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A  B  S  T  R  A  C  T  
 

Demetalation-metalation method has gained prominence for its higher metal loading, efficiency and shortened 

synthetic period, particularly in the incorporation of metal atoms with large radii into zeolite framework in 

recent years. An ammonia-regulated approach has been developed for selectively evolved deep-substituted Ti 

precursors in dealuminized beta zeolites, which enables a controlled promotion of metalation of Ti atoms. 

Additionally, this ammonia-regulated approach could also enhance 1-hexene kinetic adsorption by constructing 

mesopores, which is demonstrated by the lower reaction order of 1-hexene. The synthesized ammonia-regulated 

N-Ti-beta exhibits rich framework Ti species and a high specific surface area, leading to significantly improved 1- 

hexene epoxidation performance (conversion of 61%, selectivity of 98%, and a high H2O2 utilization efficiency of 

93%). This study not only provides a new strategy to dynamically regulate evolution of Ti precursors by 

ammonia but also holds promise for advancing related industrial processes in demetalation-metalation methods. 
 

 

 

1. Introduction 

 

Titanosilicate is regarded as a pivotal advancement in zeolite catal- 

ysis due to its distinctive oxidative prowess in various reactions, 

including alkene epoxidation, ketone ammoximation, alkane oxidation, 

oxidative desulfurization, aromatic hydroxylation, as well as the 

oxidation of alcohols and amines (Gordon et al., 2020; Lin et al., 2023a; 

Zhao et al., 2023). Notably, the application of this method to 1-hexene 

epoxidation for synthesizing 1,2-epoxyhexane is gaining prominence, 

owing to the substantial industrial significance of 1,2-epoxyhexane 

(Liang et al., 2023; Yuan et al., 2023; Zhang et al., 2021). This com- 

pound is widely employed in the production of disinfectants, hydro- 

phobic polyethers, and polyols derived from ethers (Darensbourg, 2007; 

Hirahata et al., 2008). The dealumination-metalation method for pre- 

paring titanosilicates has attracted considerable attention for its 

straightforward synthetic process and high metal loading in alkene 

epoxidation (Bregante et al., 2018; Potts et al., 2022; Suib et al., 2022; 

Tan et al., 2022; Tang et al., 2014; Zhang et al., 2022). 

Compared with traditional hydrothermal and dry-gel conversion 

methods, the demetalation-metalation method is gaining prominence, 

due to its numerous advantages, including high metal loading, efficient 

synthetic periods, and the incorporation of metal atoms with a large 

radius (Bregante and Flaherty, 2017; Li and Yu, 2021; Zhang et al., 

2022). The demetalation-metalation process involves two key steps: 

demetallation of as-synthesized zeolites and subsequent metalation. In 

the demetallation of zeolites, the common zeolite types (e.g., silicate, 

borosilicate, germanosilicate, and aluminosilicate zeolites) require 

desilication, deboronation, degermanation, and dealumination, respec- 

tively (Dijkmans et al., 2013; Pang et al., 2021; Rodríguez-Ferna´ndez 

et al., 2020; Yamagishi et al., 1991). Then, lattice vacant sites are created 

by removing Si, Al, B, or Ge atoms through acidic or alkaline treatments 

(Liu et al., 2018; Song et al., 2017; Wolf et al., 2014). Sub- sequently, 

metal atoms with suitable radii react with hydroxyl nets within the 

zeolite framework at high temperatures, thereby facilitating the 

integration of metal atoms into the zeolite structure through an 

“atom-planting” process (Deng et al., 2023; Ge et al., 2023; Meng et al., 

2024). Hence, the development of a novel strategy for titanosilicalite 

synthesis based on demetallation-metalation process for highly efficient 
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1-hexene epoxidation becomes imperative. 

In this study, an ammonia-regulated approach was employed to 

finely regulate the evolution of ethoxylated chlorotitanate (Ti(Cl)4- 

n(OEt)n) species and the subsequent Ti-incorporation process within 
dealuminized beta zeolites for 1-hexene epoxidation. The formation of 

ethoxylated chlorotitanate (Ti(Cl)4-n(OEt)n) and HCl species arises from 

the equilibrium reaction between chlorotitanate precursors (TiCl4) and 
ethanol. Ammonia, in turn, reacts with HCl to generate NH4Cl which 

could be precipitated from ethanol, disrupting the reaction equilibrium 

and facilitating the substitution of Cl in chlorotitanate by ethanol. The 
resulting deeply substituted Ti precursor proves highly effective in 

restraining the formation of TiOx and extra-framework TiO2 species. 

