZ-13 using different template and amorphous silica/aluminum 
sources as starting materials, which were homogenized in a mortar or a planetary 
mill. This route significantly reduced the amount of wastewater and improved the 
zeolite yield. However, the synthesis time of at least 3  days was still required. 
Subsequently, Xiong et al. reported the rapid interzeolite transformation of Y into 
SSZ-13 in the presence of crystal seeds [6]. The synthesis time can be shortened 
to 1 day. However, the molar ratio of SDA/SiO2 is up to 0.14 in these syntheses 
[structure-directing agent (SDA)]. Miyagawa et al. successfully prepared SSZ-13 
zeolite via the interzeolite transformation route under solvent/SDA-free condi-
tions. This process can be completed within 18  h [20]. However, the resultant 
product was accompanied by PHI-type zeolite impurity.

In recent years, Yu’s group discovered that hydroxyl radicals existed in the hydro-
thermal synthesis system of zeolite and could significantly accelerate the crystalliza-
tion of zeolite [21]. Sun’s group reported for the first time that the introduction of 
hydroxyl radicals (·OH) can promote the isomorphous substitution of silicon for ger-
manium under mild conditions, resulting in titanosilicates zeolite with high hydro-
thermal stability [22]. Cheng et al. reported that in the  SiO2–TPAOH–H2O hydro-
thermal reaction system, sodium persulfate  (Na2S2O8) can be used as an efficient 
additive to accelerate the synthesis of zeolite. In the presence of 0.02 M  Na2S2O8, 
the time for hydrothermal synthesis of Silicalite-1 zeolite with high crystallinity was 
shortened from 24 to 16 h [23]. This method provides an effective green route for 
the synthesis of zeolite. Zhao’s group reported that FeAPO-5 [24] and Fe–ZSM-5 
[25] with high crystallinity were synthesized in much shorter crystallization time by 
adding Fenton reagent in a solvent-free system.

Inspired by above intriguing findings, here a solid-state grinding route based 
on interzeolite transformation was employed to prepare SSZ-13 zeolite in this 
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study, in which  Na2S2O8 was introduced to the precursor gels, aiming at acceler-
ating the crystallization process and reducing the synthesis cost. The influences 
of the amount of  Na2S2O8 and crystallization time on the synthesis of SSZ-13 
were explored. The characteristic samples were selected and their catalytic life-
time was evaluated with MTO reaction as a probe.

Experimental procedure

Materials

All chemicals and reagents were used as received without further purification. Sodium 
hydroxide (96%, Sinopharm Chemical Reagent Co. Ltd.), potassium hydroxide (96%, 
Sinopharm Chemical Reagent Co. Ltd.), fumed silica (Aladdin), N,N,N-trimethyl-1-ad-
amantammonium hydroxide (TMAdaOH, 25% in water, Hubei Jusheng Technology 
Co. Ltd.), USY zeolite (Si/Al = 11.5, The Catalyst Plant of Nankai University), sodium 
persulfate (98%, Shanghai Guangnuo Chemical Reagent Co. Ltd.) and deionized water.

Synthesis

Conversion of USY zeolite to SSZ‑13 with  Na2S2O8

SSZ-13 zeolites were synthesized by a solid-state grinding route with the gel molar 
ratio of  Na2O:  Al2O3:  SiO2: TMAdaOH:  H2O:  Na2S2O8 = 0.05: 0.05: 1: 0.08: 2.8: 
x (x = 0, 0.005, 0.01, 0.02, 0.05). In a typical run, 0.99 g of USY zeolite, 0.01 g of 
 Na2S2O8 and 0.625 g of fumed silica were placed in a mortar. Then, 0.2 g of NaOH 
was dissolved in 1.759 g of TMAdaOH aqueous solution and added into the mortar. 
The mixture was homogenized by pestle for 10–20 min and then transferred into sealed 
stainless-steel autoclaves equipped with modified Teflon liners, which was heated at 
160  °C for 24–72  h. After the crystallization process has finished, the product was 
recovered by filtration, washed completely with deionized water, and dried in oven at 
110 °C. The product was then calcined in air at 550 °C for 6 h. After calcination, the 
samples were ion-exchanged with 1 M solution of  NH4NO3 at 80 °C for 3 h and then 
calcined in air at 550 °C for 4 h. The entire ion-exchange and further calcination proce-
dure was repeated for three times to obtain H-form SSZ-13, which were used in MTO 
reaction. The resultant products were designated as SSZ-13-X–Y (X: the molar ratio 
of  Na2S2O8/SiO2 (i.e. 0, 0.005, 0.01, 0.02, 0.05 mol; Y: crystallization time, i.e. 24, 48, 
72 h). According to the reference [19] a SSZ-13 reference sample was prepared under 
solvent-free conditions using amorphous silica and aluminum sources as the starting 
materials, and denoted as SSZ-13-RS.

