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Abstract
[Al,F]-free M-BEA (M = Ti, Fe, Co, Ga) nanocrystals were synthesized via a green steam-assisted conversion route. Obtained 
samples had regular morphology, hierarchical structure and superior surface texture. A “seed-assisted micro-zone syn-
chronous crystallization” model was firstly proposed to explain the crystallization process in a dense steam system.
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1  Introduction

M-BEA (Beta zeolite with *BEA topology), a class of het-
eroatomic catalysts with directional catalytic function, can 
endow traditional Beta zeolite superior performance in 
various reactions, whether gas-phase reactions or liquid-
phase reactions. Ti-BEA was the earliest M-BEA catalyst, 
and it broke through the limitation that titaniumsilicon 
zeolite was only used for gas-phase reactions. Currently, 
Ti-BEA zeolite has always performed well in green epoxi-
dation reactions, such as aromatics hydroxylation [1], 
cyclohexanone ammoniation [2] and olefin epoxidation 
[3]. Differently, Fe-BEA zeolite was mainly used in gas-
phase reactions, and was the most effective catalyst for 
NH3-SCR reaction (NOx selective catalytic reduction by 
NH3) [4, 5]. NH3-SCR reaction is the most efficient technol-
ogy for the removal of NOx in diesel vehicle [6], therefore, 
designing efficient, stable and environmental friendly 
NH3-SCR catalysts is of great significance. As far as SCR 
reactions, if the NH3 is replaced by an alkane, NH3-SCR 
reaction becomes another reaction type, namely CH4, 
C3H8 or C4H10-SCR-NOx reactions [7]. In this case, Co-BEA 
becomes the effective catalyst, especially for propane-
SCR reaction [8]. Ga-BEA was synthesized late, but it was 
greatly effective for alkane aromatization reaction, espe-
cially for propane aromatization [9, 10]. In addition, Sn-BEA 
[11], V-BEA [12] and other heteroatom M-BEA zeolites [13] 
also have their corresponding applications. In summary, 
M-BEA zeolites are indispensable for industrial application. 
But unfortunately, the synthesis of M-BEA catalysts have 
been under a difficult circumstance due to complicated 
synthetic procedures, high cost of materials and time, seri-
ous pollution and waste [3, 7, 14, 15]. Thus, it is meaningful 
to develop a green and effective method to accelerate its 
industrial process.

Nowadays, traditional hydrothermal synthesis is still 
the mainstream of M-BEA zeolite, which relies on mass 
transfer and thermal effects of much solvent to promote 
nucleation and growth process. But the low concentration 
of nutrients caused by much solvent are often more diffi-
cult for zeolitic nucleation and growth, so large amount of 
template agent (tetraethylammonium hydroxide, TEAOH) 
and long synthetic period (malar ratio TEAOH/SiO2 = 0.55, 
over 7 days [16]) are often the prerequisite for obtaining 
crystals with high crystallinity. Aluminum, as a nucleator, 
can facilitate the process of nucleation spontaneously 
[17, 18]. But the presence of aluminum usually leads to 
the formation of strong acid sites and decreases the selec-
tivity of products [19–21], so that the advantages of real 
active metal sites are not fully developed. Afterwards, a 

post-modification strategy was developed to avoid the 
difficulty of nucleation, but obtaining Si-BEA precursor 
required highly concentrated acid to remove structural 
aluminum for constructing structural defects [22, 23], 
which provide a home for subsequent grafting of het-
eroatoms into silicon framework. But unfortunately, this 
post-modification treatment tends to deposit heteroatoms 
on the porous surface and cannot enter the framework, 
thus easily forming extra-framework species that are 
apt to lost during reactions. To fundamentally solve the 
aluminum deficiencies, hydrofluoric acid was applied as 
charge compensator to assist nucleation process [24, 25], 
but this introduction significantly decreases the alkalin-
ity of and mobility of precursor, successively slowing 
down mass diffusion and nucleation rate, which leads to 
micro-level crystal and the inaccessibility of active sites. 
Therefore, M-BEA zeolites without aluminum and fluorine 
([Al,F]-free), have barely been synthesized by one-step 
hydrothermal synthesis. In addition, low yield of prod-
ucts, low utilization of autoclaves, high reaction pressure 
and large surplus of wastewater are all the inherent dis-
advantages of hydrothermal synthesis. Considering all 
these unsatisfactory problems, it is strongly desirable to 
develop a more efficient and green route to synthesize 
M-BEA zeolites.

