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A B S T R A C T   

Siliceous Beta zeolite and its metal-containing counterparts are effective adsorption and catalysis materials. To 
develop facile and efficient synthesis strategy would facilitate their large-scale production and application. 
Herein, we report the fluoride-free hydrothermal synthesis of siliceous Beta achieved by an inorganic cation- 
driven strategy. It is found that the types of inorganic cations are more critical than anions in determining the 
product phase. Inorganic cations with smaller sizes (such as Li+, Na+ and Mg2+) facilitate the synthesis of sili-
ceous Beta, while the larger ones (such as K+, Ca2+ and NH4

+) tend to give rise to impurity or amorphous 
materials. Crystallization mechanism investigation based on the Na+-added system revealed that inorganic 
cations can effectively promote the fast polymerization of SiO2 colloids at the initial stage. The crystallization 
occurs on the polymerized composites, yielding siliceous Beta with high solid yield. The resultant material is well 
characterized, which possesses few framework defects, high hydrophobicity and large adsorption uptake for 
toluene (one of the common volatile organic compounds). Breakthrough experiments further evidence the dy-
namic toluene adsorption capacity of the material is 24% higher than that of siliceous Beta synthesized by 
fluoride route.   

1. Introduction 

Zeolites contribute to the building of modern energy, chemical and 
environmental industries, which have been widely employed as the 
catalysts and adsorbents for the numerous processes [1–5]. Besides the 
prominent roles in various chemical processes, the anonymous contri-
butions from zeolites in adsorbents receive growing spotlights, given the 
increasingly stringent regulations on energy and environmental stan-
dards. The most early and well-known zeolite-based adsorbents are the 
desiccating adsorbents associated with LTA (A) and FAU (X) zeolites, 
which reach the historical and ongoing milestone regarding their ap-
plications in world wide. The capability and capacity of zeolite-based 
adsorbents depend on their topology and Si/Al ratios, the latter of 

which reflects their affinity to the inorganic/organic guest adsorbates. 
As the consequence, the Al-rich, i.e. low Si/Al ratios, zeolites are popular 
for the relatively polar guest adsorbates, whereas Al-deficient zeolites 
prefer less polar ones [4,6–9]. 

Volatile organic compounds (VOCs) are pervasive in our daily life, 
which is toxic for human health and environments. Zeolite Beta with 
three-dimensional (3D) 12-ring large pores is among the most promising 
candidates for the abatement of VOCs, especially for bulky VOCs [4, 
10–14]. Hydrophobic all-silica Beta zeolite has shown excellent per-
formance in the competitive adsorption of organic-water mixtures in 
comparison with other zeolites [4,10,11,15]. Very recently, siliceous 
Beta was further reported to be highly selective for the removal of 
perfluorinated contaminants, even in the presence of organic 
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competitors [16]. The lack of silanol defects in the zeolite framework 
was revealed to be important for the high adsorption affinity and high 
saturation capacity. 

Conventionally, zeolite Beta is hydrothermally synthesized using 
tetraethylammonium hydroxide (TEAOH) as an organic-structure 
directing agent (OSDA), and the product Si/Al ratio (SAR) is lower 
than 100 [17,18]. Given the importance and application potentials of 
siliceous Beta zeolite, great efforts have been dedicated to breaking the 
limit. Post-synthesis dealumination method offers an indirect alternative 
to prepare siliceous Beta. However, loss of crystallinity cannot be 
avoided during the acid treatment, yielding a product with abundant 
internal defects [19,20]. This is unfavorable for the material’s adsorp-
tion performance as industrial gases always contain both VOCs and 
water vapor. van der Waals et al. [21] first reported the synthesis of 
all-silica Beta by using commercially unavailable dibenzyldimethy-
lammonium cation as OSDA under the assistance of Beta seeds. The 
existence of Si–OH defects (Q3/(Q3+Q4) = 0.16) revealed by 29Si MAS 
NMR implied its poor hydrophobicity. Subsequently, Camblor et al. [22] 
synthesized siliceous Beta and Ti-Beta by using tetraethylorthosilicate 
(TEOS) as Si source under the addition of H2O2 and seeds after a crys-
tallization at 140 ◦C for 14 days. Comparatively, fluoride-assisted syn-
thesis provides an effective way to achieve defects-free large Beta 
crystals. Based on fluoride-assisted method, some novel OSDAs for the 
synthesis of siliceous Beta were also discovered [23–26]. Unfortunately, 
the use of highly corrosive and toxic fluoride in the synthetic system 
restricted its large-scale production due to pollution and safety problems 
[27]. Recently, Fan et al. [28] reported the synthesis of siliceous zeolites 
by dry gel conversion (DGC). They proposed that the charge-balancing 
interactions between the inorganic cation, OSDA, and Si–O- defects 
play crucial role for the synthesis. In addition, interzeolite trans-
formation method was also developed to synthesize siliceous Beta by 
using MWW zeolite (ITQ-1) as starting precursor. The H2O dosage is 
controlled at very low level (H2O/SiO2 = 1) to reach satisfied crystal-
linity and yield [15]. However, the above DGC strategy and phase 
transformation route are hard to be scaled up due to the difficulty in 
mass and heat transfer. 