Characterization methods

The phase purity and crystallinity of the samples were analyzed by a D/Max-2400 
Rigaku diffractometer, which was operated under the conditions of 40  kV and 
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150  mA with Cu  Kα as the radiation source. A JSM-6701F instrument equipped 
with an energy dispersive spectrometer (EDS) was used to record scanning electron 
microscope (SEM) images to observe the morphology and crystal size of SSZ-13. 
After the samples had been degassed at 150 °C for 4 h on a Micromeritics 2020 ana-
lyzer, nitrogen physisorption measurements were performed at − 196 °C. According 
to IUPAC’s recommendation, the Brunauer–Emmett–Teller (BET) surface area is 
calculated from the linear part of the BET diagram. A Micromeritics AutoChem II 
2920 automatic chemical adsorption analysis device was used to perform tempera-
ture-programmed ammonia desorption  (NH3–TPD) experiments to characterize the 
acidity of the samples.

MTO reaction

The menthol-to-olefins reaction was performed in a fixed-bed reactor made of 
a stainless quartz tube, at 400 °C and atmospheric pressure. Prior to the reaction, 
30 mg of SSZ-13 catalyst was packed in the center of quartz wools and activated in a 
 N2 flow of 30 mL/min at 500 °C for 1 h and then cooled to the reaction temperature. 
Methanol as the reactant was fed by passing the carrier gas  (N2, 15 mL/min) into 
the reactor at 400 °C, which resulted in the weight hourly space velocity (WHSV) 
of 3.0   h−1. The effluents were detected by an online gas chromatograph GC7900 
system (Tianmei, Shanghai, China) equipped with a flame ionization detector (FID) 
and Plot-Q column.

Results and discussion

XRD analysis

At first, we optimized the synthesis of SSZ-13 samples in the absence of  Na2S2O8 
and additional water, for which USY zeolite and fumed silica were used as the main 
raw materials. It was found that the optimum initial composition for this material 
was  Na2O:  Al2O3:  SiO2: TMAdaOH:  H2O = 0.05: 0.05: 1: 0.08: 2.8, and the suitable 
crystallization time and crystallization temperature were 160 °C and 72 h, respec-
tively. Obviously, in this case the molar ratio of TMAdaOH/SiO2 = 0.08 was lower 
than that of the data in the literature [6]. Low dosage of TMAdaOH means reduced 
synthesis cost and environmental pollution from SDA removal by calcination. It can 
be seen that the XRD pattern of SSZ-13-0M-72h (Fig. 1) synthesized under the opti-
mized conditions is consistent with that of standard SSZ-13 (PDF#47-0762), indi-
cating that USY zeolite was successfully converted into SSZ-13 zeolite. Its crystal-
linity is only slightly lower than that of the reference sample SSZ-13-RS. However, 
the crystallization time of SSZ-13-0M-72h is still longer in comparison to the ref-
erence data, as indicated in the introduction section. It should be mentioned that 
pure SSZ-13 sample cannot be obtained when the crystallization time was reduced 
to 48 h (not shown).
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It is well known that the introduction of hydroxyl radicals (∙OH) in the initial 
gel mixture can significantly accelerate the zeolite synthesis process, since they are 
more effective in the depolymerization and the polymerization of silicate gels than 
hydroxide ions  (OH−) [21, 23, 26, 27]. In order to shorten the crystallization time 
of SSZ-13 zeolite and reduce the energy consumption, different amount of  Na2S2O8 
was introduced to the synthesis system, and the synthesis was carried out at the 
crystallization time of 48 h. As can be seen from Fig. 1, all products at 48 h revealed 
pure SSZ-13 phase, of which the sample SSZ-13-0.01M-48h exhibited the highest 
relative crystallinity. However, the crystallinity of these samples is lower than that 
of SSZ-13-0M-72h and the reference sample (SSZ-13-RS), which meant that the 
former perhaps contained more lattice defect or were not well crystallized. In order 
to further reduce the energy consumption, the synthesis time was shortened to 24 h 
and the XRD patterns of the resulting products are shown in Fig. 2. It can be found 
that only the sample SSZ-13-0.01M-24h was of pure SSZ-13 material, while other 
samples displayed the diffraction patterns attributed to USY zeolite. This result indi-
cated that the USY raw material failed to be converted into the targeted SSZ-13. It 
should be noted that the crystallinity of SSZ-13-0.01M-24h was comparable to that 
of the samples synthesized at 48  h. This result proved that  Na2S2O8 did have the 
function of accelerating the crystallization of SSZ-13 zeolite.