Here we proposed a universal route for synthesizing 
heteroatomic M-BEA zeolites by introducing Ti, Fe, Co, Ga 
atoms into *BEA framework. This route was in a nearly dry 
steam environment without the presence of crystalliza-
tion liquid, leading to a large increase in the concentration 
of nutrients, which greatly increased the nucleation rate 
and shortened the crystallization period. Thus the amount 
of template was reduced to TEAOH/SiO2 = 0.2 only after 2 
days, far less than reported (TEAOH/SiO2 ≥ 0.55, 7–14 days). 
This method not only realized the synthesis of framework 
F-free and Al-free hierarchical M-BEA nanocrystals, but 
also greatly reduced production cost and environmental 
pollution. Very importantly, a model for the formation of 
M-BEA hierarchical structure was simultaneously proposed 
to explain the process of nucleation and growth in the 
dense-gel and steam system.

2 � Experiment

2.1 � Synthesis of M‑BEA zeolites and pure Si‑Beta 
seeds

Taking Co-BEA synthesis as an example, 0.3 g NaOH and 
3 g TEAOH solution were dissolved with 20 g deionized 
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water. Then, 0.17 g cobalt acetate solids were added into 
the clear solution and stirred for 20 min until the forma-
tion of milky white liquid. Then 0.3 g pure-Si Beta seeds 
were added and stirred uniformly, followed by the addi-
tion of 1.5 g fumed silica (A200). The resulting mixture 
was aged at room temperature under dynamic stirring 
conditions for 20 min. The final gel molar composition 
was SiO2:0.028C4H6O4Co:0.30NaOH:0.20TEAOH:44H2O. 
After aging, the gel was dried at 70 °C for 24 h. After dry 
and grind, measured 2.0 g dry gel was placed on a 10 mL 
raised Teflon holder and sealed in a 40 mL Teflon-lined 
stainless steel autoclave involving 0.5 g of deionized water. 
The autoclave was sealed and heated at 418 K for 48 h, 
then the as-prepared zeolite Co-BEA was obtained after 
washing and drying. To achieve the Co-BEA products, the 
as-prepared samples were ion exchanged in 1.0 mol/L 
NH4NO3 solution three times at 90 °C for 2 h, followed by 
calcining at 550 °C for 6 h. Schematic diagram was shown 
in Scheme S1.

The synthetic procedure of Ti-BEA, Fe-BEA and Ga-BEA 
samples was same as above except the difference of het-
eroatom sources. Detailed synthesis and physico-chemical 
property of pure Si-BEA seeds were all shown in our previ-
ous study [26].

3 � Results and discussion

3.1 � Roles of pure Si‑Beta seeds

During the steam-assisted crystallization of M-BEA (M = Ti, 
Fe, Co, Ga) crystals, due to the absence of nucleation-pro-
moting agents (Al3+ or F−), the presence of seed crystals 
is particularly pivotal for the isomorphous substitution of 
Ti, Fe, Co, Ga into *BEA framework. XRD patterns in Fig. 1 
exhibit perfect crystallization of M-BEA samples with 10 
wt% seed crystals, giving a series of peaks at 7.7°, 16.5°, 
21.4°, 22.4°, 25.3°, 26.8°, 29.5°, 30.5° associated with inte-
gral *BEA structure [27]. In contrast, the no-seeded sam-
ple displays no diffraction peaks, except a weak peak at 
2θ = 22.4° degree (Fig. S1a, ESI†). It is more likely to be 
the result of spontaneous nucleation of templated pre-
cursor after crystallization process, because the calcined 
no-seeded sample shows typical isotherm for Langmuir 
adsorption, giving HK pore size distribution at 0.6–0.7 nm 
(Fig. S1b). These results suggest that the no-seeded sam-
ple already exists some microporosity from *BEA nuclea-
tion before the formation of crystalline channels, indicat-
ing that tetraethylammonium cations (TEA+) have been 
inserted into the amorphous dry precursor by the sponta-
neous dispersion during crystallization [28, 29]. However, 
just with so little template (TEAOH/SiO2 = 0.2), the number 
of crystal nucleus needed for perfect crystallization is far 