Moreover, the evaporation of NH3 induces the creation of mesopores at 
optimized reaction conditions, thereby enhancing the kinetic adsorption 

of macromolecular 1-hexene. The synthesized ammonia-regulated Ti- 

beta material exhibits rich framework Ti species and more accessible Ti 
active sites, leading to a significantly improved performance in 1-hexene 

epoxidation. 

 
2. Experimental section 

 

2.1. Dealumination-Metallization process of Ti-beta. 

 
Ti-beta zeolites were synthesized employing a dealumination- 

metallization strategy. In a standard synthesis procedure, 10 g of deal- 

Co., Ltd) underwent calcination at 550 ◦C for 6 h, resulting in clean 

uminized H-beta zeolite (Zhuoran Environmental Protection (Dalian) 

dealuminized H-beta zeolites featuring nested silanol sites. For the 

incorporation of Ti, an appropriate quantity of TiCl4 (99.9 %, Macklin) 

was initially blended with anhydrous ethanol to form the Ti precursor. 

Subsequently, 2 g of H-beta was introduced into the 10 mL of the Ti 
precursor, and the ensuing mixture was further ground. The final 

products were gathered and subjected to drying at 100 ◦C for 2 h, fol- 

lowed by calcination at 550 ◦C for 3 h. These resulting samples were 

designated as Ti-beta. 

 

2.2. Dealumination-Metallization process of Ti-beta regulated by NH3. 

 

The synthesis procedure mirrored the aforementioned method, with 

the only variation being the placement of the ammonia solution during 
Ti incorporation. In this modified process, the 20 ml beaker containing 

Ti precursor was positioned at the base of a 500 ml glass beaker sub- 

merged in a water bath, featuring magnetic stirring. Additionally, 
ammonia solution (Sinopharm Chemical Reagent Co., Ltd) was intro- 

duced into the 500 ml glass beaker before carefully sealing it. The beaker 

serves as a barrier, preventing direct contact between the ammonia and 
the Ti precursor. In this setup, the ammonia can only vaporize, reaching 

the Ti precursor through gaseous interaction. Following stirring at spe- 

cific temperature and 500 rpm for specific time, the resulting solid un- 

derwent treatment through drying at 110 ◦C for 2 h and subsequent 

calcination at 550 ◦C for 3 h. Ti-beta zeolites with different treatments 

were prepared by adjusting the processing temperature, time, and 

ammonia solution concentration. These catalysts were identified as Ti- 

beta-xoC, Ti-beta-yh, and Ti-beta-z, where x denotes the temperature, y 

represents the time, and z signifies the concentration of the ammonia 

solution (ml NH3/[ml NH3 + ml H2O]). 

2.3. Characterizations 

 

The Ti species in Ti-beta were identified using ultraviolet–visible 

spectroscopy (UV–vis, Shimadzu UV-2700) after drying in ovens at 

100 ◦C for 8 h, with pure BaSO4 serving as the background. To capture 

the signals, the TS-1 sample was pressed against a BaSO4 background 

and utilized with an integrating sphere accessory to enhance signal 

reflection. The relative percentages of the framework Ti species among 

all Ti species were calculated using the Gaussian fitting method, which 

included three Gaussian profiles: anatase TiO2 species at 320 nm, hex- 

agonal Ti species at 260 nm, and tetrahedral Ti species at 220 nm. The 
chemical composition of the samples was analyzed by ICP-OES (Agilent 730 

inductively coupled plasma emission spectrometry). Fourier- transform 

infrared (FT-IR) spectrometer (Nicolet NEXUS 670) was 

materials were heated to 500 ◦C at 10 ◦C⋅min—1 and held for 1 h under 

employed to investigate the framework structure of Ti-beta zeolites. All 

flowing air in the furnace to remove water and residual organics. Then, 

the samples, pressed into self-supporting disks (25 mg) with KBr (75 

framework vibration region of Ti-beta zeolites were recorded at 25 ◦C. 

mg), were placed within the transmission cell. FT-IR spectra in the The 

chemical state of Ti species was determined by X-ray photoelectron 

spectroscopy (XPS, Escalab 250Xi), with the C1 binding energy serving as 

the reference. The pore structure of catalysts was assessed at 77 K using a 

volumetric adsorption analyzer (Micromeritics ASAP 2460). High-
resolution transmission electron microscope (HRTEM) images of TS-1 

crystals were obtained using a JEOL JSM-2100F microscope. Chemicals 

released during the calcination of uncalcined solid materials were analyzed 
by the TG-MS. Initially, the internal atmosphere of TGA 

initial steady state, the sample was heated at a rate of 10 ◦C/min from 

ambient temperature to 800 ◦C, and the gas components were simulta- 

was flow air, and the flow rate was set to 50 mL/min. After a 30-minute 

neously detected and analyzed by mass spectrometry. 
 

