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As the most important nanoporous material, zeolites, which have intricate micropores, are essential het-
erogeneous catalysts in industrial processes. Zeolites are generally synthesized with organic templates 
under hydrothermal conditions; however, this method is environmentally unfriendly and costly due to the 
formation of harmful gases and polluted water. This article briefly summarizes the role of organic templates 
and describes designed routes for the organotemplate-free synthesis of zeolites, aided by zeolite seeds and 
zeolite seeds solution. Furthermore, this review explicates that the micropore volume decreases with an 
increase of the Si/Al ratios in the organotemplate-free synthesis of zeolite products, where Na+ exists as an 
alkali cation. This feature is very important in directing the synthesis of zeolite catalysts with controllable 
Si/Al ratios under organotemplate-free conditions, and is thus important for the efficient design of zeolites.

© 2017 THE AUTHORS. Published by Elsevier LTD on behalf of the Chinese Academy of Engineering and  
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND  

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Zeolites with crystalline micropores (0.3–1.5 nm) are the most 
important nanoporous materials, and have been widely used as 
ion-exchangers, sorbents, and catalysts [1–11]. At present, zeolites 
are extensively and widely used due to the suitable sizes of their 
channels and cavities [12]. For example, zeolites have been success-
fully used in drug delivery systems [13–15]. The synthesis of zeolites 
is usually carried out hydrothermally, starting from silicate or alu-
minosilicate gels in alkaline media and with temperatures ranging 
from 60 °C to 200 °C [16–21]. In the early stages, the synthesis of 
zeolites with faujasite (FAU), Linde-type L, and mordenite structures 
was performed in aluminosilicate gels containing inorganic cations, 
such as sodium (Na+) and potassium (K+) cations, as structure-direct-
ing agents (SDAs) [21–27]. Later, organic cations such as quaternary 
ammonium were introduced into the synthetic systems as organic 
structure-directing agents (OSDAs), leading to the formation of a se-
ries of novel zeolite structures. ZSM-5 and beta zeolites are typically 
and successfully synthesized with the use of tetrapropylammonium 
and tetraethylammonium (TEA), respectively [28–33]. Compared 
with inorganic cations, the use of OSDAs has obvious disadvantages: 

① OSDAs are expensive, so the resulting zeolite products are always 
costly; ② high-temperature combustion is required to remove or-
ganic templates by destroying these organic components, and pro-
duces harmful gases such as nitrogen oxides (NOx) and carbon diox-
ide (CO2); ③ the use of OSDAs produces a large amount of polluted 
water, and is thus environmentally unfriendly; and ④ the associated 
energy released by burning OSDAs, in combination with the formed 
water, can be extremely detrimental to the inorganic structure of 
the zeolites [34,35]. These shortcomings undoubtedly hinder the 
practical application of OSDAs. The best solution to these issues is 
to realize the organotemplate-free synthesis of zeolites, in order to 
completely avoid the combustion of costly OSDAs. Fortunately, this 
concept was shown to be very successful in the synthesis of alumi-
num (Al)-rich ZSM-5 zeolite, in which Na+ can serve as the SDA [36–
40]. Since this milestone was achieved, the industrial applications 
of the ZSM-5 zeolites have been significantly enhanced. However, 
the organotemplate-free synthesis of other zeolites, which normally 
requires the assistance of OSDAs, remains a challenge. For exam-
ple, although beta zeolite exhibits excellent catalytic properties,  
its organotemplate-free synthesis was unsuccessful until 2008 
[41]. In this review, we briefly summarize the general strategies to  
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Fig. 1. (a) X-ray crystallization curve of pure silica MFI zeolite synthesized (i) with and (ii) without TPA+ (reprinted with permission from Ref. [42], © 2016 Wiley); (b) scheme for 
the crystallization of zeolites synthesized with organic templates.

synthesize zeolite catalysts, and provide insights into hydrothermal 
crystallizations under organotemplate-free conditions.

