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SUMMARY

Titanium silicate zeolite (TS-1) is widely used in the research on selective oxidations of organic substrates
by H2O2. Comparedwith the chlorohydrin process and the hydroperoxidation process, the TS-1 catalyzed
hydroperoxide epoxidation of propylene oxide (HPPO) has advantages in terms of by-products and envi-
ronmental friendliness. This article reviews the latest progress in propylene epoxidation catalyzed by
TS-1, including the HPPO process and gas phase epoxidation. The preparation and modification of TS-1
for green and sustainable production are summarized, including the use of low-cost feedstocks, the devel-
opment of synthetic routes, strategies to enhance mass transfer in TS-1 crystal and the enhancement of
catalytic performance after modification. In particular, this article summarizes the catalytic mechanisms
and advanced characterization techniques for propylene epoxidation in recent years. Finally, the present
situation, development prospect and challenge of propylene epoxidation catalyzed by TS-1 were pro-
spected.

INTRODUCTION

Propylene oxide (PO) is a high value-added commodity chemical as the starting material for the synthesis of polyether polyols and propylene

glycols. Polyether polyols and propylene glycols are used in themanufacture of polyurethane foams and polyesters, respectively.1–3 PO as the

secondmost important chemical building block after ethylene is widely used in medicine, food, automotive, agriculture and construction.4 At

present, the annual output of PO in the world (10 million tons) cannot meet the increasing demand.5 From 2020 to 2027, PO is projected to

experience a compound annual growth rate of 3.9%.6 However, traditional methods of producing PO (chloropropane and hydroperoxide

processes) have major disadvantages such as the generation of toxic waste, complex multi-step processing and the formation of by-

products.7–9

So far, PO production processes such as chloropropane, hydroperoxide (indirect oxidation or by-product), directed oxidation, electro-

chemical and biochemical processes have been proposed (Figure 1A).1,10,11 The chlorohydrin process is the most common process in the

PO industry today. Various harmful side products (salt chlorides) are formed in the chlorohydrin process because of the dehydrochlorination

of chlorohydrin. The hydroperoxide processes (indirect oxidation or by-products) are environmentally friendly. But a significant number of by-

products (styrene, tert-butyl alcohol, and dimethyl benzyl alcohol) are produced in hydroperoxide routes. Catalytic epoxidation, photocata-

lytic epoxidation, electrochemical and biochemical processes had also attracted considerable interest.12–19 An excellent turnover frequency

(TOF) can be observed in the biological processes.12 Nevertheless, the toxicity of the product to microorganisms and the stability of the

enzyme are the major challenges in the biological process. As far as the direction of oxidation is concerned, the low conversion efficiency

of PO is urgently needed to be enhanced before production on an industrial scale. In the alternative process of propylene epoxidation,

the hydrogen peroxide-PO (HPPO) route with high selectivity has been concerned because of environmentally friendly.20

Titanium silicalite-1 (TS-1) with the MFI-type framework is composed of tetrahedral titanium atoms and silicon atoms for boosting

HPPO.21–23 In 1983, the first patent for TS-1 zeolites was filed by Taramasso et al. of Snamprogetti S.p.A.24 The discovery of TS-1 was a mile-

stone in the history of zeolites and heterogeneous catalysis. By using hydrogen peroxide (H2O2) as the oxidant, TS-1 revolutionized the green

oxidation system because of no by-products.25–31 In the epoxidation of propylene, the carbon-carbon double bond of propylene is attacked

by the oxygen atom in H2O2.
32,33 Prior to transferring an oxygen atom to react with organic molecules, H2O2 is activated on TS-1 by the for-

mation of titanium peroxocomplexes.34 High Atomic utilization efficiency of oxygen and the ability to run ‘‘clean’’ reactions without by-prod-

ucts are achievedby usingH2O2 as the oxidizing agent. In addition, the direct epoxidation of propylenewithH2 andO2, as a greener andmore

sustainable PO production process, has also attracted wide attention from scientific and industrial circles.35
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Figure 1. Review of propylene epoxidation catalyzed by TS-1

(A) Various production processes of PO.

(B) Overview of TS-1 catalyzed propylene epoxidation.

(C) Development history of propylene epoxidation catalyzed by TS-1.
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In this review, we summarize the progress of TS-1-catalyzed propylene epoxidation from 2015 to 2023, as shown in Figure 1. Special attention

was given to the synthesis and modification of TS-1 and the reaction mechanism of propylene epoxidation catalyzed by TS-1. Following a brief

introduction (introduction section), advances in strategies for synthesizing zeolite TS-1 are presented (TS-1 zeolite section), followed by catalyst

modification and catalytic performance (TS-1 catalyst design for efficient catalytic performance section). In determination of active sites section,

we describe the advanced characterization techniques, such as X-ray absorption spectroscopy (XAS), and infrared spectroscopy (IR), of TS-1 at

the atomic level. The catalytic mechanism of propylene epoxidation catalyzed by TS-1 and the production process of PO were summarized in

reaction pathways section. The final part (conclusions and perspectives section) is the conclusion and outlook. Although there are already some

excellent reviews about TS-1 materials for propylene epoxidation, there is presently no review about the synthesis andmodification of catalysts,

the characterization and confirmation of reaction intermediates and active centers. We believe that a timely review of propylene epoxidation of

TS-1 catalysts will be a valuable resource, which is rapidly expanding in terms of both scope and interest from the scientific community. This re-

view will promote the further development and application of HPPO process to meet the growing needs of practical applications.

TS-1 ZEOLITE

Zeolite is a crystalline microporous material formed by tetrahedral units of TO4 (T = Si, Ge, Al, P, Ti, and so on) and is well known for its various

properties including catalytic activities, shape selectivities, solid acids, and ion exchange capacities.36 Zeolite is widely used as a catalyst to

achieve high conversion and selectivity in various reactions.37 Specifically, TS-1 is an MFI-type molecular sieve with titanium atoms partially re-

placing silicon atoms.38 Due to the intrinsic catalytic effect of the transitionmetals, the resulting zeolites have specific catalytic activity.37,39,40 TS-1

as a redox catalyst offers new options for the homogeneous catalysis of several industrial processes.41 After the discovery of titanosilicate TS-1

(MFI) in 1983,24 a number of other titanosilicate zeolites have been developed, including Ti-MWW (MWW), Ti-Beta (*BEA) and Ti-MOR (MOR).