 

2.4. Catalytic testing 

 

The synthesized Ti-beta zeolites were evaluated in the 1-hexene 

a temperature of 60 ◦C. The reaction conditions were as follows: 0.2 g of 

epoxidation. All reactions were conducted in a 50 ml microreactor at 

catalyst, 1.2 g of 1-hexene (AR, Aladdin), 1.2 g of H2O2 (>30 wt%, 

Sinopharm Chemical Reagent Co., Ltd.), and 20 ml of CH3CN (AR, 

maintained at 60 ◦C for three hours under stirring at a speed of 300 rpm. 

Sinopharm Chemical Reagent Co., Ltd.). The reaction temperature was 
The resulting solution was transferred to a transparent sample vial 

containing anhydrous sodium sulfate and homogenously mixed to 

eliminate residual water. The H2O2 analysis was performed prior to the 
addition of sodium sulfate, ensuring that it did not influence the deter- 

mination of H2O2 content. The supernatant was then collected, and 1 mL 

of the sample was extracted under continuous stirring and filtered into a 
chromatographic vial for analysis. The H2O2 utilization efficiency was 

verified using the Iodometric method. The procedure of H2O2 decom- 

position with Ti-beta catalysts is as follows: after 12 h of drying for the 

20 ml CH3CN, and the reaction is carried out for 3 h at 60 ◦C. 

catalysts, 1.2 g of H2O2 is carefully mixed with 0.2 g of Ti-beta catalyst in 
The reaction products were quantified using gas chromatography 

(Agilent 7820A with an autosampler and HP-5 30 m × 320 μm × 0.25 

μm) equipped with an FID detector. 1-Hexene conversion and product 

selectivity were determined based on the standard lines of the corre- 

sponding materials. 
Elimination of the external diffusion limitations: To mitigate the 

impact of external diffusion, the stirring speed of the batch reactor is 

elevated. As illustrated in Fig. S1, at a consistent reaction time, the 
conversion rate of 1-hexene demonstrates an upward trend with 

increasing stirring speed. Beyond 300 r/min, however, the conversion 

rate of 1-hexene shows no significant further change, suggesting the 
effective elimination of external diffusion influence at this speed. 

Consequently, under the kinetic test conditions for catalyst evaluation, 

the stirring speed is set to 300 r/min. 
Elimination of the internal diffusion limitations: Concerning internal 

diffusion, when the Wesiz modulus stays below 1.5, its influence on 

kinetics is deemed negligible. In this study, the Ti-beta catalyst features 

a grain size of approximately 0.4 μm, yielding a corresponding Wesiz 

modulus of about 0.015 below the 1.5 threshold. Consequently, it can be 
inferred that the evaluation system for 1-hexene epoxidation operates 

unaffected by internal diffusion. 
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(p/6)2 × R0 

Deff × C0 

 

(1.1) 

Moreover, compared with conventional hydrothermal titanosilicalites, 

the Ti-beta synthesized by demetallation-metalation method with more 

Ti species on external surfaces (Pan et al., 2022) showed superior re- 

For the quantitative analysis of hydrogen peroxide using the iodo- 

metric method, 0.300 g of pre-reaction and post-reaction solutions were 

accurately weighed in an iodometric flask. Subsequently, 20 wt% H2SO4 

solution was added to the flask. Saturated ammonium molybdate solu- 

tion was added dropwise (approximately 1 mL), followed by the addi- 

tion of 2 mL of 10 wt% KI solution. Then the flask was sealed in a dark 

environment for 20 min. Afterward, add 0.1 mol/L Na2S2O3 solution 

dropwise to the mixture until the color becomes lighter. Subsequently, 2 

mL of starch solution was introduced as an indicator. The addition of 

Na2S2O3 solution was then continued until the solution turned colorless, 

indicating the conclusion of the titration process. 

The reactants and products were calibrated to calculate conversion 

and selectivity values. For instance, the concentration of 1,2-epoxyhex- 

ane was determined using its standard curve at various concentrations, 

with m-xylene serving as the internal standard. The moles of reactants 

and products were derived from their respective standard curves. The 

conversion of 1-hexene and the selectivity of different products were 

determined as follows: 

action performances in 1-hexene epoxidation as shown in Fig. S2. 