insufficient, so it is necessary to introduce sufficient seeds 
to construct sufficient nucleus sites depending on non-
spontaneous nucleation process. When seeds addition is 
increased to 10%, the crystalline channels can completely 
constructed, which can be proved by the large specific 
surface area and pore volume of the four M-BEA zeolites 
(Table 1). Anyway, for the SAC synthesis of M-BEA zeolites, 
the spontaneous nucleation process induced by template 
agent and the non-spontaneous nucleation process com-
plementally promote the isomorphous substitution of Ti, 
Fe, Co, Ga into *BEA framework.

3.2 � Formation of square morphology

Notably, all the M-BEA samples achieved by SAC method 
show a nanosized regular square morphology, although 
there exists some differences in crystal size and thickness 
(Fig. 2). The acquisition of the square morphology is closely 
related to the crystallization kinetics and growth environ-
ment of zeolites. Under a more alkaline environment, zeo-
lite prefers to grow along (110) plane in comparison with 
(001) plane, as a result, the M-BEA samples finally exhibit 
square shape [26, 30]. And for different M-BEA samples, 
since different heteroatom sources introduced into the 
growth systems, naturally, the crystallization environ-
ment are different, resulting in the difference of crystal size 
along [110] and [001] dimensions. In addition, as quite dif-
ferent from hydrothermal or solvent-free synthesis [31, 32], 
SAC method has unique advantage in zeolitic nucleation, 
growth and assembly process [33], so obtained crystals are 
nanocrystal with nanometer scale. During steam-assisted 
crystallization, the rate and number of nuclei increased 
significantly as the dry gel was tightly packed by the hot 

Fig. 1   XRD patterns of Ti-BEA, Fe-BEA, Co-BEA and Ga-BEA samples 
with 10% seeds/SiO2 mass ratio at 145 °C for 2 days
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steam. Importantly, the local limiting effect caused by 
the dense gel system significantly limits the excessive 
growth of M-BEA nanocrystals, and finally guarantees 
the samples present at the nanometer level [34]. Accord-
ingly, the size of Ti, Fe, Co, Ga-BEA nanocrystals are about 

450 × 450 × 100 nm, 450 × 450 × 100 nm, 600 × 600 × 100 
nm, 250 × 250 × 200 nm, respectively.

3.3 � Construction of hierarchical structure

Interestingly, hierarchical structure can be directly con-
structed without secondary treating and pore-enlarging 
additives, just by this simple steam-assisted conversion 
method. The rough surface of the obtained particles 
(Fig. 2) indicate that they are the aggregates composed 
of small highly intergrown nanocrystals with abundant 
mesopores [35, 36], furthermore, the TEM (Fig. 3) images 
and nitrogen sorption test (Fig. 4) provide strong evi-
dences for the existence of this hierarchical structure. 
The nitrogen isotherms (Fig. 4) show that all the M-BEA 
samples exhibit typical type IV isotherms [26, 37], firstly 
display a steep increase at a very low relative pressure (P/
P0 < 0.1), indicating the intrinsic well-constructed micro-
spores stemming from the *BEA structure. And distinct 
type H4 hysteresis loops originated from the capillary 
condensation appear at 0.4 < P/P0 < 1.0 [33], which usu-
ally occur in some adsorbents with both micropores and 
mesopores or solids containing slit fissures, evidencing the 
hierarchical structure containing both of microspores and 

Table 1   Textural properties 
of different M-BEA samples 
prepared by SAC method

a The specific surface areas were calculated by Brunauer–Emmett–Teller (BET) equation
b The total pore volumes were evaluated from relative pressure at P/P0 = 0.99, the porous areas and vol-
ume were determined by the t-plot method
c The average pore sizes were estimated by the Barrett–Joyner–Halenda (BJH) method

Sample Surface area (m2 g−1)a Pore volume (cm3 g−1)b

BET Micro. Meso. Total Micro. Meso.