2. Understanding the major role of organic templates and 
designing organotemplate-free strategies for the synthesis of 
zeolite catalysts

As a typical example, Fig. 1(a) [42] shows the crystallization 
curves of pure silica MFI zeolite synthesized with and without tetra-
propylammonium cations (TPA+). If there is no TPA+ in the starting 
aluminosilicate gel, the zeolite cannot be obtained. However, if the 
starting aluminosilicate gel contains TPA+, perfect MFI crystals are 
prepared. These results suggest that TPA+ is an excellent OSDA for the 
formation of MFI crystals. This crystallization curve mainly includes 
the two steps of ① induction and ② crystal growth. The turning 
point between induction and crystal growth corresponds with the 
formation of zeolite nuclei (i.e., nucleation). It is notable that the in-
duction step takes a much longer time than the crystal growth step, 
which indicates that once the nuclei are formed, the zeolite products 
crystallize quickly. These results indicate that nucleation plays a crit-
ical role in the crystallization of zeolites in the presence of TPA+.

Davis et al. [43,44] systemically investigated the crystallization of 
zeolites in the presence of organic templates, and proposed that the 
crystallization involves two main activation energies: ① the forma-
tion of zeolite nuclei from the assembly of inorganic aluminosilicate 
species and OSDA cations, and ② the crystal growth from the zeolite 
nuclei (Fig. 1(b)). Interestingly, they suggested that the OSDAs could 
be encapsulated by inorganic silicate/aluminosilicate species, and 
that the activation energy of the formation of zeolite nuclei was 
larger than that of the crystal growth.

Based on this knowledge and understanding, it is suggested that 
the major role of the OSDAs in zeolite synthesis is to form the zeolite 
nuclei. It is possible that the OSDAs are already encapsulated with 
silicate/aluminosilicate species once the zeolite nuclei have formed. 
Therefore, it is difficult for the OSDAs to influence crystal growth. 
If this is so, then OSDAs are not necessary for the growth of zeolite 
crystals, and the organotemplate-free synthesis of zeolites could be 
implemented by the introduction of zeolite nuclei into the starting 
aluminosilicate gels.

Two strategies to introduce zeolite nuclei into the starting alu-
minosilicate gels for the synthesis of zeolite catalysts were recently 
designed, involving the employment of zeolite crystals as seeds (i.e., 
zeolite seeds) and zeolite seeds solution. Although zeolite seeds solu-
tion generally has no X-ray diffraction (XRD) peaks that are associated 
with zeolite structures, it has obvious infrared radiation (IR) and Ra-
man bands that are associated with zeolite building units [45–47].

3. Organotemplate-free synthesis in the presence of zeolite 
seeds

As the first example of the organotemplate-free synthesis of ze-
olites, Xie et al. [41] reported that beta zeolite could be successfully 
crystallized from aluminosilicate gels with the assistance of zeolite 
seeds, and without the addition of an organic template (Fig. 2). The 
XRD pattern of the product indicated the successful synthesis of 
beta zeolite, as it contained characteristic peaks associated with 
the BEA zeolite structure. The scanning electron microscopy (SEM) 
image of the BEA zeolite showed almost uniform morphology of the 
crystals, with a crystal size of 100–160 nm. In addition, the nitrogen 
isotherms of the BEA zeolite product demonstrated that the beta 
zeolite already had opened micropores, leading to a thorough avoid-
ance of the combustion of the BEA zeolite. In particular, the results 
showed a good relationship between the sample crystallinity and 
the crystallization time, which ranged from 2 h to 20 h, indicating 
that the induction step in the organotemplate-free synthesis was 
significantly reduced compared with that in the conventional syn-
thesis of beta zeolite using organic templates.

The crystallization of beta zeolite under organotemplate-free 
conditions was investigated by high-resolution transmission elec-
tron microscope (HRTEM). It was found that zeolite seeds, which 
act as the “core,” gradually grow until there is full consumption of 
the amorphous aluminosilicate gel. Finally, a core-shell structure of 
beta zeolite is formed [41,48]. Because the zeolite seeds direct the 
crystallization of the beta zeolite without the addition of an organic 
template, this route is referred to as seed-directed synthesis (SDS) 
by the authors.