During demetallation-metalation process, Beta zeolites will firstly 

form hydrogen-bonded silanols group on defect sites such as hydroxyl 
nests after dealuminized process. Subsequently, the silanol defects 

(vacant T sites) are filled with Ti precursor, effectively repairing the 

surface vacant T sites. The chlorotitanate precursors (TiCl4) dissolved in 
ethanol undergo dechlorination through ethoxy, leading to the forma- 

tion of ethoxylated chlorotitanate (Ti(Cl)4-n(OEt)n) precursor and HCl 

(Liang et al., 2021a; Liang et al., 2021b). The evaporated ammonia in 
this strategy will react with HCl to synthesize NH4Cl, which could be 

precipitated from ethanol, disrupting the reaction equilibrium and 

facilitating the substitution of Cl in chlorotitanate by ethanol, as illus- 
trated in Fig. 1. 

Thermal gravimetric mass spectrometry (TG-MS) was employed to 

examine the dynamic evolution of Ti precursor (Fig. 2a and b). Con- 

band at 300–500 ◦C, attributed to the decomposition of NH4Cl 

cerning the HCl signal, the ammonia-regulated Ti precursor exhibits a 

(Zelenkova´ and Slova´k, 2022; Zhang et al., 2012). Simultaneously, the 

C(\%) = ) = nbefore-nafter 

nbefore 

× 100\% (1.2) band at 100 ◦C is associated with the HCl formed by the reaction be- 

tween TiCl4 and ethanol. 

The gradual shift of the ethanol signal from approximately 150 ◦C to 

 

S(\%) = ) = 
 n1,2-epoxyhexane  

× 100\% (1.3) n1,2-epoxyhexane + 

nn-pentanal + n1,2-hexanediol 

 

n1,2-epoxyhexane 

100 ◦C indicates the profound substitution of the Ti precursor by ethoxy. 

Additionally, the CO2 signal arises from the combustion of ethanol/ 

ethoxy (Liang et al., 2021b). The CO2 signal at lower temperatures is 

TON = 
nTi 

(1.4) ascribed to ethanol, while the CO2 signal at higher temperatures cor- 

responds to ethoxy in ethoxylated chlorotitanate. In comparison with 

Herein, C represents the conversion of 1-hexene, S denotes the 

selectivity of each component in the product, nbefore stands for the initial 

molar amount of 1-hexene, nafter signifies the molar amount of 1-hexene 
remaining in the solution at the end of the reaction, and nTi is the molar 

amount of titanium within the catalysts, which was determined through 

ICP-OES analysis. 
The titration results were analyzed, where the hydrogen peroxide 

concentration was calculated as follows: 

34.016 × 0.1 × V 

(100–150 ◦C) of the ammonia-regulated Ti precursor is significantly the 

conventional Ti precursor, the CO2 signal at low temperatures reduced, 

and the CO2 signal at high temperatures gradually shifts to 

even higher temperatures. These results highlight that ammonia facili- 

tates the synthesis of deeply substituted Ti precursors by ethoxy groups. 

The UV–vis spectra of hydrolyzed ammonia-regulated and conven- 

tional Ti precursors were utilized to assess the formation ability of TiOx 

species (Fig. 2c) (Lin et al., 2021). It was observed that the ammonia- 
regulated Ti precursor significantly inhibits TiOx formation and en- 

H2O2 (wt\%) = 2 × W × 1000 × 100\% (1.5) hances the presence of Ti4+ species compared to conventional Ti pre- 

cursors. The Ti species resulting from the dealumination-metallization 

where V is the volume of sodium thiosulfate solution consumed, and 

W is the mass of the weighed reaction solution. 

The conversion of H2O2 and the effective utilization rate were 

calculated as follows: 

nbefore-nafter 

XH O (\%) = ) =  H2 O2  H2 O2 × 100\% (1.6) 
H2 O2 

C(\%)) 

process in ammonia-regulated N-Ti-beta and conventional Ti-beta solid 

samples were examined through DR UV–vis spectra (Fig. 2e and f). The 

Ti species on Ti-beta samples were typically categorized into four 

components: Ti(OSi)4 (~200 nm), Ti(OSi)3(OH) (~220 to 235 nm), 
hexa-coordinated Ti (270 nm), and anatase TiO2 (330 nm) species 

(Blasco et al., 1993; Song et al., 2023; Wang et al., 2023). It was 

observed that N-Ti-beta samples (13.4 %) exhibited a lower presence of 

anatase TiO2 species compared to Ti-beta samples (19.6 %). 

Eff.(H2O2)(\%) = ) = 
H2 O2 

× 100\% (1.7) 

(\%)) 

Fourier-transform infrared (FT-IR) spectroscopy (Fig. S3) provides 

Where nbefore is the initial molar concentration of H2O2, n
after is the 

H2 O2 H2 O2 

molar concentration of the remaining H2O2, C is the conversion of 1- 

hexene. 

