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Abstract: Lewis acid zeolites play an important role in industrially important green reactions closely 

related to fine chemicals and biomass conversion. Titanium-doped TS-1 zeolite is a milestone Lewis 

acid zeolite, which widely uses in industrially significant green oxidation processes with hydrogen 

peroxide as an oxidant under mild conditions. TS-1 Zeolites are normally synthesized in basic 

condition under hydrothermal treatment. Up to now, it is still not successful to synthesize active 

TS-1 Lewis acid zeolite by using inorganic alkali, e.g. NaOH or KOH as base, which are cheaper and 

more stable compared with quaternary ammonium hydroxide or organic amines used in the 

traditional synthesis. Here, inorganic base of NaOH was firstly employed in synthesizing active TS-

1 zeolites. The crucial factor was the control of adverse effects of sodium cations on the incorporation 

of active titanium cations. A higher catalytic activity could be achieved by further reducing the size 

of the TS-1 crystal by seed-added strategy, which could approach the catalytic activity of commercial 

catalyst while the production cost was much lower than the commercial TS-1 catalysts, indicating 

great commercial potential and the possibility of preparing other cheap Lewis acid catalysts by 

using inorganic alkali. 

Keywords: Zeolites; TS-1; Inorganic alkali; Titanium; Lewis acid; Oxidation 

 

1. Introduction 

Zeolites, a category of microporous crystalline solid catalysts, played important roles in 

petroleum refining, fine chemicals and biomass conversion [1–11]. Zeolites are usually synthesized 

in basic condition under hydrothermal treatment [4,12–14]. Inorganic alkali, e.g. NaOH or KOH, was 

widely used to provide basic condition during zeolite synthesis, because it was a type of available 

cheap basic source. Unfortunately, these cheap inorganic bases were strictly restricted during 

synthesizing Lewis acid zeolites [15–19], especially for Ti-doped TS-1 zeolites[20–28] that were 

widely used in numerous industrially significant green oxidation processes with hydrogen peroxide 

as an oxidant under mild conditions [29–35]. The reason was that alkali metal cations, e.g. Na+, from 

inorganic alkali had an adverse effect on the incorporation of active Ti sites. The presence of alkali-

metal cations even a trace amount of ~0.1 wt.% in the synthetic system could lead to no catalytic 

activity of TS-1 catalyst [36,37]. Therefore, quaternary ammonium hydroxide of 

tetrapropylammonium hydroxide (TPAOH) was first chosen as both organic structure directing 

agent ((TPA+) and basic source (OH−) in traditional synthesis, leading to the high production cost of 
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TS-1 zeolites. So as to reduce the cost, a various of strategies were designed by using 

tetrapropylammonium bromide (TPABr) that had the same cation TPA+ with TPAOH as structure 

directing agent combining with ammonia or organic amines to provide basic synthetic condition [38–
42]. These methods significantly decreased the production cost due to the much cheaper of TPABr 

than TPAOH. However, the low alkalinity of ammonia and organic bases led to the increase usage 

amounts in the synthetic system. Moreover, the volatile properties of these bases made some 

environmental problems. 

Considering the high alkalinity, low-cost, and non-volatile of NaOH, it is still greatly disable to 

synthesize TS-1 by using NaOH as base combined cheap TPABr as template. But, it is still very 

challenging due to crucial effects of Na+ during the synthesis as mentioned above. Therefore, if NaOH 

was chosen as base in the synthesis, the key point to make active TS-1 zeolite was to solve the adverse 

effect the Na+ on the active Ti sites. 

Here, a novel strategy was developed to solve the problem of the adverse effects of Na+ ions via 

precisely controlling pH value. Under the optimal recipe, the active TS-1 zeolites for 1-hexene 

epoxidation with H2O2 could be obtained by using NaOH as the base and TPABr as the template. A 

higher catalytic activity could be achieved by further reducing the size of the TS-1 crystal by seed-

added strategy, which could reach a similar catalytic performance of current commercial TS-1 catalyst 

prepared by using TPAOH as templates. 

2. Materials and Methods 

2.1. Materials 

Titanium tetra-n-butoxide, colloidal silica, NaOH, Tetrapropylammonium bromide, hydrogen 

peroxide, 1-hexene, cyclohexene, and Ce(SO4)2 were bought purchased from Macklin. All the 

chemical reagents were used without further purifications. 