Titanium-containing catalysts have achieved great success in the synthesis of various oxygen-containing chemicals using H2O2 as oxidant.
42–48

Next, we will provide a detailed introduction to the preparation methods and advantages and disadvantages of TS-1 and graded TS-1.
2 iScience 27, 109064, March 15, 2024
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Structure design and modulation of TS-1

Recent years have seen a great deal of work on developing strategies for synthesizing TS-1. At present, nanosized, 2D zeolites, and the most

effective hierarchical zeolites have been designed to overcome mass transfer resistance and coking limitations.49–51 TS-1 synthesized by

different methods differ in framework, size, hydrophobicity and surface morphology. Different preparation methods have a great impact

on the catalytic properties of the final zeolite. A current challenge in the preparation of metal-containing zeolites is to modulate the position,

distribution and coordination state of the frameworkmetal atoms in zeolites to create highly accessible active sites.52 A great deal of effort has

been devoted to the exploration of new synthesis strategies in response to such challenges. These methods are presented in detail in this

section.

Hydrothermal synthesis

Taramasso et al. prepared TS-1 by two different hydrothermal methods in 1983, and were the first to claim the substitution of Si4+ by Ti4+ in

silicalite-1.24 The synthesis gel is typically composed of sources of framework-building units, organic structure directing agents (OSDAs) or

inorganic SDAs, crystallization modulation additives and water. The addition of a metal salt or organic metal complex directly to the synthetic

gel for crystallization allows the incorporation of metal atoms in the zeolite. The most common method of synthesizing TS-1 is hydrothermal

synthesis. The hydrothermal synthesis method can achieve industrialized production of TS-1. Hydrothermal synthesis is commonly used to

obtain highly crystalline, multi-topological, small-sized, and hierarchic metal-loaded zeolites.

The titanium source used in zeolite synthesis, tetraethyl titanate (TEOT), has been shown to be easily hydrolyzed in previous studies. Titanium

is difficult to incorporate into the TS-1 framework.39,53,54 This results in the formation of extra-framework titanium, including octahedrally coor-

dinated titanium and anatase-type titanium dioxide. The anatase TiO2 can cover the active sites in TS-1 and cause H2O2 to decompose ineffi-

ciently. The early method of synthesizing TS-1 using TEOT as the Ti source was complicated. Later, in order to simplify the operation, the more

stable tetra butyl titanate (TBOT) was chosen as the Ti source in the synthesis of TS-1.55,56 Thangaraj et al. synthesizedTS-1with high Ti content by

using TBOT as a titanium source and isopropanol complexing the titanium source (to avoid hydrolysis of TBOT).39,57

The increase of the framework Ti content and the inhibition of the generation of extra framework Ti are still challenges. One of the effective

ways to do this is through the matching of the crystallization rates of the titanium and silicon sources. Titanium is reported to crystallize at a

faster rate than silicon. Slowing down the crystallization rate of titanium or accelerating the crystallization rate of silicon is conducive to the

entry of titanium into the framework. For the inhibition of the formation of extra-framework titanium species, numerous types of crystallization

mediators were added to the system, such as hydrogen peroxide, ammonium carbonate, ammonium sulfate, calcium carbonate, isopropyl

alcohol or starch, etc. (Figure 2A).39,53,58–62 Fan et al. developed a new route for the synthesis of TS-1 using (NH4)2CO3 as a crystallizationmedi-

ator. In this way, the content of Ti in the framework can be significantly increased without the formation of additional Ti species in the frame-

work. The addition of (NH4)2CO3 to the synthesized gels greatly reduced the pH, resulting in a slower crystallization rate. The doping rate of

titanium in the framework and the crystallization rate were well matched.58 Nucleation is greatly accelerated and active Ti sites are enriched by

the crystallization modifier. The crystallization time is reduced. Song et al. used L-carnitine and ethanol as crystal growth modifiers and co-

solvent, respectively, to modulate themorphology and Ti coordination state of TS-1 zeolite. Synthesized TS-1molecular sieves were enriched

with isolated skeletal titanium species. The anatase titanium dioxide was suppressed.63 Reported crystallization modifiers also include 1,3,5-

phenylacetic acid (H3BTC), L-lysine, polyacrylamide (PAM), etc.64–66 The anatase titanium dioxide in the resulting TS-1 sample can also be

removed with acid washing.67 But the pickling process causes a reduction in titanium content. This post-treatment reduces the activity of

the TS-1 catalyst. Environmental pollution will result from the waste of acid.

Openmetal centers can be introduced in the zeolite framework. For example, by a combination of an L-lysine-assisted method and a two-

step crystallization, anatase-free TS-1 zeolites with tetrahedrally coordinated TiO4 species and octahedrally coordinated TiO6 species have

been synthesized (Figure 2B).68 In this strategy, the two-step crystallization method is beneficial for the removal of anatase titanium dioxide

impurities. The L-lysine molecule acts as a stabilizer, trapping the TiO6 species and assuring the insertion of TiO6 into the framework-asso-

ciated positions of the TS-1. The open sites of TiO6 provide improved conversion and the closed sites of TiO4 promise a high degree of

epoxide selectivity.

A novel polymer containing sources of Si and Ti has been used in the preparation of TS-1 zeolites (Figure 3). The Ti-diol-Si polymer was

prepared via a transesterification process. The reactants used were alkyl silicates, alkyl titanates, and alkyl diols. A reticulated polymer com-

pound was formed by transesterifying the alkoxy groups of the alkyl titanate and alkyl silicate with alkyl diols. The hydrolytic rates of the Si and

Ti sources for crystallization were well matched owing to the high hydrolytic resistance of the Ti-diol-Si polymer materials. Ti atoms are incor-

porated into the framework of the MFI zeolite, preventing Ti from being formed outside the framework.69

It is reported improving the static crystallization method to rotary crystallization can reduce the formation of anatase.70 Rotational crystal-

lization accelerates the rate of titanium doping so that the rate of titanium doping into the skeleton is matched to the rate of silicon doping.

The anatase TiO2 is inhibited. However, this method showed a limited improvement in catalytic activity, resulting in aggregation of the initial

nanosized TS-1 and a reduction in the external surface area of TS-1. Using Triton X-100 as a mesoporous template, Zhang et al. synthesized

nanosized hierarchical TS-1, under the conditions of rotational crystallisation.71 In the meantime, it was found that the intermediate crystal-

lized zeolite with a short crystallization time had an abundance of mesopores. There was an abundance of active titanium species and a lack of

anatase species.72 Lin et al. proposed the reverse oligomerization strategy to match the hydrolysis rates of Ti and Si precursors by simulta-

neously reversing the oligomerization of the Ti monomer and accelerating the hydrolysis of the Si alkoxide using hydroxyl-free radicals (Fig-

ure 4).73 The effect of anatase titanium dioxide on the epoxidation of olefins needs to be further studied. Some studies have shown that under
iScience 27, 109064, March 15, 2024 3



Figure 2. Synthesis of TS-1 by hydrothermal method

(A) TS-1 with little extra framework Ti was hydrothermally synthesized in a tetra propylammonium hydroxide system using starch as the additive.59 Copyright 2016,

American Chemical Society.