To develop efficient and fluoride-free hydrothermal synthesis strat-
egy for siliceous Beta zeolite is thus highly desirable, which would 
facilitate its large-scale synthesis and promote its industrial application. 
Moreover, metalIV-containing siliceous Beta zeolites such as Sn-Beta 
[29–32], Zr-Beta [32,33] and Ti-Beta [22,34,35] are important Lewis 
acid catalyst effective for many redox reactions. The development of 
novel/facile synthetic strategy for siliceous Beta would also facilitate the 
synthesis and industrial application of these metalIV-containing Beta 
materials. 

Herein, with the understanding of zeolites formation and colloid 
chemistry, an inorganic cation-driven polymerization strategy is devel-
oped to realize the efficient hydrothermal synthesis of siliceous Beta. All 
the sources were those conventionally employed for the large-scale 
production of zeolites. The zeolite formation mechanism was studied 
systematically and the intrinsic role of inorganic cation on the synthesis 
was proposed. The hydrophobicity and VOCs adsorption performance of 
the obtained material were investigated and compared with the ones 
synthesized by fluoride route and by post-synthesis dealumination. 

2. Experimental 

2.1. Materials 

The chemical reactants used for zeolite synthesis: tetraethylammo-
nium hydroxide (TEAOH, 35 wt%), tetraethylammonium chloride 
(TEACl, 99 wt%), tetramethylammonium chloride (TMACl, 99.9 wt%), 
silica gel (99 wt%), silica sol (27.5 wt%), fumed silica (99 wt%), tet-
raethyl orthosilicate (TEOS, 99 wt%), sodium hydroxide (NaOH, 99.9 wt 
%), lithium chloride (LiCl, 97 wt%), sodium chloride (NaCl, 99.5 wt%), 
sodium bromide (NaBr, 99 wt%), sodium nitrate (NaNO3, 99 wt%), 

sodium sulfate (Na2SO4, 99 wt%), potassium bromide (KBr, 99 wt%), 
potassium chloride (KCl, 99.5 wt%), magnesium chloride hexahydrate 
(MgCl2⋅6H2O, 98 wt%), calcium chloride (CaCl2, 96 wt%), ammonium 
chloride (NH4Cl, 99 wt%), hydrofluoric acid (HF, 40 wt %), aluminium 
isopropoxide (24.7 wt%), nitric acid (HNO3, 65 wt%) ammonium nitrate 
(NH4NO3, 99.5 wt%), toluene (99 wt%). All of them were commercial 
reagents and used as received. 

2.2. Fluoride-free hydrothermal synthesis of siliceous Beta zeolite 

The detailed gel compositions for the fluoride-free hydrothermal 
synthesis of siliceous Beta zeolite were listed in Table 1. The typical 
synthesis procedure can be described as follows: TEAOH solution was 
first added into deionized water, followed by the addition of TEACl and 
NaCl. The mixture was stirred for about 10 min to obtain a clear solu-
tion. Fumed silica was then added into the above solution in three equal 
lots under stirring. After stirring the gel at room temperature for 12 h, 
siliceous Beta seeds were added if required. After a further stirring for 
12 h, the final gel was transferred to a stainless-steel autoclave and 
heated in an oven maintained at 140 ◦C for 4 d. The as-made sample was 
recovered by centrifugation, washed with deionized water for 3 times 
and dried at 120 ◦C. 