 
3. Results and discussion 

 

3.1. Ammonia-regulated Ti precursor incorporated into dealuminized 

Beta 

 

Despite the propensity for the formation of certain extra-framework 
Ti species, the demetallation-metalation method provides several ad- 

vantages over traditional hydrothermal and dry-gel conversion methods. 
These advantages include high metal loading, high synthesis efficiency, 

and the easy incorporation of metal atoms with a large radius (Bregante 

and Flaherty, 2017; Li and Yu, 2021; Zhang et al., 2022). 

X 
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Fig. 1. The schematic diagram of ammonia-regulated evolution of Ti precursor 

and further incorporation into the framework of dealuminized Beta. 
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Fig. 2. TG-MS analysis results of (a) ammonia-regulated and (b) conventional Ti precursor supported on dealuminized Beta. (c) UV–vis spectra of hydrolyzed ammonia-

regulated and conventional hydrolyzed Ti precursor. (d) XPS analysis of N-Ti-beta and Ti-beta samples in Ti(2p) regions. Diffuse reflectance (DR) UV–vis spectra of 
(e) ammonia-regulated N-Ti-beta and (f) conventional Ti-beta samples. 

 

additional insights into the beta framework of N-Ti-beta and Ti-beta 

1237 cm—1. (He et al., 2015; Lin et al., 2022) Furthermore, the presence 

of a peak at 960 cm—1 serves as additional confirmation of the frame- 

samples, evident from the emergence of peaks at 530, 574, 624, and 

work Ti species in both N-Ti-beta and Ti-beta samples (Carati et al., 

1999). The X-ray photoelectron spectroscopy (XPS) results further 

elucidate the Ti coordination states in different Ti-beta samples (Fig. 

2d). Peaks at ~ 458.6 and 464.0/464.1 eV were attributed to TiO2 

species, while peaks at ~ 459.0/459.1 eV (Ti 2p3/2) and ~ 464.9 eV (Ti 

2p1/2) were associated with framework Ti species (Lewis et al., 2022; Xu 

et al., 2023). Moreover, N-Ti-beta samples (22.3 %) displayed a reduced 
presence of TiO2 species compared to conventional Ti-beta samples 

(27.8 %). These findings underscore the effectiveness of ammonia- 

regulated Ti precursors in suppressing the formation of TiOx species and 
subsequent TiO2 species on Ti-beta samples. In addition, the pore 

structure of ammonia-regulated and conventional Ti-beta samples un- 

derwent examination through N2 adsorption–desorption isotherms (Fig. 

3a). This analysis revealed that ammonia-regulated Ti-beta 

exhibited a higher specific surface area (583⟩ 533 m2/g) and a larger 

mesoporous volume (0.179 > 0.134 cm3/g), as detailed in Tables S1. 

These N2 adsorption–desorption results further demonstrate that the 

evaporated ammonia not only reacts with HCl to synthesize NH4Cl but 

also etches the beta framework to create mesopores. 

 

 
3.2. 1-Hexene epoxidation over ammonia-regulated and conventional Ti- 

beta 

 
In the 1-hexene epoxidation as shown in Fig. 3b, the N-Ti-beta 

catalyst exhibits a higher conversion rate (61.2 % > 46.6 %) compared 

to the Ti-beta catalyst. This enhanced conversion of 1-hexene can be 

attributed to an increase in accessible Ti sites resulting from a higher 

specific surface area and elevated levels of framework Ti species. 

Additionally, the heightened selectivity towards 1,2-epoxyhexane (98.1 

% > 91.8 %) in Fig. 3c is a consequence of reduced TiO2 contents, which 

could lead to the deep oxidation of 1,2-epoxyhexane products (Feng 

et al., 2021; Lin et al., 2023b). Furthermore, owing to the decreased TiO2 

contents and increased accessibility of Ti sites, the H2O2 utilization ef- 

ficiency with N-Ti-beta catalysts has significantly risen to 93.3 %, sur- 

passing that of conventional Ti-beta catalysts (72.5 %). 