(B) Proposed evolution of the TiO6 species stabilized by L-lysine in TS-1 zeolites.68 Copyright 2022, American Chemical Society.

ll
OPEN ACCESS

iScience
Review
the synergistic action of anatase titanium dioxide and framework titanium species, the catalytic activity of TS-1 for styrene epoxidation can be

improved.74 However, the majority of current research indicates that anatase TiO2 could still have a detrimental effect on the catalytic activity

of the catalyst.

Many templates and organic bases are inevitably required to obtain TS-1 with a well-defined structure. However, the expensive tetra-pro-

pylammonium hydroxide (TPAOH) templates are usually subjected to the Hofmann elimination reaction in the prolonged hydrothermal pro-

cess. This leads to decomposition and generation of alkali waste water. Instead of using TPAOH as a template for the synthesis of TS-1, some

researchers use relatively inexpensive tetra propylammonium bromide (TPABr)75 to reduce the synthesis costs. But the size of the crystals was

larger than that of the crystals obtained from the TPAOH-based synthesis. The preparation of TS-1 microcrystals smaller than 1 mm using

TPABr as a template is very difficult. Consequently, catalyst activity and PO selectivity are strongly influenced by diffusion restriction. Catalyst

activity and PO selectivity are very low. Meanwhile, bromide from the production of TS-1 using TPABr as a templatemay cause environmental

pollution and equipment corrosion during calcination.76 Significantly, using themother liquid of nanosized TS-1 as the seed for crystallization,

Zuo et al. synthesized small-crystalline TS-1 in a TPABr-ethylamine system. Using this method, they were able to shorten the catalyst prepa-

ration time and obtain small crystals of TS-1 with a size of about 600 nm3 400 nm3 250 nm. Small TS-1 crystals precipitate relatively quickly

and are easy to separate.77 In addition, based on a glycine-assisted strategy in a tetra propylammonium bromide (TPABr)-ethanolamine sys-

tem, hierarchical anatase-free small crystals of TS-1 have been prepared by hydrothermal route. A 1 mm microporous TS-1 zeolite with all Ti

species present as framework Ti was prepared under the synergistic effect of glycine and seed. Glycine reduced TS-1 crystallization rate, while

seeds reduced crystal size and enhanced Ti incorporation into a framework.78

Hydrothermal synthesis is a convenient and universal method for the preparation of TS-1. Graded TS-1 is usually synthesized by hydrothermal

modification.79Different templatingagentsareaddedor the synthesisparametersarechangedduring thesynthesisprocess.80–83The synthesized

gradedTS-1hasdifferentpore sizes thereby increasing theexternal surfaceareaanddiffusioncapacity. Thishelps to improve thepropyleneepox-

idation performance. However, there are still some shortcomings. Ti and Si atoms have different radii and different hydrolysis rates. Metal-con-

tainingzeolites synthesizedbyhydrothermalmethodsareusually characterizedbya longcrystallization time,a lowconcentrationofmetal atoms, a

tendency to formextra framework species, and limited synthesis conditions. The chemical compositionof the synthetic gel, the type andnatureof

thestartingsource, theuniformityof thegel solution,andthedifferent synthetic conditionsareheterogeneous inmanyaspects. Thepreparationof

metal-containing zeolites by hydrothermal crystallization has always been considered to be a highly complex process. This complicates the

screening of synthesis parameters to break the Si/Ti framework constraint and to incorporate noble metals into the zeolite framework. The
4 iScience 27, 109064, March 15, 2024



Figure 3. Synthesis of TS-1 by hydrothermal method from Ti-diol-Si polymer

(A) Synthesis of the TS-1 zeolite from Ti–diol–Si polymers.

(B) Photos of the liquid raw materials and solid polymer products.

(C) Types of alkyl titanates, alkyl silicates, and alkyl diols used.

(D) Transesterification reaction.

(E) Photos of the Ti–diol–Si polymers.69 Copyright 2021, the Royal Society of Chemistry.
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development of advanced synthetic techniques on the basis of hydrothermal synthesis or new systems like hydroxyl radical-assisted synthesis,

kinetic regulation and two-step crystallization is desirable to overcome the aforementioned problems.84–86

Demetalation�Metalation

Direct metallization is the so-called ‘‘atom-planting’’ strategy before the introduction of the demetallization-metallization method. Trivalent or

tetravalent cations (Al, Ga, and Ti) can be inserted into the framework of zeolites by high temperature, continuous and stable metal chloride

evaporation of high silica zeolites. This is called ‘‘atom-planting’’. In 1988, Kraushaar et al. proposed this approach for the preparation of Ti-con-

taining zeolites by the introduction of TiCl4 vapor reaction with dealuminated ZSM-5 zeolite at high temperatures.87 Vacant sites (i.e., silanol
iScience 27, 109064, March 15, 2024 5



Figure 4. Synthesis of TS-1 by the reversed-oligomerization process

(A) The hydrolysis of Ti and Si species in the reversed-oligomerization process.