As the existence of Na+ cation in the as-made sample may cause the 
structural collapse during the calcination process, NH4

+ exchange was 
conducted to remove the metal cations in the as-made sample [36]. 1 g 
of the sample was mixed with 50 g of 1 mol/L NH4Cl solution and stirred 
at 80 ◦C for 1 h. The solid was recovered by centrifugation, and this 
process was repeated two times. The resultant sample was dried at 
120 ◦C and calcined in air at 600 ◦C for 5 h to remove the organics. 

In all experiments, the oven was heated to 140 ◦C in 1 h. For the 
investigation of crystallization process, time zero was recorded once the 
oven temperature reached 140 ◦C. 

2.3. Preparation of Beta nanoseeds 

NaOH was first dissolved in TEAOH solution, followed by the gradual 
addition of fumed silica. After the silica dissolved, aluminium isoprop-
oxide was added into the solution, which form a gel with molar 
composition of 25SiO2: 0.25Al2O3: 9TEAOH: 0.35Na2O: 331H2O [28]. 
This mixture was stirred at room temperature for 1 d followed by 
heating in a stainless-steel autoclave at 120 ◦C for 3 d. The product was 
washed with deionized water, calcined at 600 ◦C for 5 h and deal-
uminated by treatment with concentrated HNO3 at 80 ◦C for 24 h. This 

Table 1 
Synthesis conditions and products of siliceous Beta zeolite.  

Samplea Gel composition Product 

Yieldb 

(wt %) 
Phase Si/Nac 

(mole) 

1 1SiO2 : 0.35TEAOH: 7H2O – Clear liquid – 
2 1SiO2 : 0.35TEAOH: 7H2O 9.3 Beta – 
3 1SiO2 : 0.35TEAOH: 

0.20NaCl: 7H2O 
62.9 Beta 21 

4 1SiO2 : 0.25TEAOH: 
0.1TEACl: 0.05NaCl: 7H2O 

42.0 Beta 50 

5 1SiO2 : 0.25TEAOH: 
0.1TEACl: 0.10NaCl: 7H2O 

81.6 Beta 28 

6 1SiO2 : 0.25TEAOH: 
0.1TEACl: 0.20NaCl: 7H2O 

88.6 Beta + ZSM- 
5+Amor. 

10 

7 1SiO2 : 0.20TEAOH: 
0.15TEACl: 0.10NaCl: 
7H2O 

87.4 Beta + ZSM- 
5+Amor. 

19  

a All the syntheses were carried out at 140 ◦C for 4 days with the addition of 
10 wt% seeds except sample 1 (without seeds addition). 

b Calculated on the basis of SiO2 mass: solid yield = SiO2 product/(SiO2 source +

SiO2 seeds). The SiO2 product does not include the OSDA weight. 
c Si/Na ratio of the as-made products. 
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treatment was capable to extensively remove alumina in the parent 
zeolite. After calcination at 600 ◦C for 5 h, the product was collected by 
centrifugation and washed thoroughly with deionized water. 

2.4. Preparation of reference samples 

Two reference samples named RefdeAl and RefF were prepared for 
comparison. RefdeAl was obtained by post-synthesis dealumination of 
aluminosilicate Beta. The detailed procedure is the same as that of Beta 
nanoseeds described above. RefF was synthesized by a fluoride-assisted 
route. Its synthesis procedure is as follows: TEAOH solution was added 
to a plastic beaker, followed by the addition of fumed silica in three 
equal lots while stirring. After stirring for 2h, HF solution was fast added 
into the mixture. The redundant water was evaporated at 60 ◦C to obtain 
the final gel with a molar composition of 1.0SiO2: 0.5TEAOH: 0.6HF: 
3H2O [37]. This mixture was transferred into a stainless-steel autoclave 
and heated at 160 ◦C for 1 d. The solid was recovered by centrifugation, 
washed with deionized water, dried at 120 ◦C and finally calcined at 
600 ◦C for 5 h. 