The important factors in the organotemplate-free and SDS of 
beta zeolite (beta-SDS) were systemically investigated, and it was 
shown that the amount and type of beta zeolite seeds are critical for 
the crystallization of the beta-SDS sample. Through optimization, 
a beta-SDS sample was obtained with high crystallinity and large 
surface area (BET specific surface area 655 m2·g−1), by the addition 
of a small amount of beta zeolite seeds (as low as 1.4 wt%) at 120 °C 
[49]. In addition, it is notable that although beta-SDS initially has a 
relatively low yield, its yield is remarkably enhanced by the use of 
a precursor suspension with a high Al content, as recently reported 
by Otomo and Yokoi [50]. In 2009, Majano et al. [51] presented the 
synthesis of Al-rich beta zeolite in the presence of beta zeolite seeds 
without calcination. These researchers emphasized that the Si/Al  
ratio in the Al-rich beta zeolite was similar to that in the natural 
counterpart of beta zeolite, the mineral tschernichite, which has a 
Si/Al ratio as low as 3.9 [52–54]. In contrast, the Si/Al ratios in the 
beta zeolites that were templated using OSDAs range from about 12 
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tion, a TTZ-1 zeolite with a high Si/Al ratio was obtained; this pro-
cess thus offers a novel route for the synthesis of high-silica RTH-
type zeolite.

In 2012, Okubo and coworkers extended this OSDA-free route 
to synthesize ZSM-5 and ZSM-11 zeolites with three-dimensional 
10-membered ring (MR) openings, MTW zeolite with one-dimen-
sional 12MR openings [66,67], and ferrierite zeolites with two-di-
mensional 10MR and 8MR openings [68]. All of these zeolites were 
relatively rich in Al species in the zeolite framework, compared with 

to ∝ [55–61]. It is very interesting to note that the Al-rich beta-SDS 
sample has excellent thermal and hydrothermal stabilities. For 
example, the crystallinity of the beta-SDS sample was essentially 
constant after 100% steaming treatment at 750 °C for 8 h, while it 
markedly decreased if the beta zeolite was synthesized with TEA 
(beta-TEA). These results may indicate that the beta-SDS sample 
had much less defects than the conventional beta-TEA sample [48]. 
Because it results in rich Al species and excellent stabilities, the be-
ta-SDS offers a new platform for the future development of efficient 
zeolite catalysts that require a high acidic density.

In 2010, Kamimura et al. [62] reported the OSDA-free synthesis of 
beta zeolite, which was performed by using a small amount of beta 
zeolite seeds and carefully adjusting the synthetic parameters. The 
Si/Al ratios of the product were 5.2–6.8. In addition, further crys-
tallization of beta zeolite was successfully achieved in the presence 
of the OSDA-free beta crystals, which acted as renewable seeds, re-
sulting in a completely OSDA-free process for the synthesis of beta 
zeolite; this process was named “green beta,” as shown in Fig. 3.

In 2009, Yokoi et al. [63] reported the successful organotem-
plate-free synthesis of RTH-type zeolite by the addition of zeolite 
seeds; this product was designated as TTZ-1 zeolite. RTH-type zeolite 
is normally templated from 1,2,2,6,6-pentamethylpiperidine cations 
and N-ethyl-N-methyl-5,7,7-trimethylazoniumbicyclo[4.1.1]octane. 
[Al, B]-TTZ-1 and [Ga, B]-TTZ-1, as RTH-type zeolites, can also be ob-
tained using the organotemplate-free route. More importantly, these 
TTZ-1 zeolites showed excellent catalytic properties in methanol-to- 
olefins (MTO) reactions, and are thus potentially important for the 
development of highly efficient MTO catalysts [64,65].

It is noteworthy that the Si/Al ratios of the TTZ-1 zeolite can 
be adjusted from 79 to 200, although it is difficult to realize the 
organo template-free synthesis of high-silica zeolites. However, this 
was successfully performed with the addition of boron (B) species in 
the starting aluminosilicate gels, such that both Al3+ and B3+ species 
could be incorporated into the zeolite framework. After deborona-

Fig. 2. (a) The XRD pattern, (b) SEM image, and (c) nitrogen isotherms of the as-synthesized beta-SDS sample; (d) the dependence of sample crystallinity on crystallization time 
for the beta-SDS sample. The sample of as-synthesized beta-SDS that crystallized at 17 h was denoted as 100% crystallinity. Beta-SDS: seed-directed synthesis of beta zeolite. (Re-
printed with permission from Ref. [41], © 2008 American Chemical Society)

Fig. 3. The scheme for “green beta.” (Reprinted with permission from Ref. [62], © 2010 
Wiley)
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the corresponding zeolites synthesized using organic templates. For 
example, the SDS of ZSM-11 zeolite resulted in a Si/Al ratio of just 
8.3, while the typical Si/Al ratio of the product of the ZSM-11 zeolite 
synthesis using organic templates was as high as 33. More Al species 
in the zeolite frameworks will be efficient for catalytic conversions 
over the zeolite catalysts, which require a high acidic density (e.g., 
cracking catalysts).