(B and C) Schematic representation of the synthetic procedures.73 Copyright 1999–2023, John Wiley & Sons, Inc.

ll
OPEN ACCESS

iScience
Review
nests) are generated in the zeolite framework during the dealumination or deboronation step. Ti precursors are able to reactwith these vacancies

in the following titanation process to generate tetrahedral titanium sites in the zeolite framework. Catalytic activities are similar to directly syn-

thesized ones.88 In the strategy of direct metallization and ‘‘atom-planting’’, metal incorporation is often followed by the generation of a large

number of extra framework species. The demetallization-metallization process has been developed to overcome these shortcomings. It opti-

mizes the conventional metallization process. The metal-doped demetallization-metallization process can be achieved by framework demetal-

lization of synthetic zeolites (e.g., desiliconization, dealkalization, deboronization, and degermanization of silicate, alumino-silicate, borosilicate,

and germanosilicate zeolites). Subsequently metals are doped into pre-formed lattice voids during gas-phase, liquid-phase and solid-phase

metallization processes.89,90 Specifically, in the process of alkali (or acid) treatment, the removal of framework silicon (or aluminum) atoms

fromaluminosilicatemolecular sieveswill produce lattice vacancies anddefects.Metal atomswith a suitable diameterwill react with regenerated

hydroxyl groups originating from lattice vacancies at high temperatures. The metal will be effectively doped into the zeolite framework.
6 iScience 27, 109064, March 15, 2024
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Dealumination, boron removal and desilication are the most commonly applied method to create lattice vacancies among various demetal-

lization processes. For instance, partial boron atoms were first removed from the framework of B-b zeolite by dilute acid treatment to create lat-

tice vacancies in the framework. The deboronized H-B-b zeolites are then processed in titanium chloride vapor at 300�C in combination with an

effective methanolysis treatment. The Ti heteroatoms are inserted at the tetrahedral sites in the framework of the zeolite. The Ti-b molecular

sieves synthesized by this method were stable and almost free of non-framework titanium. It showed high activity and selectivity in the alkene

epoxidation reaction of hydrogen peroxide.91 Similarly, commercial H-b zeolite (Si/Al = 13.5) was treated with a concentrated nitric acid solution

to remove some of the Al atoms. Vacant Ti containing silanol groups was introduced. In addition, the dry impregnation method was applied by

mechanical grinding of Si-b and the organometallic precursor of titanocene dichloride (Cp2TiCl2). The physical mixture was further calcined at a

temperature of 800�C. Ti species are introduced into the zeolite framework in the form of isolated tetrahedron-coordinated Ti (IV).92

The preparation of precursors such as H-ZSM-5, B-ZSM-5 and Al-ZSM-5 is key to this synthesis method. These precursors are then sub-

jected to a titanation treatment. The catalytic activity of these samples is commonly much poorer than that of the hydrothermally synthesized

TS-1.93 This method has recently been applied to the reaction of TiCl4 with acid-treated de-boronated ERB-1 zeolites at high temperatures.

Titanium-containing epoxidation catalysts were prepared.94 For instance, by pillaring the ERB-1 precursor with SiO2 and atom-planting with

TiCl4, a novel titanosilicate MCM-36 with a pillared MWW structure was synthesized.95,96

The demetallization-metallizationmethod has the advantages of a short synthesis cycle, high efficiency, highmetal loading, and small crys-

tal size.90 Nevertheless, the demetallization-metallization approach still has some drawbacks. (1) Demetallization of unmodified zeolites using

acidic or alkaline conditions helps to create framework vacancies for subsequent metal insertion. This process can reduce the yield and crys-

tallinity of zeolite solids and even lead to structural damage of the zeolite. (2) Most of the isomorphous substitution of heteroatoms in the

zeolite framework takes place in the steam of metal precursors at high temperatures, seeming complicated, dangerous, and energetically

costly. Compared to direct hydrothermal synthesis, the demetalation-metallization process is more complicated and expensive. (3) Extra-

framework metal species formation is inevitable. Under the conditions of energy saving and environmental protection, the present demetal-

lization-metallization may not be a generally applicable method for industrial preparation of metal-containing zeolite materials.

Dry-gel conversion

The dry gel conversion (DGC) process was an effective alternative to traditional hydrothermal crystallization of zeolite. DGC involved vapor

phase transport (VPT) and steam-assisted conversion (SAC) of the dry gel.97,98 The VPT process is a method of incorporating steam recrys-

tallization of the zeolite template. The SAC process uses steam to recrystallize the dry gel containing the zeolite template. The titanium-con-

taining catalysts synthesized by the above methods also have high catalytic activity in macromolecular epoxidation.99 Generally, the DGC

process includes evaporating water from the aqueous synthetic gel, hand grinding (or mechanical bead grinding) the solid raw materials

to obtain a homogeneous dry gel, and then crystallizing in vapor conditions. Under high-temperature vapor, the initial materials and amor-

phous/crystalline intermediates have optimal aggregation and binding rates because of low mobility. Zeolites with nanosized and/or hierar-

chical structures are usually formed.100

Hierarchic TS-1 zeolites were prepared by the SAC strategy. TS-1 precursors, triethanolamine and TPAOH were included in the synthesis

gel. UV-vis spectroscopy revealed that most of the Ti species in the hierarchical zeolite sample are tetrahedrally coordinated. But the crystal-

lization time is usually very long.101 The hierarchical TS-1 was prepared by the one-step steam-assisted DGCmethod with TPAOH as the only

template. The results showed that to successfully synthesize TS-1 with a hierarchical structure, a certain amount of TPAOH (such as TPAOH/

SiO2 = 0.08, molar ratio) was required. The crystal size of TS-1 decreases and themesoporous surface area increases by increasing the amount

of TPAOH in the synthesis solution. More extra-framework Ti would be formed in the prepared TS-1 samples if the excess template were used

in the synthesis of TS-1.102 Nanocrystalline mesoporous titanium silicalite-1 (MTS-1) has also been synthesized by DGC using inexpensive tri-

block copolymers as templates (Figure 5A). Owing to its smaller crystal size (<100 nm) and the presence of mesopores (approximately 3 nm),

MTS-1 has a shorter reactant/product diffusion length than TS-1.103 Some studies indicate the preparationmethod, hydrophobic hierarchical

porous TS-1 (HTS-1-X) was synthesized by the one-step DGCmethod with phenolic resin as the hydrophobic reagent. HTS-1-X catalysts pre-

pared by theDGCmethod are characterized by high specific surface area,multilayer pore structure and high titanium content.104 Remarkably,

TS-1 nano zeolites with rich micro/mesoporous hierarchical structures were synthesized through a simple xerogel steam-assisted crystalliza-

tion process combined with top-down alkali etching treatment.105,106

For the preparation of metal-containing zeolites, the solution of the hydrolysis rate mismatch between metal and Si precursors is very

important. On this basis, highly dispersed TiO2-SiO2 composites of Ti species were prepared by the sol-gel method in tetrahydrofuran. It

was then used as a precursor for DGC-crystallized TS-1 zeolite. The study showed that the dispersion of species in the initial TiO2-SiO2 com-

posite is very important for the preparation of TS-1 zeolites of high framework Ti loading.108 Subsequent to this work, a newmechanochemical

DGC has been designed for the construction of Ti-rich MWW-type zeolite in a vapor environment consisting of a mixture of water and piper-

idine.109 By this approach, Ti and SiO2 can also be processed by planetary ball milling technology to prepare TiO2�SiO2 composites with high

titanium content. DGC is considered to be an efficient and economical method for the production of metal-containing zeolites. It is also a

promising method for the synthesis of zeolite materials with higher framework metal content. New studies show the successful preparation

of hierarchal TS-1 single crystals via a steam-assisted crystallization strategy using hierarchal porous titania (Ti-NKM5) as precursor (Figure 5B).