2.5. Characterization 

X-ray diffraction (XRD) patterns of the samples were collected on a 
PANalytical X’Pert PRO X-ray diffractometer using Cu Kα radiation (λ =
1.5418 Å) at 40 mA and 40 kV. The inorganic elemental compositions 
were determined using a Philips Magix-601 X-ray fluorescence (XRF) 
spectrometer. Scanning electron microscopy (SEM) images were ob-
tained for morphological investigation using a Hitachi SU8020 scanning 
electron microscope. N2 adsorption and desorption experiments were 
performed on an ASAP 2020 gas adsorption analyzer (Micromeritics) at 
− 196 ◦C. The sample was pre-treated under vacuum at 350 ◦C for 4 h 
before the test. The solid-state nuclear magnetic resonances (NMR) were 
measured on a Bruker Avance III 600 spectrometer equipped with a 14.1 
T wide-bore magnet using a 4 mm WVT double resonances MAS probe. 
29Si MAS NMR utilized high energy proton decoupling to collect signals 
with the spinning rate of 8 kHz. The total number of scans was 1000 with 
10 s cycle delays. The chemical shifts of Kaolinite at − 91.5 ppm were 
used as reference. A TA SDT Q-600 analyzer was used for thermog-
ravimetry analysis (TGA) under 50 mL/min of air flow and the heating 
rate was set at 10 ◦C/min. The sample was packed at about 10 mg and 
tested from room temperature to 900 ◦C. The FTIR spectra were recor-
ded in the range of 4000–900 cm− 1 on a Fourier transform infrared 
spectrometer (Brukers XF808-04) with a resolution of 4 cm− 1. In order 
to remove the adsorbed water, the pellet was pretreated inside the IR cell 
at 450 ◦C in vacuum for 2 h before the measurement. 

The water vapor adsorption isotherms of the samples were deter-
mined by ASAP 2020 physical adsorption apparatus of Micromeritics 
Company. Prior to the test, the samples (50 mg, 40–60 mesh) were 
degassed at 350 ◦C for 3 h. The toluene adsorption on zeolites was 
analyzed using Hiden Isochema IGA100 intelligent gravimetric 
analyzer. Before the test, the sample (100 mg, 40–60 mesh) was 
degassed at 350 ◦C for 1 h. The adsorption was carried out under the 
pulse pressure with a constant temperature of 25 ◦C and 33.8 mbar. 

For the breakthrough experiment, 0.20 g of the calcined sample 
(40–60 mesh) was loaded in the stainless tube with internal diameter of 
0.60 cm (bed height: ~2.2 cm). The sample was first purged with N2 and 
heated to 600 ◦C for activation. The breakthrough temperature was 
controlled at 30 ◦C by circulating water bath. The adsorption was carried 
out with a mixture of toluene (1.87 kPa) and water vapor (0.87 kPa) 
using N2 as carrying gas. The gas stream was analyzed by using a mass 
spectrometer. 

3. Results and discussion 

3.1. Synthesis and characterization of siliceous Beta zeolite 

Table 1 lists the detailed synthetic gel compositions and their effect 
on the product phases and yields. The corresponding XRD patterns of the 
products are displayed in Fig. S1. The hydrothermal syntheses of sili-
ceous Beta started from a gel system with molar composition of 1SiO2: 
0.35TEAOH: 7H2O. As shown in Table 1, no solid product was obtained 
simply based on this starting recipe after crystallization at 140 ◦C for 4 
days. Upon the addition of siliceous Beta nanoseeds, the crystallization 
could be initiated but with low solid yield of 9.3%. Such a yield is close 
to the amount of added seeds. However, further adding NaCl into the 
system, the solid yield shows a remarkable increase to 62.9%, indicating 
the powerful effect of NaCl addition. 

Aiming at the further improvement of solid yield, we tried to reduce 
the alkalinity of the gel system, given that previous works have evi-
denced that low alkalinity can decrease the solubility of siliceous species 
and help boost the solid yield of zeolites [9,38–40]. TEACl salt was thus 
added into the gel system to partially replace TEAOH, while fixing the 
total amount of OSDA cation (TEA+/SiO2 = 0.35). It can be seen that 
under the gel composition of 1SiO2: 0.25TEAOH: 0.1TEACl: 0.1NaCl: 
7H2O, the solid product can reach a yield as high as 81.6% with pure 
*BEA phase (sample 5). Further decreasing the gel alkalinity to 
TEAOH/SiO2 = 0.20, the solid yield shows a continuous increase to 
87.4% (sample 7). Unfortunately, the resultant product was contami-
nated with impurity. In addition, the dosage of NaCl in the initial gel is 
also found to have a great effect on the purity and yield of solid products 
(samples 4–6). Lower NaCl addition shows weaker promotion on the 
increase of solid yield. High NaCl addition facilitates the improvement 
of solid yield, but may result in the formation of impurity. The optimized 
NaCl addition in the low-alkalinity gel system of samples 4–6 is at 
NaCl/SiO2 = 0.1. The high solid yield and fluoride-free hydrothermal 
system of the present synthetic strategy imply that it would be favorable 
for the industrial production and application of siliceous Beta zeolite. 