Ti-BEA 435.60 272.07 163.53 0.33 0.12 0.21
Co-BEA 419.68 291.00 128.68 0.34 0.14 0.20
Fe-BEA 567.47 393.50 173.97 0.35 0.21 0.14
Ga-BEA 507.79 398.86 109.11 0.29 0.21 0.08

Fig. 2   SEM images of Ti-BEA, Fe-BEA, Co-BEA and Ga-BEA samples 
with 10% seeds/SiO2 mass ratio at 145 °C for 2 days

Fig. 3   TEM images (left) and 
high resolution images of a 
Ti-BEA, b Fe-BEA, c Co-BEA, d 
Ga-BEA samples
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mesopores. Moreover, the observation of dense porous 
channels in TEM images (Fig. 3) is another powerful exam-
ple of hierarchical structure, which echo the superior tex-
tural properties (Table 1), especially, large external surface 
area (163.53, 128.68, 173.97, 109.11 m2 g−1), mesoporous 
pore volume (0.21, 0.20, 0.14, 0.08 cm3 g−1) and average 
pore size (about 4–10 nm).

3.4 � Evidences of heteroatoms entering framework

To confirm that different heterometallic atoms have 
indeed grown in zeolitic silicon matrix, UV–Vis, FT-IR and 
XPS tests jointly provide strong evidences for different 
M-BEA samples. For Ti-BEA samples, the absorbance at 
near 230 nm (Fig. 5a) corresponds to tetrahedrally coor-
dinated Ti species inserted into framework, and the lower 
binding energy values of ~ 458 and ~ 464 eV in XPS spec-
tra (Fig. 6a) are assigned to 2p3/2 and 2p1/2 photoelectrons 
of tetrahedrally coordinated framework Ti(IV) species [38, 
39]. UV–Vis spectra (Fig. 5b) of Fe-BEA exhibit a strong 
band at near 242 nm, which is assigned to Fe3+ at isolated 
tetrahedral framework sites (charge transfer band), and 
the weak band at 304 nm is attributed to d–d transitions 
of the Fe3+ ion in tetrahedral symmetry [40, 41]. The XPS 

photoelectrons also (Fig. 6b) show a main peak at 711.2 eV 
and satellite peak at the high binding energy side (724.9 
eV), which are all considered to be the characteristic for 
Fe3+ species. Beyond that, the only peak at 532.5 eV (Fig. 
S2 left, ESI†) corresponds to the oxygen species involved 
in the formation of either Si–O–Fe or Si–O–Si linkages of 
the zeolitic framework [42]. Figure 5c shows the UV–Vis 
spectra of Co-BEA samples, and all visible peaks associ-
ated with Co2+ species can be matched with the literature 
[43]. The peaks at 539, 591, 640 nm are evidence that Co 
has been successfully inserted into matrix, and the triplet 
is representative of Co2+ ions present in the vicinity of a 
six-member ring at the intersection of two straight chan-
nels of *BEA structure. The Co 2p2/3 XPS photoelectrons in 
Fig. 6c exhibit a main peak at 782.6 eV and a satellite peak, 
which are also characteristic peaks of Co2+ species in the 
matrix [43, 44]. Figure 5d shows the FT-IR spectra in the 
structural region of *BEA type zeolites, where the Ga-BEA 
sample exhibits the asymmetric T–O stretch band at 1172 
cm−1, while the pure Si-BEA sample does not. This finding 
can be rationalized by considering that the isomorphous 
substitution of Si by Ga in framework [45]. Except for this, 
the two feature bands representing the *BEA structure 
appear the redshift to the lower wavenumber region due 