Owing to the presence of large mesopores (10–40 nm), the micropore structure directing agent enters the interstitial structure of SiO2 par-

ticles. This induces dissolution and crystallization processes. During the crystallization process, the resulting nanocrystals coalesced into a

hierarchical structure. No extra-framework anatase was formed and the titanium was fully incorporated into the zeolite framework.107
iScience 27, 109064, March 15, 2024 7



Figure 5. Synthesis of TS-1 by the dry gel conversion process

(A) Synthesis of a nanocrystallineMTS-1 by the dry-gel conversion using cheap triblock copolymers as a template.103 Copyright, 2017 American Chemical Society.

(B) Schematic illustration of the preparation of hierarchical TS-1 single-crystals.107 Copyright 2022, Elsevier Inc.
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The final morphology of the zeolites should be greatly influenced by the water content and structure of the dry gel. For the synthesis of

hierarchical zeolites, the adjustment of the dry gel preparation process, including the water content, etc., is of great importance. It was found

that grinding endowed the dry gel precursor with loose morphological features and accelerated the conversion of water vapor. This pro-

moted the crystallization process and the formation of hierarchical structures in the zeolite. During the DGC process, a portion of the dry

gel precursor is dissolved by water vapor. The dissolved Si atoms migrate from the surface of the precursor to the interior. The migratory

behavior of Si leads to an inhomogeneous distribution of Ti atoms. This leads to the enrichment of Ti species on the surface of the final hi-

erarchical TS-1 zeolite crystals.110 Both mesopore size and particle size could be controlled by variations in the amount of water in a steam-

assisted dry gel crystallization.111

Owing to their advantages of efficiency, high utilization, high product yield, and less environmental pollution, dry-gel conversion strategies

have been greatly expanded in the synthesis of zeolites in recent years. In many studies, direct encapsulation of metal nanoparticles intoMFI-

type zeolites has been achieved by a steam-assisted dry-gel conversion process.112–115

The DGCmethod has the significant advantages of less exhaust gas, shorter crystallization time under mild conditions, lower energy and

structure-directing agent consumption, smaller reactor volume, higher metal content and higher solid yield. Nano TS-1 and hierarchical TS-1

were synthesized by DGC method. The water vapor treatment during the DGC process causes the xerogel precursors to explode and

nucleate, allowing the crystallites to coalesce into zeolite aggregates, resulting in a self-assembled hierarchical structure.116 The synthesized

TS-1 has abundant intracrystallinemesopore and high surface area, and importantlymaintains the intrinsic hydrophobicity of themicroporous

TS-1 zeolite. Nevertheless, the DGCmethod has the following limitations: (1) To obtain a homogeneous metal dispersion and a high degree

of crystallinity, the starting material and SDA must be dissolved in water and agitated for several hours. The water is then evaporated at

elevated temperatures or frozen to obtain a dry gel. Large-scale production of zeolites is limited by time-consuming and labor-intensive pro-

cesses. (2) To obtain a homogeneousmixture of dispersedmetals, the solid rawmaterial must be used directly and then ground by hand. The

DGC method does not function well for transparent solutions with low metal source content in synthetic gels. (3) The DGC method is not

applicable to zeolite systems utilizing inorganic cations as SDAs, particularly in the lack of crystalline zeolite seeds. (4) Since both structural

units and SDAmolecules are immobile during crystal growth. The gas-phase crystallization of the dry gel cannot well tune framework and the

location and distribution of metal sites.

Microwave-assisted synthesis

Microwave irradiation has been used as an energy source for the production of zeolites since the first reports by Mobil in the 1980s117 There

are advantages to using microwaves to heat chemical reactions. Microwave energy could be directly introduced into the zeolite synthesis

system. The heating speed is faster compared to the traditional hydrothermal method.118 Selective and rapid crystallization of zeolites

can be achieved in high yields.119,120 Microwave energy can also increase the hydrophobicity of zeolites by effectively controlling crystal
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Figure 6. Microwave-assisted synthesis of TS-1

Synthesis of TS-1 (MFI framework type) zeolites with highly catalytically active Ti species via active seed-assisted microwave irradiation.128 Copyright 2020, The

Royal Society of Chemistry.
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morphology and particle size.121,122 Typically, these are due to the rapid and even heating caused by microwave radiation and its selective

interaction with specific reagents or solvents.

In the synthesis of porous materials, microwave synthesis has been recognized as an effective means of controlling particle size distribu-

tion, phase selectivity and macroscopic morphology. It is capable of rapid crystallization. For example, microwave irradiation was used to

prepare MFI-type zeolite crystals with a fibrous morphology containing Ti. The type of tetravalent metal ions used determines the degree

of self-assembly. The crystals are stacked along the b-direction to form fibers. The self-assembly of the zeolite crystals and the resulting fibrous

morphology are only observed in the presence of the substituentmetal ions. Fibrousmorphology is attributed to the condensation of terminal

hydroxyl groups between crystal surfaces, inducingmultilayering of planar crystals.123 Bymicrowave-assisted detitanation in H2O2 solutions at

353 K for 15 min, Pavel and Schmidt obtained the hierarchical titanosilicate zeolite ETS-10 with native micropores (0.7 nm), newly formed

supermicropores (0.85 nm), and intercrystalline mesopores (10 nm). No mesoporosity was induced by the same treatment without micro-

waves.124 Compared to the standard conventional heating, the application of microwave radiation in combination with NaOH solution

favored the formation of intercrystalline mesoporosity in the commercial ZSM-5 zeolites. This effect is attributed to the efficient transfer of

thermal energy into the synthesized zeolite solute. The result is an increase in the rate of silicon removal. Hierarchical zeolites with a meso-

porous surface area of about 230m2g-1 and a pore size of about 10 nm can also be prepared in a short period of time (3–5min). The crystallinity

of the parent sample is preserved.125 It is noteworthy to apply microwave irradiation in post-synthetic treatment to generate mesoporous

structure. TS-1 with unique mesoporous structure were prepared by microwave-assisted H2O2 post-treatment. H2O2-coupled microwave ra-