The characterization results of sample 5 are displayed in Fig. 1. The 
XRD pattern presents characteristic peaks of the *BEA structure with 
both sharp and broad peaks, mainly comprised of the contribution of 
polymorphs A and B with stacking disorder [5,41,42]. The SEM image 
reveals that sample 5 has a truncated octahedron morphology with 
rough surface. The particle sizes are about 300–400 nm. The N2 sorption 
isotherm of sample 5 gives a type IV isotherm with hysteresis loop in the 
range of P/P0 = 0.40–0.95, showing the existence of mesopores which 
likely originate from the void space formed by the accumulation of 
adjacent nanocrystallines. The textural properties of the samples are 
shown in Table 2. The micropore surface area and micropore volume of 
sample 5 are 383 m2 g− 1 and 0.19 cm3 g− 1, respectively, which are close 
to the previously reported values for zeolite Beta [43–45]. Thermog-
ravimetry analysis displays that the as-made sample 5 contains an 
organic weight of about 22 wt%. The organics can be completely 
removed before 500 ◦C, which is much easier than that of aluminosili-
cate Beta and implies the relatively weak interactions between the TEA+

and the siliceous framework. 
It is noted that part of Na+ cations is resided in the as-made product 

and its content shows a positive correlation with the initial dosage 
(Table 1). This is not unexpected as the involvement of Na+ cations is 
necessary in order to compensate the negative charge of the framework 
≡Si–O- defects, which are the residues following the formation of ≡Si–O- 

TEA+ [46]. However, the existence of Na+ cations may hinder the 
condensation of ≡Si–O- defects and lead to structural collapse during the 
high-temperature calcination process [47]. Therefore, NH4

+-ion ex-
change had been conducted for all the as-made Beta samples in the 
present work to remove Na+ cations before calcination. 
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3.2. Effect of Si source and inorganic salt 

The effect of Si source on the synthesis was investigated based on the 
recipe of sample 5 (Table S1). Clearly, except organic TEOS, silica sol, 
fumed silica and silica gel are all capable for the synthesis of siliceous 
Beta with high solid yield. 

To understand the intrinsic reason of the NaCl addition for the 
enhancement of solid yield, more types of inorganic salts were explored 
for the synthetic system. As shown in Table 3 and Fig. S2, all the syn-
theses with the addition of inorganic salts (including Na+, Li+, K+, Mg2+, 
Ca2+ and NH4

+) are favorable for the increase of solid yield, despite 
their varied product phases. The types of cations are more critical than 
anions in determining the product phase. Synthetic systems with the 
addition of relatively small cations such as Na+, Li+ and Mg2+ give rise 
to pure Beta products, while the addition of larger K+, Ca2+ and NH4

+

result in the formation of impurity phases or amorphous materials. 
Among the cations, Li+ with the smallest size shows a superior effect in 
promoting the synthesis of siliceous Beta with high solid yield of 86.2%. 
These results suggest that the increase in solid yield promoted by 

inorganic cations is indeed a common phenomenon, although some 
cations may interrupt/change the crystallization process and cause im-
purity or amorphous product. 

3.3. Crystallization process and formation mechanism 

The crystallization process of siliceous Beta zeolite is examined based 
on sample 5. Fig. 2 displays the evolution of XRD patterns, solid yields 
and Si/Na molar ratios of the products with different crystallization 
times. Fig. S3 presents the evolution of XRD patterns of siliceous Beta 

Fig. 1. XRD pattern (a), SEM image (b), N2 sorption isotherm (c) and TG-DTA curves (d) of sample 5. As-made sample for a, b and d; calcined sample for c.  

Table 2 
Textural properties of siliceous Beta zeolites.  