In 2012, Zhang et al. [69] and Yang et al. [70] showed the organo-
template-free and SDS of levyne zeolite with 8MR openings (LEV-
SDS) and ZSM-34 zeolite (ZSM-34-SDS) with an intergrowth of 
erionite and offretite structures, respectively. The Si/Al ratios in the 
LEV-SDS and ZSM-34-SDS zeolite were about 3.8–4.1, which are 
much lower than those of the corresponding zeolites synthesized 
with organic templates. The H-form of ZSM-34-SDS zeolite had an 
excellent selectivity to propylene (55.2%), which was even better 
than that of the industrial SAPO-34 catalyst (47.0%) [70].

In 2014, MTT and TON zeolites with one-dimensional 10MR 
openings were successfully achieved under organotemplate-free 
and seed-directed conditions [71,72]. These two zeolites exhibited 
excellent performance for the isomerization of m-xylene to p-xylene 
and for the dewaxing of diesel; until this point, organic templates 
had been necessary in their synthesis [73,74]. By employing a seed- 
directed route, high-silica MTT and TON zeolites were successfully 
prepared, and designated as ZJM-6 and ZJM-4 zeolites, respectively. 
The H-form of ZJM-6 zeolite exhibits a higher activity in m-xylene 
iso merization, compared with the conventional ZSM-23 zeolite syn-
thesized with an organic template.

To illustrate the role of zeolite seeds, Fig. 4 [71] compares the 
crystallization curves for ZJM-6 zeolite, ZSM-23 zeilite templated 
from N,N-dimethylformamide (DMF) (ZSM-23-D), and ZSM-23 
zeolite synthesized with both DMF and ZSM-23 seeds (ZSM-23-S) 
at crystallization temperatures of 150–170 °C. In general, there are 
two steps in the hydrothermal synthesis of zeolites: induction and 
crystallization. However, there was almost no induction period in 
the synthesis of ZJM-6 zeolite (curves i in Fig. 4). In contrast, the 
induction period is as long as 12–34 h when the organic template is 
present for the synthesis of ZSM-23-D (curves iii in Fig. 4). The in-
duction period is obviously shortened if the synthesis of ZSM-23-S 
occurs in the presence of DMF and ZSM-23 seeds, but it still takes 
6–15 h (curves ii in Fig. 4). Clearly, various samples (i.e., ZJM-6, ZSM-
23-D, ZSM-23-S) had quite different induction periods under the 
same temperature. These results indicated that the role of zeolite 
seeds in the crystallization of ZJM-6 zeolite was to reduce the induc-
tion time, which is considered to be the rate-determining step in the 
organotemplate-free crystallization of zeolites [71].

Furthermore, samples with a series of heteroatoms in the zeolite 
framework were produced through the organotemplate-free syn-
theses of zeolites. Yokoi et al. [63,75] reported the introduction of 
heteroatoms such as B3+, Ga3+, and Fe3+ in the zeolite framework of 

RTH-type zeolite, and Xiao et al. [76,77] showed the incorporation 
of these heteroatoms into the zeolite framework of ZSM-34 and beta 
zeolites, respectively. Of these, the Fe-beta-SDS zeolite demonstrat-
ed superior catalytic properties in the direct decomposition of N2O 
into nitrogen and oxygen, with the iron species serving as the active 
sites.

In 2011 and 2014, Sano and coworkers [78–81] demonstrated seed-
ed interzeolite conversions from high-silica FAU into BEA, LEV, and 
MAZ-type zeolites in the absence of OSDAs. This process was an ex-
tension of the organotemplate-free and seed-directed route, in which 
the starting aluminosilicate gels were replaced by high-silica FAU zeo-
lite. For example, FAU zeolite can successfully convert into LEV zeolite 
without the addition of an organic template in the presence of zeolite 
seeds under hydrothermal synthesis conditions, resulting in a unique 
core/shell structure of the LEV zeolite product [79].