diation produced mesopores in microporous TS-1 crystals. And the catalytic activity of TS-1 was enhanced by generating external Ti species

on the TS-1 surface. During the post-synthetic treatment, the oxidation activity of the catalyst was affected by both microwave exposure time

and temperature.126

Microwave-assisted synthesis of Ti-ZSM-5 (TS-1) showed that even in the presence of fluoride, nucleation takes about 7.5 h and crystalli-

zation takes only 1.5 h.127 All these results indicate that nucleation is the key step determining the crystallization rate in themicrowave-assisted

synthesis of MFI zeolites. Crystallization is greatly enhanced in the presence of seeds. By introducing active seeds and irradiating with

microwave energy, the one-step rapid preparation of TS-1 zeolite with highly catalytically active Ti species was obtained (Figure 6). The novel

octahedral coordinated Ti species (TiO6) was present in the resulting TS-1 zeolites based on the ultraviolet-visible (UV-Vis) spectroscopy and

ultraviolet resonance Raman (UV-Raman) spectra. XAS was also used to determine the mononuclear state of the TiO6 species. Experimental

studies indicate that mononuclear TiO6 formation can be induced by the addition of active seeds. Meanwhile, the formation of such TiO6 is

enhanced by microwave irradiation. Without the formation of anatase TiO2, the mononuclear TiO6 species in the as-prepared TS-1 remain

stable during calcination. TS-1 mononuclear TiO6 catalyst shows excellent catalytic activity and stability for the epoxidation of 1-hexene.128

With microwave synthesis, zeolites can be synthesized in less time, with less energy, more uniformly, in a wider variety, and with better

control over particle size distribution andmorphologies.129 The synthesis of highly active Ti species is facilitated by microwave-assisted heat-

ing. The catalytic performance of TS-1 is highly dependent on the intrinsic activity of the Ti species.130 There are, however, certain drawbacks

to microwave-assisted synthesis. When usingmicrowave heating, great care must be taken. Reactions carried out in closed vessels using low-

boiling solvents can build up high pressures. To avoid bursting the container, damage to themicrowave, and potential injuries, it is necessary

to anticipate and control significant internal pressure variations. Vessels equipped with venting mechanisms are recommended as a safety

precaution. On the other hand, because leaked microwave radiation is hazardous to health, care should be taken when modifying the oven.
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Figure 7. Synthesis of TS-1 by solvent-free method

(A) A biophenol-mediated solvent-free strategy is adopted to synthesize bio-TS-1 with an improvement of acidity character.138 Copyright 2020, American

Chemical Society.

(B) Schematic representation for the preparation of hollow TS-1 with solvent-free post-synthesis method.139 Copyright 2023, Springer Nature.
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Solvent-free synthesis

Conventionally, zeolite crystallization is carried out under solvothermal conditions using large amounts of water or organic solvents. The envi-

ronmental problem caused by contaminated water is unavoidable. The high pressure generated by high-temperature water poses a safety

issue for large-scale manufacturing. Ren et al. reported a generalized, solvent-free route to zeolite synthesis by mixing, grinding, and heating

solid precursors.131 For at least 20 zeolites, a solvent-free synthesis involving simple grinding and subsequent heating was successful. Trace

amounts of water fromanhydrous startingmaterials, acting as a ‘‘catalyst’’, were sufficient to crystallize.132 F� ions can act as a catalyst to depo-

lymerize and polymerize in addition to a trace amount of water.133,134 Not even trace amounts of water are needed in the specific case of the

synthesis of silica-aluminumphosphates. This is because water can be produced as a by-product as a result of the interaction between the raw

materials.135

The advantages of the solventless process, including significant resource, energy, and cost savings, may be important for future industrial

applications of titano-silicate zeolite. The preparation of TS-1 zeolites from pyrogenic silica, titanium sulfate, TPAOH, and zeolitic seeds in a

solvent-free environment. The catalytic performance of the zeolites synthesized in this way is almost the same as that of the zeolites synthe-

sized by the conventional hydrothermal process.136 It is also possible to dramatically reduce the time required to crystallize the zeolite. In

combinationwith a significantly better utilization of reactor volume, it is possible to significantly improve the space/time yield (S/TY) of zeolites

prepared by high-temperature synthesis in absence of water solvent.137

A significant increase in yield and reduction in environmental pollutionwas achievedby synthesizing TS-1 zeolite via a solvent-freemethod.

More importantly, amediator is needed to further control this synthesizing process. Themain objective is to coordinate the hydrolysis of the Ti

source in a highly alkaline synthetic environment to match well with the crystal growth. This allows the possibility of Ti substitution at some

sites. A solvent-free bio phenol-mediated strategy is used for the synthesis of bio-TS-1 with improved acidic character (Figure 7A). Nowadays,

bio phenol, as a mediator, achieves a homogeneous crystallization of Bio-TS-1. It is greatly beneficial to the Ti substitution in the center of the
10 iScience 27, 109064, March 15, 2024



Figure 8. Synthesis of TS-1 by solvent-free method

Schematic illustration of the preparation procedures for the proposed Au–Ti@MFI catalyst (enlargement: a representative model of Au anchored with Ti sites of

TS-1, symbolizing the zeolite encapsulated structure).144 Copyright 2023, Royal Society of Chemistry.
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framework, especially in the center of the framework with a single acid. This improvement of acidity enhances the intrinsic catalytic activity of

Ti-OOH species and further improves the epoxidation performance of propylene.138 Recent work has shown that the formation of the hollow

structure can be achieved in solventless conditions using NH4HCO3 and TPA+ for dissolution-recrystallization (Figure 7B). For the preparation

of hollow TS-1 by dissolution-recrystallization process, the cheap and readily available ammonium bicarbonate (NH4HCO3) and tetra propyl

ammoniumbromide (TPABr) were applied in place the traditional TPAOH solution. The key to this strategy was the proper combination of the

base generating agent NH4HCO3 with the crystal surface protecting and recrystallization directing agent tetra propyl ammonium cation

(TPA+). The final product has a rich hollow structure and retains good crystallinity and Ti active sites. The catalytic performance was greatly

improved in the epoxidation of 1-hexene. At the same time, liquid waste was completely eliminated. The use of an organic template for the

post-synthesis of the hollow zeolite was significantly reduced.139

The solvent-free strategy has been applied to the preparation of metal/metal oxide catalysts encapsulated in zeolites. Several encapsu-

lated catalysts have been prepared by using particulate@SiO2 as the silicon source (e.g., Au-Pd@S-1, Pd@S-1, and TiO2@S-1)140–142 or by us-

ing particulate zeolite as the crystal seed (e.g., Pd@S-1-OH).143 A novel zeolite-encapsulated catalyst (calledAu-Ti @MFI) with enhancedAu-Ti

synergistic interaction was then prepared (Figure 8). The Ti and Au species were first integrated by means of the bio-extract based on poly-

phenols. A seed-directed solvent-free synthesis was then performed. The Ti site of TS-1 zeolite anchors the encapsulated Au nanoparticles