The apparent activation energy in Fig. 3d was evaluated for both the 

N-Ti-beta and Ti-beta catalysts, revealing comparable values (11.14 kJ/ 

mol vs. 12.47 kJ/mol). This similarity indicates a shared reaction 

pathway for N-Ti-beta and Ti-beta catalysts. High-resolution trans- 

mission electron microscopy (HRTEM) images (Fig. S4) further 
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Fig. 3. (a) The N2 adsorption–desorption isotherms of ammonia-regulated N-Ti-beta and conventional Ti-beta samples. (b) and (c) Catalytic reaction performances in 

1-hexene epoxidation with ammonia-regulated N-Ti-beta and conventional Ti-beta samples. Reaction conditions: catalyst (0.2 g), CH3CN (20 mL), H2O2 (30 wt%, 1.2 

g), 1-hexene (1.2 g), reaction temperature (60 ◦C), reaction time (3 h), stirring rate (300 rpm). (d) Arrhenius plots over ammonia-regulated N-Ti-beta and con- 

ventional Ti-beta samples. The TEM-mapping of Si, O and Ti elements in (e) ammonia-regulated N-Ti-beta and (f) conventional Ti-beta samples. 

 

underscore the analogous morphology, showcasing similar crystal planes 

(100). Additionally, TEM-mapping of Si, O, and Ti elements in N- Ti-beta 
and Ti-beta catalysts (Fig. 3e and f) reveals relatively uniform element 

distribution. These findings collectively affirm that the superior 

performance of N-Ti-beta catalysts in 1-hexene epoxidation should be 
attributed to the abundant framework Ti species and an increased 

accessibility of Ti sites. 

Kinetic experiments were conducted to explore the difference on the 

1-hexene epoxidation over ammonia-regulated N-Ti-beta and conven- 

tional Ti-beta catalysts. The turnover rate (TOR) for 1-hexene epoxida- 

tion, plotted against 1-hexene concentration, revealed consistently 
higher TOR values for N-Ti-beta catalysts compared to Ti-beta catalysts 

as 1-hexene concentration increased (Fig. 4a). Remarkably, as the 1-hex- 

ene concentration elevated from 2.41 × 10-2 to 11.08 × 10-2 M, both N- 

ranging from 4.26 × 10-3 to 17.07 × 10-3 and from 3.23 × 10-3 to 12.07 

Ti-beta and Ti-beta catalysts exhibited a significant increase in TOR, 

× 10-3 mol C6H12O (mol M⋅s)-1, respectively. However, beyond a 1-hex- 

ene concentration of 11.08 M, TOR for both N-Ti-beta and Ti-beta 

remained nearly unchanged, indicating saturation of 1-hexene on the 

catalysts’ surfaces. Furthermore, TOR for 1-hexene epoxidation, as a 

function of H2O2 concentration, revealed consistently higher values for 

ammonia-regulated N-Ti-beta catalysts compared to conventional Ti- 

 

as H2O2 concentration increased from 3.15 × 10-2 to 28.31 × 10-2 M, N- 

beta catalysts as H2O2 concentration increased (Fig. 4b). Interestingly, 

approximately ~ 1.4 × 10-2 and ~ 1.2 × 10-2 mol C6H12O (mol M⋅s)-1. Ti-

beta and Ti-beta catalysts exhibited relatively stable TOR values at This 
signifies the remarkably efficient activation of H2O2 and enhanced 

saturation of H2O2 over Ti-beta catalysts, even at relatively low H2O2 

concentrations. 

The reaction orders for 1-hexene and H2O2 in the context of 1-hexene 

epoxidation were further examined. Notably, Fig. 4c illustrates that N- 
Ti-beta catalysts exhibited lower apparent reaction orders of 1-hexene 

(0.21) compared to Ti-beta catalysts (0.62). This disparity in reaction 

orders suggests that the reaction order for 1-hexene is notably lower over 
N-Ti-beta catalysts, indicating a higher degree of saturation of 1- hexene 

on their surfaces (Liu et al., 2023). The heightened 1-hexene adsorption 

observed with N-Ti-beta catalysts can be attributed to an increased 
specific surface area, facilitating greater accessibility to Ti sites. 

However, in Fig. 4d, it is observed that both N-Ti-beta and Ti-beta 

catalysts displayed similar apparent reaction orders (0.092 vs 0.096). 
The nearly zero order of H2O2 over both catalysts suggests that H2O2 and 

related active species are nearly fully saturated on the catalysts’ sur- 
faces. These findings reveal that while H2O2 and related active in- 

termediates are nearly saturated for both catalysts, the enhanced 1- 
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Fig. 4. Turnover rate for 1-hexene epoxidation over ammonia-regulated N-Ti-beta and conventional Ti-beta catalysts as a function of (a) 1-hexene and (b) H2O2 

concentration. Prediction of kinetic reaction order for (c) 1-hexene and (d) H2O2 over ammonia-regulated N-Ti-beta and conventional Ti-beta catalysts. 

 

hexene adsorption in N-Ti-beta catalysts which can be attributed to their 

increased specific surface area could effectively improve 1-hexene 

epoxidation. 