2.2. Syntheses of TS-1 catalysts 

The colloidal silica and the titanium tetra-n-butoxide were employed as silicon and titanium 

sources, respectively. Tetrapropylammonium bromide (TPABr) was used as the template and NaOH 

as the base. The molar composition of the mixture was: SiO2 :TiO2 :TPABr :H2O :NaOH = 1 :0.035 :0.10 

:30 :x. The x varied from 0.02 to 0.07. The raw materials were thoroughly mixed by stirring. Then the 

mixture was transferred into a tumbled autoclave and treated at 443 K for 2 days. After treatment, 

the solid obtained by filtration or centrifugation, dried, and calcined at 550 ℃ for 6 h. The small sized 

zeolite (denoted as TS-1-small) was synthesized by using the same procedure except adding 1.0 wt. 

% silicalite-1 zeolite as seeds in the starting mixture. The solid obtained was calcined at 823 K for 6 h, 

designated as TS-1-a, TS-1-b, TS-1-c and TS-1-d when x value was 0.02, 0.03, 0.05, and 0.07, 

respectively. 

2.3. Characterization 

The X-ray diffraction (XRD) measurements were performed on a Bruker Powder D8 Advance 

diffractometer at 40 kV and 40 mA using CuKa radiation (λ=1.5418 Angstrom). DRUV/Vis spectra 
were recorded on a Shimadzu UV-2450 spectrophotometer at 298 K using BaSO4 as a reference. FTIR 

spectra were recorded as KBr pellets on a Shimadzu IRPrestige-21 spectrometer. Nitrogen 

adsorption-desorption isotherms were measured on a TriStar II 3020 sorption analyzer at 77 K. 

Elemental analyses (Si, Ti and Na) were performed on an inductively coupled plasma optical 

emission spectrometer (Shimadzu ICPE-9000 spectrometer). The scanning electron microscopy (SEM) 

images were obtained on a JEOL JSM-7600F microscope operated at 20 kV. Particle sizes were 

measured on Malvern Zetasizer Nano ZS90 analyzer. 

2.4. Catalytic Reaction 
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The oxidation reactions with catalyst (25 mg), 1-hexene (5 mmol) and H2O2 (5 mmol ) in methanol 

(5 mL) in a 20 mL glass reactor with 60℃ oil bath with stirring for 2 h. After reaction, the mixture was 

analyzed by gas chromatography. The H2O2 was determined with Ce(SO4)2 solution(0.1 M). 

3. Results and discussion 

The optimal synthetic system was composed of tetrapropylammonium bromide (TPABr) as 

structure directing agent, colloidal silica as silicon source, titanium tetra-n-butoxide as titanium 

source and NaOH as pH-adjusting agent. 

The active TS-1 zeolites could be synthesized at pH value range from 8.9 to 10.2, as shown in 

Table 1. With the increase of pH value, the sodium content in TS-1 products increased, meanwhile, 

the titanium content decreased. This implied the competitive relationship of Na+ and Ti+ cations to 

incorporate into the TS-1 product. More sodium in TS-1 would lead to the decrease of cooperated Ti 

content, which was consistent with previous reports [43,44]. The slight different of TS-1-a was due to 

some amorphous raw materials contained in TS-1-a sample as indicated from the lower BET surface 

area and smaller microporous volume. 

Table 1. Composition and porosity of final TS-1 zeolites under different synthetic pH value. 

Sample pH 

value 

Si/Ti 

(mol/mol) 

Na 

(wt.%) 

SBET 1 

/m2 g−1 

Vmicro. 2 

/m3 g−1 

TS-1-a 8.9 25 0.412 204.5 0.07 

TS-1-b 9.3 31 0.392 388.4 0.17 

TS-1-c 9.4 35 0.560 393.9 0.17 

TS-1-d 10.2 45 0.567 385.3 0.16 
1 Specific surface area from Brunauer-Emmett-Teller (BET) method. 2 Microporous volume and external specific 

surface area evaluated by t-plot curves. 