In 2015, Goel et al. [82] reported synthetic protocols and guiding 
principles for the synthesis of zeolite crystals by means of interze-
olite transformations with zeolite seeds, in the absence of OSDAs. 
High-silica daughter zeolites, such as MFI (ZSM-5), CHA (chabazite), 
STF (SSZ-35), and MTW (ZSM-12) zeolites, have been successfully 
obtained via interzeolite transformations from FAU or BEA parent 
zeolites; this process is based on the fact that the daughter mate-
rials have higher framework densities than the parent zeolite. In 
addition, nucleation and growth become possible in the presence 
of seeds or structural building units that are common to the parent 
and target structures under appropriate synthesis conditions (Fig. 5) 
[82].

As observed in the above examples, it is evident that the zeolite 
seeds in the starting aluminosilicate gels induce the crystalliza-
tion of target zeolites under suitable hydrothermal conditions; the  
zeolite seeds are still detectable in the XRD patterns in the starting 
mixtures, even if the synthetic systems are strongly basic.

4. Organotemplate-free synthesis in the presence of zeolite 
seeds solution

In 1999 and 2000, Zhou et al. [45,46] reported the synthesis of 
beta zeolite with a relatively low Si/Al ratio (4–8) using zeolite seeds 
solution (2 wt%–8 wt% in total silica) without additional OSDAs. The 
zeolite seeds solution was prepared by heating aluminosilicate gels 
with a molar ratio of Al2O3/80SiO2/2.5TEA+/750H2O at 140 °C for 4 h.  
Because it is difficult to characterize the structure of the zeolite 
seeds solution as a liquid, the zeolite seeds solution was assembled 
with surfactants to form a solid mesoporous material, which was 
relatively easy to characterize. It is interesting to note that the IR 
spectrum of this sample exhibits obvious bands at 520–600 cm−1, 
which are associated with the zeolite building units [83]. In addi-
tion, the HRTEM image of the MAS-7 sample shows small ordered 
domains, which are associated with the existence of zeolite building 

Fig. 4. The dependences of crystallinity on the crystallization time of (i) ZJM-6 zeolite, (ii) ZSM-23 zeolite synthesized in the presence of both DMF template and ZSM-23 seeds 
(ZSM-23-S), and (iii) ZSM-23 zeolite synthesized in the presence of DMF template (ZSM-23-D) at (a) 150 °C, (b) 160 °C, and (c) 170 °C, respectively. (Reprinted with permission 
from Ref. [71], © 2014 Elsevier)
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units (Fig. 6) [84]. These results indicate that the zeolite seeds solu-
tion contains zeolite building units.

In 2008, Wu et al. [85] demonstrated the organotemplate-free 
synthesis of ZSM-34 zeolite with high crystallinity in the presence 
of zeolite L seeds solution. ZSM-34 zeolite, which contains can-
crinite (CAN) cages, enables excellent conversion of methanol to 
C2–C5 olefins, a process that is normally templated by choline and 
diamines [86–88]. The zeolite L seeds solution contained abundant 
zeolite building units of CAN cages, leading to the induction of ZSM-
34 zeolite under organotemplate-free conditions [85].

In 2011, Zhang et al. [89] reported the organotemplate-free syn-
thesis of high-silica ferrierite zeolite (FER structure) in the presence 
of RUB-37 zeolite seeds (CDO structure). There was a discrepancy 
between the structure of the target product and that of the zeolite 
seeds. High-silica ferrierite zeolite with 10MR and 8MR openings 
is normally achieved with the assistance of organic templates. The 
layered structures of CDO and FER zeolite are quite similar, and a 
shift of the layers in the horizontal direction was expected and ob-
served, indicating that the zeolite building units of ferrierite zeolite 
and of RUB-37 zeolite were almost the same. It is worth noting that 
the XRD peaks related to the RUB-37 zeolite were undetectable af-
ter the RUB-37 zeolite seeds existed in the starting aluminosilicate 
gels for 12 h. However, after heating this synthetic system at 150 °C 
for 72–168 h, perfect high-silica ferrierite zeolite crystals were ob-
tained. Zhang et al. [89] proposed and then demonstrated that the 
zeolite building units of the RUB-37 zeolite (CDO structure) could 
be implemented to induce the crystallization of the ferrierite zeolite 
(FER structure) without the addition of any organic template.