 

Fig. 5. UV–vis spectra of hydrolyzed ammonia-regulated Ti precursors at (a) different ammonia concentration, (b) different pretreatment temperatures (30 ◦C, 60 ◦C and 

90 ◦C) and (c) different pretreatment time (0, 0.5, 1, 3 and 12 h). TiO2 contents determined by UV–vis spectra in Ti-beta pretreated at (d) different ammonia 

concentration, (e) different pretreatment temperatures and (f) different pretreatment time. 
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3.3. Effect of ammonia-regulated conditions over Ti-beta for 1-hexene 

epoxidation 

 
The ammonia concentration, pretreatment temperature and pre- 

treatment time were optimized to investigate the effect of pretreatment 

conditions for the ammonia-regulated process on Ti-beta samples. The 

UV–vis spectra of hydrolyzed ammonia-regulated Ti precursors were 

employed to evaluate the formation capability of TiOx species. It was 

noted that the concentration of TiOx species exhibited a gradual decline 

with increasing ammonia concentration (Fig. 5a). The Ti species, arising 

from the dealumination-metallization process in ammonia-regulated N- 

Ti-beta, were further analyzed using DR UV–vis spectra (Fig. S5). The 

results indicated a progressive decrease in TiO2 content, dropping from 

16.7 % to 13.5 % as the ammonia concentration increased (Fig. 5d). This 

implies that an increased concentration of ammonia could enhance the 

substitution of Ti precursors with ethoxy groups to a greater extent, thus 

restraining the TiO2 formation. The N2 adsorption–desorption isotherms 

of N-Ti-beta samples at various ammonia concentrations revealed that 

the pore structure remained nearly unchanged (Fig. S6). Specifically, the 
0.1-Ti-beta, 0.5-Ti-beta, and 1.0-Ti-beta exhibited nearly identical spe- 

cific surface areas of approximately 591.2, 588.7, and 591.2 m2/g, 

respectively. 
The temperature was further optimized for the ammonia-regulated 

TiOx species exhibited a decline from 30 to 60 ◦C, followed by a sig- 

nificant increase from 60 to 90 ◦C (Fig. 5b). The TiO2 contents in process 

of Ti-beta samples. It was observed that the concentration of 

different Ti-beta samples mirrored the trend of TiOx species in Ti pre- 

cursors (see Fig. S7). Specifically, the 60-Ti-beta showed the least TiO2 

content (13.5 %) compared to the other two catalysts (30-Ti-beta: 24.8 

temperature (i.e., 60 ◦C) enhances NH3 evaporation, facilitating its re- % 

and 90-Ti-beta: 15.6 %), as illustrated in Fig. 5e. Slightly raising the 

action with HCl to augment the substitution of Ti precursors by ethanol. 

cies. Nevertheless, excessively high temperatures (i.e., 90 ◦C) lead to an 

Consequently, this contributes to an increase in the framework Ti spe- 

excessive formation of NH3. In this scenario, NH3 not only reacts with 

HCl but also creates an alkaline environment, resulting in the formation 

of TiOx species through the hydrolysis of Ti precursors. N2 adsorp- tion–
desorption isotherms of N-Ti-beta samples at different tempera- 
tures (Fig. S8) indicated that higher temperatures effectively induced 

the formation of mesopores. The 90-Ti-beta exhibited a typical type IV 

isotherm (Du et al., 2020; Feng et al., 2017), revealing a higher meso- 

porous volume (0.196 cm3/g) compared to the 30-Ti-beta (0.176 cm3/g) 
and 60-Ti-beta (0.179 cm3/g) samples. 

The pretreatment time was further optimized for the ammonia- 

regulated process of Ti-beta samples. It was found that the concentra- 
tion of TiOx species gradually decreased from 0 to 3 h and then exhibited 

a significant increase at 12 h (Fig. 5c). The TiO2 contents in different Ti- 

beta samples are consistent with the trend of TiOx species in Ti pre- 
cursors (Fig. S9). It is found that TiO2 contents in N-Ti-beta also 

demonstrated an inverted volcano curve (Fig. 5f), aligning with the 

observations in Fig. 5c. Therefore, extending the pretreatment duration 

(e.g., 0–3 h) amplifies NH3 evaporation, promoting its interaction with 

HCl to enhance the substitution of Ti precursors with ethanol. This leads 

to an augmentation of the framework Ti species. However, an exces- 

sively prolonged pretreatment time (i.e., 12 h) results in an excessive 

generation of NH3. In such cases, NH3 not only reacts with HCl but also 
generates an alkaline environment, leading to the formation of TiOx 

species  through  the  hydrolysis  of  Ti  precursors.  N2  adsorp- 
tion–desorption isotherms of N-Ti-beta samples at pretreatment time 
(Fig. S10) indicated that a longer pretreatment time effectively induced 

the formation of mesopores. The 12 h-Ti-beta exhibited a typical type IV 

isotherm, revealing the presence of mesopores. 