XRD patterns (Figure 1) showed all the samples synthesized at different pH value had the pure 

MFI structure, but the TS-1-a sample showed weak peaks. This suggested that TS-1-a did not 

completely crystallize at such lower different pH value of 8.9, which was supported by the lower BET 

surface area and smaller microporous volume obtained by nitrogen adsorption characterization. 
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Figure 1. XRD patterns of TS-1 zeolites synthesized at different pH value. (a) TS-1-a, (b) TS-1-b, (c) 

TS-1-c and (d) TS-1-d. 

The SEM images of samples synthesized at different pH value are shown in Figure 2. It revealed 

that sample of TS-1-a was composed of large crystals and amorphous small particles, confirming the 

incomplete crystallization at such lower pH value. This is also consistent with above-mentioned 

results of lower microporous volume in nitrogen adsorption characterization and lower intensity in 

XRD pattern. When the pH value was higher than 9.3, no amorphous particles were observed, 

indicating all the raw materials became crystalline TS-1 zeolites. And with the increase of pH value, 

it was found that the particle size of TS-1 zeolite decrease gradually. 

 

Figure 2. SEM images of TS-1 zeolites synthesized at different pH value. (a) TS-1-a, (b) TS-1-b, (c) TS-

1-c and (d) TS-1-d. 

For the catalytic applications of TS-1 zeolites, it has been proven that only tetrahedral Ti species, 

namely, framework Ti species, provide the catalytic activity [20,30,44]. Other species including 

extraframework Ti species and anatase-like TiO2 particles could not contribute to the catalytic 

performance.  

Diffuse reflectance UV-visible (DRUV-visible) and FTIR spectroscopy are powerful techniques 

to detect the coordination states of Ti species in TS-1. The absorbance peak at approximately 210 nm 

in the DRUV-visible spectrum and the band at 960 cm−1 in FTIR have been widely accepted as a proof 

of the presence of framework Ti species [20,35,45]. As shown in Figure 3A, all the samples showed 

the band of 210 nm and 260 nm, indicating the presence of both framework Ti species and extra-

framework Ti species. No obvious adsorption band at about 330 nm, implying no anatase-like TiO2 
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particles present in these samples. FTIR spectra (Figure 3B,C) showed that all the samples had the 

peak at 960 cm−1, which was attributed to a stretching vibration mode of [SiO4] perturbed by adjacent 

framework Ti species [45,46]. Importantly, the band intensity at 960 cm−1 proportionally increases if 

the amount of the framework Ti in TS-1 increases. As shown in Figure 3C, TS-1-b displayed the 

relatively high intensity of this characteristic band, suggesting the higher content of framework Ti 

species in this sample. 

 

Figure 3. (A) DRUV-visible spectra, (B) FTIR spectra and (C) intensity ratio of 960 cm−1 to 800 cm−1 in 

FTIR spectra of TS-1 zeolites synthesized at different pH value. (a) TS-1-a, (b) TS-1-b, (c) TS-1-c and 

(d) TS-1-d. 

To evaluate the catalytic performance of the prepared TS- 1 zeolitic catalysts, epoxidation 

reactions of 1-hexene with hydrogen peroxide as oxidant were performed. As shown in Table 2, as 

control sample, TS-1-Na0.02 synthesized with 0.02 of Na/Si molar ratio in the traditional synthetic 

system with pH about 12 showed almost no catalytic activity for 1-hexene epoxidation, indicating the 

great influence of Na+ ions in the synthetic system. And it let we know why alkali metal cations 

should be strictly controlled in the traditional synthetic processes. After decreasing pH value, sample 

of TS-1-a without total crystallization gave a 7.8 % conversion of 1-hexene. TS-1-b showed the best 

conversion of 9.3 % among four synthesized samples. Although the crystal size samples of TS-1-c and 

TS-1-d were smaller than TS-1-b (Figure 2), they showed the lower catalytic activities, mainly because 

of the slightly higher content of Na+ in these two samples (Table 1). Therefore, the catalytic activity 

was very susceptive to the present Na+ cations in TS-1 zeolite. That is, a small amount of Na+ cations 

present in the TS-1 zeolite would greatly decrease its activity, which was consistent with previous 

discoveries [20,26]. The crucial factor to synthesize active TS-1 catalyst was to control the content of 

Na cations in the final samples [44]. As mentioned above in Table 1, the sodium content in TS-1 

products would increase with the increase of pH value. So, the key point to solve the problem of the 

adverse effects of Na+ ions during synthesis processes was precisely to adjust the pH value as low as 

possible in the premise that the raw materials could crystallize to form crystals. 
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Table 2. Catalytic oxidation of 1-hexene with H2O2. 