(NPs).144

In addition to these features, it has also been possible to combine the solvent-free method with other sustainable strategies for the prep-

aration of zeolites. For instance, the synthesis of *BEA andMFI zeolites without the addition of solvents and organic templates has been suc-

cessfully achieved by combining solvent-free and organic template routes.145 In this way, the use of expensive and toxic organic templates

and solvents can be avoided. This reduces harmful gas emissions from roasting organic stencils and liquid waste containing organic stencils

and silicon-based inorganics. The reduction of costs and environmental problems of zeolite synthesis is the ultimate goal of sustainable and

economic zeolite synthesis. The morphology can be adjusted by the addition of surfactants in solvent-free synthesis.146 The molecules of the

surfactant were selectively adsorbed on the surface of the crystal. The result was the prevention of continuous growth of a particular plane. In

contrast, in a hydrothermal synthesis system, the surfactant molecules behaved differently and had a tendency to form micelles within the

silica matrix. It is worth mentioning that the anatase-free nanosized zeolite TS-1 has been successfully synthesized by the direct introduction

of the seed solution by means of a solvent-free synthesis method. The raw seed solution produced by TPAOH and TEOS, silicon and titanium

sources were simply mixed, ground and crystallized. By studying the possible mechanism of TS-1 zeolite, it was discovered that the seed so-

lution is the crucial factor in obtaining nanosized TS-1 zeolite. This method opens up new possibilities for the preparation of nanosized TS-1

crystals with the advantages of simple operation and high yield.147

In comparison with conventional hydrothermal synthesis, the solvent-free production of zeolites is generally sustainable and has the

following obvious advantages. (1) High yields are obtained. In traditional hydrothermal synthesis, nutrients (silica and alumina) are dissolved

in the mother solution, whereas in solvent-free synthesis, these losses are greatly reduced. This makes the yield of MFI zeolites from the sol-

ventless process 93–95%, higher than the hydrothermal process (80–86%). (2) Autoclaves become better utilized. In hydrothermal synthesis, a

large amount of water generally occupies most of the autoclave space. In solvent-free synthesis, water has been eliminated. (3) Significantly

reduced contaminants. The formation of liquid waste is maximally reduced by avoiding the addition of water in the synthesis. (4) Low pressure

needed to crystallize. The absence of solvents in zeolite crystallization effectively reduces the autogenous pressure. This eliminates many

safety concerns. (5) Easy to crystallize. (6) The solvent-free strategy can be combined with other strategies to synthesize graded TS-1. thereby

improving the epoxidation properties of propylene. The basic process of mixing and heating the raw solids is the most important step in the

solvent-free route. However, since most OSDAs are in hydroxide form and crystallization in solid salt form is difficult to control. It remains a

challenge to extend the solvent-free strategy to other zeolites.148
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Figure 9. General overview of different porosity introduction strategies

The hard template method of (A) illustrated the formation process of hierarchical TS-1 single-crystal zeolite from an amorphous Ti-NKM-5 sphere.107 Copyright

2022, Elsevier Inc.

(B) Novel hydrophobic hierarchical TS-1 (HTS-1) with wormhole-like mesopores (ca. 45 nm) and small crystal size (100 nm) is synthesized by a two-step

crystallization method using CTAB as a template.160 Copyright 2018, Elsevier B.V.

(C) The seed-assisted method of synthesis of the intermediately and completely crystallized zeolite catalyst. Insight into the effect of mass transfer channels and

intrinsic reactivity in TS-1 catalyst for one-step epoxidation of propylene.72 Copyright 2018, The Royal Society of Chemistry.

(D) The alkali treatment of propylene epoxidation in the mass transfer channels derived from the TPAOH modification over the TS-1 catalyst.161 Copyright 2022,

Elsevier B.V.
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Structure design and modulation of hierarchical TS-1 zeolite

Microporous zeolites have good shape selectivity in catalytic reactions. But the relatively small size of the micropores greatly affects

the diffusion of reactants, leading to rapid coking and side reactions. More specifically, fine chemical synthesis typically involves bulky

compounds bigger than the pore size of the zeolites. Active sites located on the outer surface of zeolite catalysts achieve catalytic

conversion. The lower catalytic activity is caused by the inaccessibility of the active sites inside the zeolites.149,150 The configuration

diffusion mechanism controlled by the micropore structure is responsible for the diffusion of molecules in the micropores of zeo-

lites.151,152 Intercrystalline transport is the rate-determining step in adsorption and catalytic steps on zeolite catalysts. The way to solve

these problems is to reduce the mass transfer resistance by reducing the diffusion path length. This includes the design of oversized

micropores in zeolite crystals, the introduction of meso and/or macropores in zeolite crystals, and the preparation of hierarchical

zeolites.153,154

Secondary porosity (mesopores and/or macropores) is characteristic of hierarchical zeolites. The secondary porosity is in excess of

the typical and uniform zeolitic microporosity. They have modulated acid strength and increased external surface area and mesopore

volume.116,155–157 Hierarchy zeolites have the following characteristics. The main results are as follows: (1) The space limitation of macro-

molecular conversion is reduced. (2) The intragranular diffusion rate is increased. (3) The deactivation of coke is inhibited. (4) The uti-

lization rate of active sites is improved. (5) And adjusting the selectivity of the product.158,159 These characteristics provide hierarchical

molecular sieves with better catalytic performance than microporous counterparts, especially for macromolecules involved in catalytic

reactions. The wide variety of synthetic strategies used to construct pore hierarchies can be classified into ‘‘in situ’’ and ‘‘post-synthetic’’

strategies. The in situ method prepares hierarchical zeolites by generating microporous and mesoporous products during zeolite syn-

thesis, with or without the use of secondary hard or soft templates. The post-synthetic method involves the post-treatment of the pre-

pared zeolites to generate a hierarchical structure in the zeolites. The next sections of this paper will discuss these two preparation

methods in detail. Figure 9 provides a general overview of different porosity introduction strategies. Table 1 summarizes the different

preparation methods.
12 iScience 27, 109064, March 15, 2024



Table 1. Preparation method and advantages and disadvantages of graded TS-1

Route Additional pore type Advantages Limitations

Hard templating

Carbon particles Mesopores High zeolitic character, High production costs

Carbon fibers Mesopores Wide Si/Al,

Carbon nanotubes Meso- or macropores Applicable to different zeolites,

Carbon black Mesopores High porosity

Resin Meso- or macropores

Starch Meso- or macropores

Sucrose Meso- or macropores

Silica gel Macropores

CaCO3 Macropores

Silica Meso- or macropores

Soft templating

Surfactants Mesopores Tunable mesoporosity, Wide Si/Al, High production costs,

Nonsurfactants Applicable to different zeolites, Low to medium zeolitic character,