Fig. 4   Nitrogen isotherms with pore size distribution of a Ti-BEA, b Fe-BEA, c Co-BEA, d Ga-BEA samples
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to the longer bond length of Ga–O than that of Si–O, from 
533, 575 to 513, 571 cm−1, respectively. The main absorp-
tion band at 238 nm in UV–Vis spectra (Fig. S2 right, ESI†) 
further indicate that the Ga element is in the presence of 
the 4-coordinated Ga species in the framework, which is 
correspond with the peak at about ~ 20.5 eV attributed to 
the 4-coordinated framework of Ga species [45, 46].

In summary, the isomorphous substitution of Si by M 
(Ti, Fe, Co, Ga) in the *BEA framework can be fully imple-
mented, and the corresponding M species also exist in 
a good coordination environmental, instead of kinds of 
metal oxides in extra-framework. These results suggest 
that the steam-assisted conversion route is an effective 
and universal method for the incorporation of heteroatom 
into zeolitic framework.

3.5 � “Seed‑assisted micro‑zone synchronous 
crystallization” model

As an effective and green method of synthesizing zeolites, 
nowadays, no clear model can be proposed to explain why 

the hierarchical structure can be directly constructed by 
the steam-assisted conversion method. Here, we proposed 
a “seed-assisted micro-zone synchronous crystallization” 
model to explain the formation of hierarchical hetero-
atomic M-BEA zeolites in a dense steam environment 
(Scheme 1). From a microscopic molecular perspective, 
this model gives a detailed explanation of the formation 
of mesoporous and microporous structure from a dense 
precursor gel, so as to provide the guidance for one-step 
synthesizing heteroatomic hierarchical zeolites, in the 
case where neither crystallization aids such as aluminum 
or fluorine nor pore-enlarging agents required.

The formation of hierarchical M-BEA material is depicted 
in Scheme 1. Here, the hierarchical M-BEA zeolites are gen-
erated in a multistep process: (1) homogenizing of raw 
materials (silicon, heteroatomic sources and template 
agent) in alkaline medium and dry them. (2) Transferring 
dry nutrients into autoclave and beginning crystallization. 
During crystallization, every dry gel particles will be sur-
rounded by steam under the high temperature and pres-
sure, further forming numerous small microcrystalline 

Fig. 5   UV–Vis spectra for a Ti-BEA, b Fe-BEA, c Co-BEA and FT-IR spectra for d Ga-BEA samples (left)
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Fig. 6   XPS of a Ti-BEA, b Fe-BEA, c Co-BEA, d Ga-BEA samples