SEM analysis

The morphology of a series of representative SSZ-13 products (SSZ-13-0M-72h, 
SSZ-13-0.01M-24h, SSZ-13-0.01M-48h, and SSZ-13-RS) was investigated by 

Fig. 1  XRD patterns of five typical SSZ-13 samples synthesized under the conditions of different 
 Na2S2O8/SiO2 ratio and crystallization time, together with a reference sample. RC relative crystallinity
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SEM, and the corresponding micrographs are shown in Fig. 3. It can be seen that 
the sample SSZ-13-0M-72h is composed of cubic crystals with a size of about 
50–100 nm. However, evident cracks can be observed on its coarse surface (Fig. 3a, 
e). In contrast, the samples SSZ-13-0.01M-24h and SSZ-13-0.01M-48h appear as 
smooth cubic crystals with a size of 1 μm. Nevertheless, a small amount of amor-
phous phase can be found to be attached to the cubic crystals. This may be explained 
by their shortened crystallization time. The depolymerized silica and aluminum 
sources failed to completely interact with the template, and reorganize and polymer-
ize the amorphous materials to form crystalline SSZ-13. In addition, the reference 
sample H-SSZ-13-RS is mainly comprised of 0.4–2 μm cubic crystals. No apparent 
amorphous particles can be observed, demonstrating its high relative crystallinity.

Textural analysis

Fig. 4 displays the  N2 absorption/desorption isotherms of the SSZ-13 samples and 
the specific textural parameters are provided in Table 1. It can be revealed that the 
sample SSZ-13-0M-72h shows I-type adsorption isotherm, suggesting that it is a 
typical microporous material. Moreover, in the high relative pressure zone (P/P0 ≥ 0. 
8) of this isotherm, a distinct hysteresis loop can be discovered, indicating that this 
sample contains additional mesopores or macropores due to the aggregation of nan-
oparticles. By contrast, the adsorption isotherms of the samples SSZ-13-0.01M-48h 
and SSZ-13-0.01M-24h resemble that of SSZ-13-0M-72h, but exhibit unapparent 
hysteresis loop. This result suggests that SSZ-13-0.01M-48h and SSZ-13-0.01M-
24h are microporous materials with small amount of mesopores/macropores. As a 

Fig. 2  XRD patterns of four samples synthesized under the conditions of crystallization time of 24 h and 
different  Na2S2O8/SiO2 ratio, together with a USY sample as the reference. RC relative crystallinity



843

1 3

Reaction Kinetics, Mechanisms and Catalysis (2021) 134:837–849 

comparison, no evident hysteresis loop can be observed in the isotherm of the ref-
erence sample SSZ-13-RS. This means that this sample is a purely microporous 
material.

It can be seen from Table 1 that the sample SSZ-13-0M-72h exhibits the highest 
mesoporous volume among the four samples, as can be evidenced by the obvious 
hysteresis loop at P/P0 ≥ 0. 8 in the isotherm. It is worthwhile to note that the refer-
ence sample SSZ-13-RS has the largest external surface area. This result may be 
explained by the fact that this sample contains large amount of nano-sized discrete 
cubic crystals (Fig. 3). In addition, the sample SSZ-13-0.01M-24h exhibits the larg-
est BET surface area and microporous volume although its crystallinity is not the 
highest for the four samples.

Acid analysis  (NH3–TPD)

Fig.  5 shows  NH3–TPD curves of all SSZ-13 zeolites. The acid concentration 
parameters are listed in Table 1. It can be seen from Fig. 5 that all samples show 

(a)

(c)

(b)(a)

(d)

(e)

Fig. 3  The SEM micrographs of a reference sample and three SSZ-13 samples synthesized under the 
conditions of different dosage of sodium persulfate and crystallization time: a, e SSZ-13-0M-72h; b 
SSZ-13-0.01M-24h; c SSZ-13-0.01M-48h; d SSZ-13-RS. Among them, e is the SEM micrograph of the 
sample SSZ-13-0M-72h at 500 nm
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two symmetrical desorption peaks of ammonia centered at 170 °C and 420–500 °C, 
which correspond to the acidic sites of different acid strength. The  NH3 desorption 
peaks at low temperatures are relevant to weak acid sites, which are mainly attrib-
uted to silanol groups on the external surface or at lattice defects and OH groups 
bound to aluminum species at the extra-framework [28]. It is generally accepted that 
the low-alkaline methanol molecules cannot be converted to light olefins at 400 °C 
in the weak acidic sites [29, 30]. The desorption peak at high temperature is due 
to the interaction of ammonia molecules with the medium strong acid centers, i.e. 
the Brønsted acid centers, which will greatly affect the catalytic performance of 
MTO. As shown in Fig. 5 and Table 1, the acid strength order of the medium strong 
acid sites of these samples is SSZ-13-0.01M-48h > SSZ-13-0.01M-24h ≈ SSZ-13-
0M-72h > SSZ-13-RS, while for the acid density, it is SSZ-13-0M-72h >  SSZ-13-
0.01M-24h >  SSZ-13-0.01M-48h ≈ SSZ-13-RS.