In order to acknowledge the role of RUB-37 zeolite seeds in the 
crystallization process, UV-Raman spectra of the amorphous starting 
aluminosilicate gels were performed in the presence and absence 
of the RUB-37 zeolite seeds (Fig. 7) [89]. There was an obvious peak 
at 430 cm−1 that was associated with the contribution of 5MRs from 
the CDO zeolite building units, which should result from the disso-
lution of RUB-37 zeolite seeds crystals [90]. This result was consis-
tent with the suggestion that the FER zeolite nuclei are induced by 
the CDO zeolite building units.

In 2012, Kamimura et al. [67] introduced an organotemplate-free 
synthesis of MTW zeolite by the addition of beta zeolite seeds into 
the starting sodium aluminosilicate gels; in this case, the structures 
of the zeolite seeds and the zeolite product were obviously different. 
After a series of comprehensive investigations with various char-
acterization techniques, it was suggested that the starting sodium 
aluminosilicate gels in the presence of the zeolite seeds provided 
specific aluminosilicate precursors with target zeolite building units 
to induce the nucleation of MTW zeolite prior to the spontaneous 
induction of other zeolites.

More recently, Iyoki et al. [91] presented the successful synthesis 

of NES-type zeolites from an organotemplate-free and SDS route 
in the presence of EUO-type crystals as zeolite seeds for the first 
time. They suggested that the less dense NES-type zeolite was ki-
netically favorable over the denser EUO-type zeolite under the same 
synthesis conditions. Therefore, the NES-type zeolite product was 
prepared rather than the EUO-type zeolite, even though the starting 
aluminosilicate gels contained EUO-type zeolite seeds. The NES- and 
EUO-type structures contained similar zeolite building units (Fig. 8) 
[91]; this was the critical factor for the induction of NES-type zeo-
lite by the addition of EUO-type zeolite seeds. This economical and 
environmentally friendly synthesis approach for NES-type zeolite is 
expected to open up a new way to prepare green zeolite catalysts.

As discussed in the results above, it is clear that the zeolite build-
ing units are important for the induction of zeolite growth. Although 
zeolite building units are undetectable by XRD patterns, character-
istic signals can be observed when using spectroscopic techniques 
such as IR and UV-Raman spectroscopy.

5. Dependences of Si/Al ratios and micropore volume in the 
organotemplate-free synthesis of zeolite catalysts

Fig. 9 provides a brief summary of the dependences of Si/Al  

Fig. 5. Scheme for OSDA-free interzeolite transformations. (Reprinted with permission from Ref. [82], © 2015 American Chemical Society)

Fig. 6. HRTEM image of MAS-7 sample. Inset is the Fourier diffractogram of the 
square area. Other areas marked with circles present fairly ordered micropore arrays. 
(Reprinted with permission from Ref. [84], © 2002 American Chemical Society)
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ratios and micropore volume in the organotemplate-free synthesis 
of zeolite catalysts using Na+ as an alkali cation [62,66–68,71,89,92–
94]. It is interesting to note that the zeolites with larger micropore 
volumes always have lower Si/Al ratios. In contrast, the zeolites with 
smaller micropore volumes always have higher Si/Al ratios. It is clear 
that the Si/Al ratios in the organotemplate-free synthesis of zeolites 
strongly rely on the micropore volume of the zeolite structures. It 
is reasonable to suppose that this kind of phenomena is related to 
the Coulomb force between the inorganic cations and the negative 
charges in the zeolite framework [95–97]. Zeolites with larger mi-
cropore volumes may contain more Na+, which requires the pres-
ence of more negative charges in the zeolite framework to balance 
them. Considering that the incorporation of tetrahedral Al species 
in the zeolite framework is the only way to form a negative charge, 
it is reasonable for the zeolites with larger micropore volumes to be 

more Al rich, and for those with smaller micropore volumes to be 
less Al rich. For example, beta-SDS samples with micropore volumes 
of 0.2–0.22 cm3·g−1 have Si/Al ratios that range from 4 to 6.8 [62], 
while the ZSM-23 zeolite with a micropore volume of 0.046 cm3·g−1 
has Si/Al ratios of 20–25 [71]. Thus, the Si/Al ratios in the zeolite 
products may be predictable from the micropore volume of the tar-
get structures.