Scheme 1   Model of “seed-assisted micro-zone synchronous crystallization” related to the formation of hierarchical structures
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units covered with thin liquid film [50] as well as carrying 
out micro-zone synchronous reaction. Specifically, the 
steam-assisted micro-zone synchronous reaction can be 
divided into three processes, namely, steam works in three 
main processes (3): Step 1, formation of nucleation centres 
with the help of both local concentration fluctuations and 
seed-assisted nucleation. Specifically, once the crystalliza-
tion process begins, steam will invade the dense dry par-
ticles and wrap every dry particles in a tiny water capsule 
to form numerous micro-zone reaction units. Under the 
action of water initiation in this capsules (local concen-
tration fluctuations), the seeded and templated dry gel 
begin to dissolve and active, subsequently the titanium-
silicon nutrients in dry gel begin synchronously migrate 
and further deposit to the pre-existing seed surface, form-
ing numerous nucleation centres under the guidance of 
seeds (seed-assisted nucleation). So far, the nucleation 
stage has been completed by the steam assistance. Step 
2, successive transformation of these nucleus centres into 
nanocrystals with pseudo-*BEA structure [47–49]. Spe-
cifically, the titanium-silicon nutrients continue synchro-
nously migrate to the nucleus centres, further polymerize 
and grow to form isolated nanocrystals with pseudo-*BEA 
structure. In every microcrystalline units, both the num-
ber and size of nanocrystals increase significantly due to 
continued synchronous migration of nutrients. When the 
titanium-silicon nutrients is used up, the areas originally 
located titanium-silicon nutrients form into empty areas, 
which are responsible for the eventual construction of 
mesoporous structures. So far, the nanocrystals with 
pseudo-*BEA structure are formed. Step 3, formation of 
aggregated networks by condensation at contact points 
of numerous nanocrystals surfaces. In this step, large 
number of nanocrystals (from different microcrystalline 
units) start to aggregate into a network by condensation 
at contact points of the particle surfaces. Due to the low 
mobility of nanocrystals in the nearly dry environment, the 
aggregation phenomenon actually carries out along the 
edge of the empty areas instead of inside the empty areas. 
Therefore, the original empty areas finally are connected 
irregular intermediate voids, eventually establishing the 
mesoporous structure. The aggregated network gradually 
expand more broaden until the steam completely disap-
pears, thus, the hierarchical zeolites have a certain size. 
Finally, as the remove of OSDAs by calcination, intrinsic 
micropores are not only exposed but the hierarchical 
structure is also stronger, and the hierarchical structure 
completely is constructed.

To provide experimental data for above model, the crys-
tallization and morphology of intermediate products were 
tested and shown in Figs. 7 and 8, respectively (taking the 
crystallization process of Ti-BEA nanocrystals as an exam-
ple). In general, zeolite crystallization process was divided 

into two stages, including the rapid nucleation stage and 
the slow growth stage. After an overall analysis for crys-
tallization and morphology, we suggested that the first 
12 h were the rapid nucleation stage in the entire crystal-
lization period (48 h), which mainly underwent nucleation 
reactions. The remaining 36 h was the stage where nutri-
ents attach to the crystal nucleus and further grew slowly, 
including the migration, attachment and polymerization 
of nutrients. The specific process was as follows:

When the dry gel [corresponding to (A) in Scheme 1] 
had not been crystallized, it exhibited an amorphous 
state because no characteristic peak appeared in the XRD 
pattern (Fig. 7a). This result was consistent with the SEM 
image in Fig. 8a, where these dry gels were in an cohesive 
amorphous state, and a small amount of square seeds 
were mixed in it. These amorphous substances were the 
“nutrient library” for the subsequent nucleation process 
and growth process, and continuously supply nutrients for 
crystallization reaction. The existence of seeds provides 
ready-made nucleation sites for subsequent nucleation 
reactions.

After 6 h of crystallization, the most important char-
acteristic peak (22.4°) of *BEA structure began to appear. 
Correspondingly, some crystal nuclei began to appear in 
the amorphous substances in the SEM image (Fig. 8b). The 
above facts indicated that the nucleation reaction was in 
progress under the induction of seeds. The state of the 
substance at this time corresponded to (B) in Scheme 1. 
After 12 h of crystallization, the basic diffraction peaks 
began to appear at 7.7°, 21.4°, 22.4°, 26.8°, 30.5° (Fig. 7c), 
indicating that the crystal nuclei at this time had basic 
*BEA structure, but it is only the “prototype” of the per-
fect *BEA structure. This “prototype” corresponded to 
the pseudo-*BEA structure in Scheme 1. (C). Figure 8c 

Fig. 7   XRD patterns of intermediate product during the crystalliza-
tion process of titaniumsilicon dry gel
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exhibited the morphology of intermediate products at 
this time: as nucleation reaction continued, the crystal 
nucleus grew further from the amorphous gel. As the size 
increased, its basic square morphology began to appear. 
This structural and morphological feature suggested that 
nucleation state had been ended, and then entered the 
stage of crystal growth.