Samplea Pore volumeb (cm3 g− 1) Surface areac (m2 g− 1) 

Vtotal Vmicro Vmeso Stotal Smicro Sext 

5 0.29 0.19 0.11 480 383 97 
RefF 0.27 0.18 0.09 452 369 82 
RefdeAl 0.36 0.18 0.18 533 360 173  

a Samples 5, RefF and RefdeAl are obtained by calcination at 600 ◦C in air. 
Sample 5(720) is obtained by calcination of sample 5 at 720 ◦C in air. 

b V total is evaluated at P/P0 = 0.97; Vmicro: t-plot micropore volume; Vmeso =

Vtotal - Vmicro. 
c Stotal: BET surface area; Smicro: t-plot microporous surface area; Sext = Stotal - 

Smicro. 

Table 3 
The effect of the addition of inorganic salts on the synthesis of siliceous Beta.  

Samplea Salt addition Product 

Yieldb (wt 
%) 

Phase Si/cationc 

(mole) 

SA1 m = 0 17.5 Beta – 
SA2 m = 0.2, LiCl 86.2 Beta – 
SA3 m = 0.2, NaCl 53.6 Beta 22 
SA4 m = 0.2, NaBr 50.1 Beta 24 
SA5 m = 0.2, NaNO3 43.1 Beta 26 
SA6 m = 0.1, 

Na2SO4 

58.3 Beta 21 

SA7 m = 0.2, KBr 46.6 Beta +
Impurity 

10 

SA8 m = 0.2, KCl 52.4 Beta +
Impurity 

9 

SA9 m = 0.1, MgCl2 51.9 Beta 20 
SA10 m = 0.1, CaCl2 99.6 Beta + Amor. 11 
SA11 m = 0.2, NH4Cl 77.5 Beta + Amor. –  

a All samples were synthesized with the initial gel of 1SiO2: 0.35TEAOH: m 
salt: 8H2O (10 wt% seeds) at 140 ◦C for 4 days. Silica gel as Si source. 

b Calculated on the basis of SiO2 mass: solid yield = SiO2 product/(SiO2 source +

SiO2 seeds). The SiO2 product does not include the OSDA weight. 
c Si/cation ratio of the as-made products. 
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zeolite (sample 5) synthesized at t = 1 h, 6 h, 12 h, and 24 h for a more 
clear view. Meanwhile, the crystallization process of contrast synthesis 
without the addition of NaCl is also investigated and the results are listed 
in Fig. 2b, S4 and S5. From Fig. 2a, weak broad peaks assigned to zeolite 
Beta are observed for the initial 1 h sample, which should result from the 
added nanoseeds. With the hydrothermal reaction proceeds, the relative 
crystallinity of the solids presents a gradual increase, which could be 
confirmed from Fig. S3. After 72 h, the intensity of the XRD pattern 
reaches its maximum and remains little changed until the end of the 
crystallization. The solid yield at the initial stage (1 h) is as high as 
65.3%, which reduces to 47.8% at 12 h, and then rises slowly to 81.6% 
at 96 h (Fig. 2b). Clearly, the yields of the whole process of sample 5 are 
superior to those of contrast syntheses without the addition of NaCl 
(<12.5% in Fig. 2b). This again demonstrates the importance of NaCl 
addition on the improvement of solid yield. According to the Si/Na ra-
tios in Fig. 2b, it is supposed that Na + takes part in the initial poly-
merization of SiO2 species and the subsequent crystallization. 

The morphology of the solid products is observed by SEM (Fig. 3 and 
S6). At the initial stage, the solid consists of amorphous materials, in 
which tiny amounts of spherical Beta nanoseeds may be found. This is 
consistent with the XRD result. Afterwards, the amount of nanocrystals 
increases at the expense of amorphous materials. One interesting 

phenomenon observed for the 6 h and 12 h samples is that the distri-
bution of nanocrystals in the solids is not homogeneous: some particles 
mainly consist of nanocrystals, whereas others are amorphous (Fig. S6). 
It implies that the early Beta crystals may be formed by local solid-solid 
rearrangement, rather than solution-mediated mechanism. In the latter 
case, homogeneous distribution of Beta crystals in the solids is expected. 
As the reaction prolongs, the nanocrystals grow larger, and almost no 
amorphous materials can be found in the 48 h solid. This implies that the 
nutrition for crystal growth at the subsequent stage should be mainly 
from the liquid phase. 