Sample Si/Ti 

(mol/mol) 

Na 

(wt.%) 

SBET 1 

/m2 g−1 

Vmicro. 2 

/m3 g−1 

TS-1-a 25 7.8 99.0 63 

TS-1-b 31 9.3 98.7 58 

TS-1-c 35 4.4 99.0 47 

TS-1-d 45 3.0 99.0 53 

TS-1-small 3 35 23.0 95.0 74 

TS-1-co 4 45 24.4 90.8 80 

TS-1-Na0.02 5 71 1.2 77.0 99 

Reaction condition: catalyst (25mg), methanol (5mL), 1-hexene (5mmol), H2O2 (5mmol), temperature, 60 oC, 2h. 
1 Selectivity of epoxide. 2 Efficiency of H2O2 towards the oxidation of 1- hexene. 3 TS-1 samples with 720 nm 

crystal size. 4 TS-1-co from Catalysis Society of Japan. 5 TS-1-Na0.02 was synthesized in the presence of Na+ ions 

(0.02 of Na/Si molar ratio) in the traditional synthetic system with pH about 12 [44]. 

It was excited that active TS-1 zeolites were firstly synthesized by using common and cheap 

NaOH as base. This was a significant step to approach extremely low-cost synthesis of this important 

commercial catalyst. But the catalytic activity was still lower due to the large crystal size. Sample of 

TS-1-b with 9.3 % 1-hexene conversion had a crystal size of 15-18 μm in length and 4-5 μm in 
thickness, which was much larger than the sub-micrometer-sized TS-1 crystal size (100-500 nm) 

synthesized by traditional synthesis systems. Although increasing alkalinity could synthesize TS-1 

zeolite with smaller particle sizes, the TS-1 zeolites prepared at high alkalinity have low catalytic 

activity using NaOH as the base to adjust alkalinity as above discussed. In order to reduce crystal 

size, a method of adding nano-sized silicalite-1 zeolites as seeds was employed based on the previous 

reported paper (detailed synthesis in the Materials and Methods section) [30]. The catalytic 

performance could be improved to the level of current commercial TS-1 via decreasing the crystal 

sizes to less than 1 µm based on the above optimal synthetic condition of pH=9.3, as shown in Table 

2 and Figure 4. Sample of TS-1-small with 720 nm sized crystal achieved similar conversion and 

higher epoxide selectivity to commercial TS-1 catalyst during catalytic oxidation of 1-hexene in the 

presence of H2O2, indicating the great potential for commercialization in consideration of its 

competence price and environmentally-benign issues. 

 

Figure 4. (A) SEM image and (B) particle size distribution of TS-1-small sample with sub-micrometer 

crystals. 

4. Conclusions 
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In summary, for synthesizing Lewis acid zeolites, especially Ti-containing zeolites, the amounts 

of Na+ in the raw materials were strictly restricted in the traditional process because trace amounts 

would greatly decrease the catalytic activity of final zeolites. In this paper, we reported a method for 

synthesizing low-cost and high-performance TS-1 zeolites by directly using sodium hydroxide 

(NaOH) as the base. The key point was to solve the problem of the adverse effects of Na+ ions during 

synthesis processes via precisely adjusting the pH value as low as possible in the premise that the 

raw materials could crystallize to form crystals. TS-1 zeolites with 9.3 % 1-hexene conversion could 

be directly synthesized under pH value of about 9.3. Furthermore, assisted with nano-seeds, sub-

micrometer-sized TS-1 zeolites with 23.0 % 1-hexene conversion and 95% epoxide selectivity could 

be obtained, which approached the similar catalytic performance to current commercial TS-1 zeolites, 

indicating great commercial potential. Moreover, the present report opens the possibility of 

preparing other high-performance Lewis acid zeolites (e.g. Sn, Zr, etc.) by using cheap, stable and 

non-volatility inorganic alkali.  
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