The last 36 h was for the crystal growth, this state was 
relatively slower than nucleation state, due to including 
subsequent migration, attachment and polymerization 
processes. During the 36 h, the crystallinity of Ti-BEA 
nanocrystals gradually increased, and perfect Ti-BEA 
nanocrystals would be formed when the crystallization 
ended (Figs. 7d–f, 8d–f ). When the crystallization reac-
tion progressed to 18 h (Fig. 8d), a large number of square 
nanocrystals began to grow, with the nutrients synchro-
nously migrated, attached, and polymerized to the sur-
face of the crystal nucleus. In this process, the number of 

independent square crystals increased with the number 
of amorphous substances decreasing [corresponding to 
(D) in Scheme 1]. When the time increased to 20 h, the 
nanocrystals grew further, and the square shape became 
more regular and the crystal size also became more uni-
form (Fig. 8e). After 48 h, the dry nutrients were completely 
consumed, and the perfect square Ti-BEA nanocrystals 
were synthesized. After calcination, its hierarchical struc-
ture came out (TEM images in Fig. 8f ). The specific micro-
scopic formation of hierarchical structure has been shown 
in Scheme 1.

3.6 � Greenness of the SAC method

SAC method is a green synthesis method, and the green-
ness is reflected on entire synthesis process: (1) the green 
of raw materials. SAC method replaces poisonous and 
expensive organic silicon/heteroatomic sources with 

Fig. 8   SEM images of inter-
mediate product during the 
crystallization process of 
titaniumsilicon dry gel
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innocuous and cheap inorganic silicon/heteroatomic 
sources; (2) the green of synthesis steps. SAC method 
makes full use of steam penetration, greatly increases 
the concentration of “nutrients” in crystallization system, 
and significantly accelerates the nucleation and crystal-
lization efficiency, so the crystallization time only takes 2 
days; (3) in terms of raw material utilization, the amount of 
organic template is much lower than the current reported, 
and entire synthesis steps does not need corrosive hydro-
fluoric acid and other poisonous substances. Thus the raw 
material utilization is greener; (4) SAC method is greener 
in environmental protection. SAC method relies on steam-
assisted crystallization instead of a large amount of sol-
vent, so there is almost no wastewater discharge after 
the crystallization; (5) the product yield of SAC method is 
close to 100%, and the product has the advantages of high 
crystallinity, regular morphology, excellent texture proper-
ties, and hierarchical pore structure. In summary, the SAC 
method is greener than traditional hydrothermal synthesis.

In addition, SAC method is less poisonous in raw mate-
rials, synthetic processes and waste discharge than tradi-
tional hydrothermal method: Firstly, SAC method replaces 
the highly poisonous organosilicon and heteroatomic 
sources with the non-poisonous inorganic silicon and low-
poisonous inorganic heteroatomic sources. Moreover, the 
whole synthesis process does not require highly poison-
ous hydrofluoric acid; Secondly, in terms of the synthe-
sis steps, SAC method innovatively mixes the poisonous 
organic template agent into the dry gel in advance, thus 
avoiding the decomposition of organic template agent 
and the evaporation of poisonous gas; Finally, in terms of 
wastewater discharge, SAC method is basically no poison-
ous wastewater after crystallization, so it does not involve 
the discharge of poisonous wastewater.

4 � Conclusions

Here this work proposed a steam-assisted conversion 
route for synthesizing M-BEA zeolites. Compared tradi-
tional hydrothermal process, this method is more greener, 
efficient and lower-cost for synthesizing M-BEA zeolites, 
and can greatly meet the characteristics of M-BEA zeolites 
on a large-scale industrialization. Moreover, this study pro-
posed a “seed-assisted micro-zone synchronous crystalliza-
tion” model, in order to explain the crystallization process 
in steam system. Promisingly, the strategy provided here 
may be not only suitable for single metal atom into silicon 
matrix, but also may be applicable to composite hetero-
atomic *BEA zeolites, or even ternary heteroatomic zeo-
lites, such as [Ti,Ga]-BEA, [Fe,Co]-BEA, [Ti,Fe,Ga]-BEA et al., 
to enrich the kinds of active sites inside the crystals.
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