In the context of 1-hexene epoxidation with different N-Ti-beta 

samples at different ammonia concentration, the 1.0-Ti-beta catalyst 

demonstrated superior performance compared to other catalysts (0.1-Ti- 

beta and 0.5-Ti-beta catalysts), exhibiting the highest conversion of 1- 

hexene (64.1 %) and H2O2 utilization efficiency (92.2 %) in Fig. 6a. This 

superiority should be attributed to a higher content of framework Ti 

species facilitating 1-hexene epoxidation, coupled with restrained TiO2 

species that could otherwise lead to the inefficient decomposition of 

H2O2 (Xiong et al., 2016). For the effect of different pretreatment tem- 

peratures, it is found that the 60-Ti-beta demonstrated the highest 

conversion of 1-hexene (61.2 %) and H2O2 utilization efficiency (93.3 

%) in Fig. 6b, which is in line with the content of framework Ti species. 

With the increase of pretreatment time from 1 to 5 h, the conversion of 

1-hexene and H2O2 utilization efficiency gradually increased from 47.1 

% to 65.6 % and 80.4 % to 95.8 %, respectively (Fig. 6c). Subsequently, 

with a further increase of pretreatment time from 5 to 12 h, the con- 

version of 1-hexene and H2O2 utilization efficiency gradually decreased 

from 65.6 % to 36.2 % and 95.8 % to 60.3 %, respectively. This volcano 

curve is consistent with the evolution of TiOx species and further for- 

mation of extra-framework Ti species. 

These results indicate that increasing ammonia concentration 

effectively inhibits the formation of TiOx species by producing a deeply 

substituted Ti precursor, which subsequently reduces the amount of 

TiO2 species. Additionally, raising the temperature of the ammonia 

appropriately further prevents the formation of TiOx species, leading to 

a decrease in TiO2 species. A longer pretreatment time can also restrain 

TiO2 formation and increase mesoporous volume. However, excessively 

long pretreatment times may promote the formation of TiOx and TiO2 

species due to interactions with Ti precursors and excessive NH3. 

Therefore, these pretreatment parameters (ammonia concentration, 

pretreatment temperature, and duration) significantly impact both the 

reaction between ammonia and HCl to produce NH4Cl and the interac- 

tion between NH3 and hydrolyzed Ti precursors, as shown in Fig. 6d. The 

former can disrupt the reaction equilibrium, promoting the substitution 

of Cl in chlorotitanate with ethanol to enhance Ti incorporation. In 

contrast, the latter can create an alkaline environment, leading to the 

formation of TiOx species and mesopores. Hence, the Ti-beta with rich 

framework Ti species and mesopores could effectively enhance 1-hexene 

epoxidation. 

 

4. Conclusion 

 

In this paper, we present a unique ammonia-regulated approach 

aimed at regulating the evolution of Ti precursors to enhance the met- 

alation of Ti atoms within dealuminized beta zeolites. This method in- 

volves the reaction of ammonia with HCl, resulting in the production of 

NH4Cl. This disrupts the reaction balance and facilitates the substitution 

of Cl in chlorotitanate by ethanol. The resultant deeply substituted Ti 

precursor proves to be effective in restraining the formation of TiOx and 

extra-framework TiO2 species. Furthermore, the evaporation of NH3 

generates mesopores under optimized reaction conditions, enhancing 

the kinetic adsorption of macromolecular 1-hexene. The proposed 

optimized pretreatment conditions, specifically at 60 ◦C for 5 h with 100 
% ammonia concentration, are suggested to effectively restrain the 

formation of TiOx precursors through deeply substituted ethoxylated 

chlorotitanate (Ti(Cl)4-n(OEt)n) and enhance the kinetic adsorption of 1- 

hexene by increasing Ti accessible sites. The resulting synthesized 

ammonia-regulated N-Ti-beta demonstrates significantly improved 1- 

hexene epoxidation performance, boasting a conversion rate of 61 %, 

selectivity of 98 %, and a high H2O2 utilization efficiency of 93 %. This 

study not only introduces a novel approach to dynamically regulate the 

demetalation-metalation method through evolving Ti precursors with 

ammonia but also holds promise for advancing related industrial pro- 

cesses in demetalation-metalation methods. 
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