Catalytic lifetime

For MTO catalysts, the catalytic lifetime was generally considered as the key 
one of the multiple factors affecting their industrial application. In this study, the 
evolution of methanol conversion for the MTO reaction over four representative 
SSZ-13 samples was evaluated on a fixed bed reactor and the results are shown in 
Fig. 6 and Table 2. The catalytic lifetime is defined as the duration time of metha-
nol conversion over 99%. For comparison purpose, the pore structure parameters, 
the crystal size, acidity parameters and catalytic lifetime data of these catalysts 
are summarized in Table 2.

It can be seen from Fig. 6 and Table 2 that the catalytic lifetime order is SSZ-
13-0.01M-24h (210 min) > SSZ-13-0.01M-48h (60 min) > SSZ-13-RS (20 min) >  

Fig. 4  N2 adsorption/desorption isotherms of a reference sample and three SSZ-13 samples synthesized 
under the conditions of different dosage of sodium persulfate and crystallization time
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SSZ-13-0M-72h (10  min). It was reported that smaller crystal size (or large 
mesoporous volume) can enhance the mass transfer of reactants and products, 
thus resulting in prolonged catalytic lifetime for MTO reaction [30, 31]. However, 
the sample SSZ-13-0M-72h, which crystal size is the smallest, exhibits the short-
est catalytic lifetime. This result implies that the acid properties of SSZ-13 cata-
lysts may play a decisive role in determining their catalytic lifetime. As reported 
elsewhere, some researchers considered that medium strong acid sites have close 
relationship with the catalytic behavior of MTO reaction [30]. It was reasonable 
to speculate from Table  2 that appropriate density of medium strong acid sites 
may be in favor of improving the catalytic stability. For SSZ-13-RS and SSZ-
13-0.01M-48h, their fast deactivation may be relevant to the coverage of the low 
density of medium strong acid sites by deposited carbon, while for SSZ-13-0M-
72h, the presence of large amount of medium strong acid sites speeds up the cok-
ing process, thus leading to its reduced catalytic lifetime. Many researchers con-
sidered that the acidity and morphology of the MTO catalysts played the decisive 
roles in terms of the catalytic performance [15, 31–34]. According to our results, 
in order to further improve the catalytic performance of SSZ-13, its acidity and 
mass transfer property, especially the former, need to be precisely regulated.

Fig. 5  NH3–TPD profiles of a reference sample and three SSZ-13 samples synthesized under the condi-
tions of different dosage of sodium persulfate and crystallization time: (a) SSZ-13-0M-72h; (b) SSZ-13-
0.01M-24h; (c) SSZ-13-0.01M-48h; (d) SSZ-13-RS
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Conclusions

In summary, USY zeolite as main staring material is successfully converted into 
pure SSZ-13 at a low molar ratio of TMAdaOH/SiO2 using a solid-state grinding 
route. Especially, when a suitable mount of sodium persulfate promoter is intro-
duced into the precursor gels, the crystallization time can be effectively shortened 
to 24 h. In addition, this sodium persulfate mediated synthesis route can reduce the 
density of medium strong acidic sites of SSZ-13, the catalytic active centers of MTO 
reaction. Among four typical SSZ-13 catalysts, SSZ-13-0.01M-24h with appropriate 
acid strength and concentration performed well with a catalytic lifetime of 210 min 
in the MTO probe reaction. The synthetic approach reported here may lead a new 
avenue for the inexpensive fabrication of superior-performance MTO catalysts.
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Fig. 6  Methanol conversion over a reference sample and three SSZ-13 samples synthesized under the 
conditions of different dosage of sodium persulfate and crystallization time with time-on-stream in the 
MTO reaction

Table 2  Summary of crystal size, medium strong acid concentration, mesoporous volume and catalytic 
lifetime of a reference sample and three SSZ-13 catalysts synthesized under the conditions of different 
dosage of sodium persulfate and crystallization time

Samples Crystal size Medium strong acid 
(mmol/g)

VMeso  (cm3  g−1) TOS (min)

SSZ-13-RS 0.4–2 μm 0.209 0.048 20
SSZ-13-0.01M-24h  ≤ 1 μm 0.421 0.075 210
SSZ-13-0.01M-48h  ≤ 1 μm 0.184 0.123 60
SSZ-13-0M-72h 50–100 nm 0.530 0.220 10
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