The TG-DTA curves of the samples with different crystallization 
times are displayed in Fig. S7. It is clear that the initial solid contains 
large amount of OSDA cations comparable to the well-crystallized 
product. According to the N2 sorption isotherms and pore size distri-
bution of the 1 h and 6 h samples (Fig. S8 and Table S2), abundant 
micropores and mesopores are formed in the initial solids, which are 
likely owing to the filling of large amounts of OSDA cations. Moreover, 
the exothermic peaks in the DTA curves are observed to shift towards 
higher-temperature with the proceeding of crystallization (from 316 ◦C 
for 1h sample to 324 ◦C for the 48h sample). This should be related to the 
increase of structural integrity following the hydrothermal reaction, 
leading to an incremental difficulty for the removal of OSDA. 

Based on the above characterization results, the crystallization pro-
cess of the siliceous Beta zeolite is proposed as follows (Scheme 1): I) the 
fast polymerization of liquid-phase SiO2 species under the help of Na+

and the formation of micro/mesoporous SiO2 materials under the 
assistance of TEA+; II) the local reorganization on the particle surface of 
micro/mesoporous TEA+-Na+-SiO2 composites; III) the movement of the 
reorganized hydrogels to the Beta nanoseeds, where surface-induced 
nucleation occurs and leads to the growth of siliceous Beta crystals; 
IV) further crystal growth by consuming liquid-phase nutrients, 
following the complete consumption of amorphous particles. 

Regarding the intrinsic reason of the Na + cations inducing the 
polymerization of SiO2 species, it is speculated that the SiO2 source 
dissolving in the alkaline Na + -free solution exists in low degree of 
polymerization and is negatively charged [46]. The surface of the 
negative SiO2 species would be covered by TEA + cations. The bulky 
TEA+ with symmetric structure inhibits the contact and the polymeri-
zation of SiO2 species. With the presence of Na+, the TEA + on the 
surface of SiO2 species tends to be partially replaced by Na + cations 
(higher charge density). Meanwhile, the small size of Na + increases the 
chance of intimate contact of SiO2 species in the liquid, promotes the 
occurrence of further polymerization and thus contributes to the high 
solid yield. 

3.4. Hydrophobicity of siliceous Beta zeolite 

The hydrophobicity of siliceous Beta zeolite is important for its 
application in adsorption, which may influence the adsorption rate, 
capacity and selectivity of organic compounds [16]. Herein, sample 5 
was selected as adsorbent for the investigation. Meanwhile, two samples 
named RefF and RefdeAl were prepared as reference adsorbents (Fig. S9). 
RefF was synthesized from a fluoride medium with bipyramidal 
morphology in size of about 3 μm. RefdeAl was obtained by post-synthesis 
dealumination of aluminosilicate Beta precursor. It consists of spherical 
nanocrystallites ranging from 80 to 100 nm. Table 2 shows the textural 
properties of all the samples, which evidence their good crystallinity. It 
is noted that RefdeAl possesses the largest external surface area (173 
m2/g) and mesoporous volume (0.18 cm3/g) among the samples, which 
is consistent with its small crystal size. 

FTIR spectra of the samples were measured and the ν(OH) vibration 
region are displayed in Fig. 4a. The absorption around 3740 cm− 1 is 
ascribed to the external Si–OH on the crystal surface. According to the 
literatures, this band may contain the contribution of internal isolated 
Si–OH, which generally has absorption around 3730 cm− 1. The broad 
band in the range of 3330–3650 cm− 1 corresponds to the hydrogen- 

Fig. 2. The evolution of XRD patterns (a), solid yields (black line) and Si/Na 
molar ratios (b) of siliceous Beta zeolite (sample 5) with different crystallization 
times. The solid yields of contrast syntheses without the addition of NaCl were 
also shown in figure b (blue line). (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 
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bonded Si–OH in the silanol nests [48,49]. Clearly, sample RefF has very 
weak absorption in the ν(OH) vibration region, implying the low amount 
of Si–OH defects in its framework. This is reasonable as the F− can 

balance the charge of OSDA cations and greatly reduce the formation of 
framework defects. On the contrary, sample RefdeAl shows the strongest 
absorption among the samples, which means the existence of large 

Fig. 3. The SEM images of siliceous Beta zeolites (sample 5) with different crystallization times.  