Based on the dependences of the Si/Al ratios and micropore vol-
ume in the organotemplate-free synthesis of zeolite catalysts, it is 
suggested that larger sizes of inorganic cations occupy larger micro-
pore volumes; this would significantly reduce the number of inor-
ganic cations in the zeolite micropores, causing the zeolite product 
to have higher Si/Al ratios. At present, high-silica Cu-SSZ-13 with a 
CHA zeolite structure is an industrial catalyst for the selective cata-
lytic reduction of NOx with ammonia (NH3); the high-silica SSZ-13 
zeolite is generally synthesized with the addition of OSDAs [98–101]. 
To reduce the zeolite cost, the organotemplate-free and SDS of CHA 
zeolite has been performed; however, its Si/Al ratios are less than 
4 [102], which is low for industrial applications. To increase the Si/
Al ratios in the CHA zeolite product, Ren et al. [103] employed much 
larger inorganic cations (a Cu2+-amine complex) to fill up the zeolite 
cages of the CHA zeolite structure. As expected, high-silica CHA ze-
olite with a Si/Al ratio higher than 5 was obtained using larger Cu2+-
amine cations; this product was designated as ZJM-1 zeolite (Cu-
ZJM-1). Because the Cu2+-amine cations contain copper species, Cu2+ 
ion exchange is not necessary to introduce copper species to the 
ZJM-1 zeolite. Cu-ZJM-1 exhibits excellent catalytic performance in 
the selective catalytic reduction of NOx with NH3 (Fig. 10) [103].

6. Conclusions and perspectives

This review emphasizes the role of zeolite nuclei in directing 
crystal growth and the cation filling of zeolite micropore volume un-
der organotemplate-free conditions. The zeolite nuclei that are add-
ed in the starting aluminosilicate gels in the organotemplate-free 
route mainly come from zeolite crystals as seeds and from zeolite 
seeds solutions as zeolite building units. Under suitable conditions, 
if zeolite nuclei exist in the starting aluminosilicate gels and if the 
zeolite micropore volume can be sufficiently filled, the organotem-
plate-free synthesis of zeolite catalysts should be successful. This 
strategy completely avoids the combustion of costly OSDAs and the 
production of harmful gases and liquid wastes, so it is environmen-
tally friendly and energy saving.

It is important to combine the organotemplate-free route with 
other sustainable approaches for the synthesis of zeolite catalysts. 

Fig. 7. UV-Raman spectra of the amorphous product at 12 h in the (a) absence and (b) 
presence of RUB-37 zeolite seeds. (Reprinted with permission from Ref. [89], © 2011 
Royal Society of Chemistry)

Fig. 8. Correlation of the composite building units in NES-, EUO-, and MFI-type zeo-
lites. (Reprinted with permission from Ref. [91], © 2015 Elsevier)

Fig. 9. A brief summary of the dependences of Si/Al ratios and micropore volume in 
the organotemplate-free synthesis of zeolite catalysts.
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For example, Wu et al. [104] demonstrated the sustainable synthesis 
of ZSM-5 and beta zeolite without the addition of organic templates 
or solvent. In that case, a large amount of polluted wastes was ef-
fectively avoided and the zeolite product yields were significantly 
improved. Chen et al. [105] reported the fast synthesis of zeolite A 
nanocrystals with no organic compounds under microwave radi-
ation, and showed that the microwave radiation significantly im-
proved the efficiency of the zeolite synthesis.

More recently, the organotemplate-free route has been extended 
to synthesize aluminophosphate-based molecular sieves. For ex-
ample, Yu et al. [106–108] presented a facile organotemplate-free 
synthesis of JU93, JU102, and JU103 in an alkali system under hydro-
thermal conditions. It is reasonable to assume that more examples 
of the organotemplate-free synthesis of aluminophosphate-based 
molecular sieves will be realized in the future.

The sustainable nature of the organotemplate-free route is im-
portant for the industrial production of zeolite catalysts in the fu-
ture. As a typical example, the German chemical company BASF SE 
has successfully commercialized the organotemplate-free synthesis 
of beta-SDS zeolite.
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