Scheme 1. Proposed crystallization mechanism for siliceous Beta zeolite by fluoride-free hydrothermal synthesis under the assistance of Na+ and seeds. The cations 
adsorbed on the gel/solid surface are omitted for clarity. 
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amounts of Si–OH defects generated by dealumination. The intensity of 
the ν(OH) vibration bands on sample 5 is stronger than on RefF, but 
obviously lower than on RefdeAl. 

The 29Si MAS NMR spectra of the samples are shown in Fig. 4b. Each 
spectrum can be deconvoluted into four or five resonances in the region 
of − 95 to − 120 ppm. The resonance at − 102.6 ppm is ascribed to Si 
(OSi)3(OH) groups (Q3) and the other ones at high field are assigned to Si 
(OSi)4 groups (Q4) [44,50]. These assignments are in good consistence 
with the 29Si CP MAS NMR spectra, showing an obvious increase in the 
signal intensity around − 102 ppm (Fig. S10). According to the decon-
volution results shown in Fig. 4b, the content of Q3 species on the 
samples has the following order: RefdeAl > sample 5 > RefF, which agrees 

with the FTIR results. 
Water vapor adsorption experiments were carried out to learn the 

hydrophobicity of the samples. As shown in Fig. 5, sample RefF gives the 
lowest water adsorption capacity, suggesting its superior hydrophobic-
ity. The water uptake on samples 5 is larger than on RefF, but lower than 
on RefdeAl. On the whole, the distinct hydrophobicity of the samples is in 
line with the amount of Si–OH defects in the frameworks as revealed by 
FTIR and 29Si MAS NMR [51]. 

3.5. VOCs adsorption and breakthrough curves on siliceous Beta zeolites 

Adsorption experiments of toluene on siliceous Beta zeolites were 
conducted to assess their VOCs adsorption performance. Herein, toluene 
was chosen as a probe molecule, as it is one of the most common VOCs. 
From Fig. 6, samples 5 shows toluene uptake of 21.7 wt% under the 
investigated conditions, which is superior to those of sample RefF (17.3 
wt%) and sample RefdeAl (18.4 wt%). Generally, hydrophobicity and 
pore volume of the adsorbents are the main factors determining the 
adsorption performance. Zhu et al. [15] once demonstrated that the pore 
volume of siliceous Beta dominated the adsorption capacity over the 
hydrophobicity. Therefore, the inferior toluene uptake over sample RefF 
may be owing to its relatively low pore volume (Table 2). For sample 
RefdeAl, its lower toluene uptake, however, is caused by its worst hy-
drophobicity. The superior adsorption performance over sample 5 
should result from a joint contribution of better hydrophobicity and 
larger pore volume. 

Furthermore, breakthrough experiments were carried out to deter-
mine the dynamic adsorption capacity of the materials under humid 
condition, which is more close to the practical application scenarios. As 
shown in Fig. 7, toluene experienced breakthrough after 52 min on 
sample 5, obviously longer than that (42 min) on RefF, meaning that the 
dynamic toluene adsorption capacity on sample 5 is 24% larger than on 
RefF. These preliminary results indicate that the siliceous Beta zeolite 
synthesized by inorganic cation-driven strategy is promising candidate 
for the adsorption of VOCs. 

4. Conclusions 

An inorganic cation-driven polymerization strategy has been devel-
oped to realize the fluoride-free hydrothermal synthesis of siliceous Beta 
zeolite. The intrinsic effect of inorganic cations (such as Na+, Li+, and 
Mg2+ etc.) was revealed to be owing to their promoting effect on the 
polymerization of SiO2 species in the liquid synthesis system. The 

Fig. 4. FTIR spectra in the ν(OH) vibration region (a) and 29Si MAS NMR 
spectra (b) of siliceous Beta zeolites. 

Fig. 5. Water vapor adsorption isotherms of siliceous Beta zeolites (20 ◦C).  
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formation of siliceous Beta follows a solid-solid hydrogel rearrangement 
mechanism at the initial 48 h. Subsequently, solution-mediated pathway 
contributes to the further crystal growth. The obtained siliceous Beta has 
few framework defects, high hydrophobicity and large static adsorption 
uptake for toluene. More interestingly, the material shows large dy-
namic toluene adsorption capacity under humid condition, which is 24% 
higher than that of sample RefF synthesized by fluoride route. It is 
anticipated that the present synthesis strategy would promote the large- 
scale production and application of siliceous Beat and facilitate the 
synthesis of meta-containing Beta and other siliceous zeolites. 
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