Polymers The high degree of additional

porosity,

Not industrially available

Good pore connectivity

Non-templating

Organosilanes Meso- or macropores Eco-friendly, Low to medium zeolitic character,

Seed-assisting Cost-effective, Applicable to a few zeolites,

Kineticregulating of crystallization Medium zeolitic character Cannot control the additional porosity

Dry gel conversion

Demetalation

Acid leaching Mesopores High zeolitic character, Low pore interconnectivity (dealumination),

Alkaline leaching Mesopores Applicable to different zeolites, Dealumination applies to Al-rich zeolites only,

Fluoride leaching Meso- or macropores Wide Si/Al, Expensive when organic templates/acids

are involved,

Cost-effective, May alter the original Si/Al,

High pore connectivity, Cannot control porosity

Scale-up possible
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In situ approach/bottom-up strategies

Bottom-up approaches are the introduction of secondary porosity during zeolite synthesis by using templates (template approach) or by us-

ing reaction conditions alone (non-template approach). Template approaches generally requiremesoporous and/ormacroporous templates

(also known as porogen) to generate extra porosity and a structuring reagent to form themicroporous zeolite structure. Themesoporous and/

or macroporous templates are first embedded in the slurry of the zeolite precursor. They are then removed following zeolite formation to

release extra porosity. These synthesis methods can be categorized into hard and soft template routes based on the rigidity (solid or liquid)

of the mesoporous and/or macroporous templates.162,163 The non-templated method does not require the templating action of meso- or

macroporous templates (in the absence of meso- or macroporosity). Additional porosity can be created in the zeolite material.159 The

non-templatemethod is realized through the aggregation of nanocrystals to form intercrystallinemesopores, or based on the controlled crys-

tallization of amorphous gel into zeolite crystals with intracrystalline mesoporous pores, or by selectively changing the growth direction of

zeolite crystals (twins).

The hard templatemethod uses either nonporous or porous solids with relatively rigid structures. During the zeolite crystallization process,

these are usually used as sacrificial templates to introduce additional porosity. Carbonaceous materials (e.g., carbon black, carbon nanopar-

ticles, nanotubes, and nanofibers),164,165 polymers (e.g., Resin),104 biological materials (e.g., starch, sucrose),59,166 and inorganics (e.g., silica

gel, CaCO3, SiO2)
62,107,167–169 as mesoporous or matrices have been extensively used for the construction of hierarchical zeolites.170 The hard

template does not interfere with the creation of the intrinsic structure of the zeolite because it is chemically inert. The method is applicable to

the preparation of hierarchical porous zeolites with different zeolite structures.116,171 A typical synthesis process involves the preparation of a

standard synthesis gel to bemixed with the hard template. Themixture is then treated under hydrothermal conditions to form amicroporous
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zeolite network around the hard template. The final step is the removal of the hard template by calcining or extraction using acid or base.150

Zeolites synthesized by the hard template method are characterized by high crystallinity, uniform porosity and regular pore structure. Owing

to the specific nature of the titanium species, the hard template route is well suited for the production of hierarchical titanosilicate zeolites

under either acid or alkali leach conditions. However, this approach is still expensive because of having to use templates. The formation of

mesopores or macropores by this approach is poorly interconnected. The conditions required to remove titanium are harsh. Many defects

and internal silanol groups were created in the zeolite crystals under the harsh conditions used to remove the hard template. This caused

the acidity and framework stability of the zeolites to decrease.

As an alternative, the soft-templating method, including the utilization of mesoporous such as surfactants (e.g., CTAB, Triton

X-100),160,172–177 nonsurfactants (e.g., PDADMA),178–180 polymers181–183 and organosilanes,184 is one of the most extensively used design

approaches in the construction of hierarchical TS-1 zeolite structures. There are generally two ways to make a strategy. One is the primary

approach, where all ingredients are added to the synthesis system at the start of a one-step synthesis. The other is a secondary process

where all ingredients but the surfactant are added at the beginning. The surfactants are then added in the final step prior to the hydro-

thermal synthesis.185 In the primary approach, surfactants help assemble framework units into zeolite crystals with additional intracrystalline

or intercrystalline porosity. Most surfactants serve two functions. The first one concerns the hydrophilic part of surfactants. It directs the

formation of the zeolite structure and/or ‘‘anchors’’ the surfactant in the zeolite framework. The second one is related to the hydrophobic

part of the surfactant. It is intended to initiate the formation of organic domains between the inorganic components, thus allowing the

surfactant to act as a mesoporosity or spacer phase during the crystallization process. Either mesoporous zeolite crystals or a layered struc-

ture of zeolite nanosheets will eventually form.172,173,186,187 The secondary approach uses a two-step synthesis step. The first step is the

addition of all components except the surfactant. In the second step, the soft template either supports the assembly of zeolite seeds

into hierarchical porous structures or forms microemulsions/reverse micelles for ‘‘confinement synthesis’’/ ‘‘vapor-assisted transformation’’

of hierarchical porous zeolite.160,162 Although the soft templating process is a good method for the preparation of hierarchical zeolites with

a high level of mesoporosity and can be used for various zeolite structures. But most templates are not commercial. The production of such

templates is very labor-intensive and very expensive. The resulting zeolitic materials are shown to have low zeolitic behavior because of the

high level of defects and small micropore volumes.

Surfactants have the following benefits. (1) The use of a lot of hazardous templates for the production of TS-1 is avoided and the

costs are lowered. (2) Fractional TS-1 with micropores and mesopores was synthesized. (3) Ensures no extra TiO2 framework at low

TPAOH concentrations. (4) Increases mass transfer and improves catalytic performance and stability. R.B. Khomane et al. report for

the first time that it is possible to prepare TS-1 in the presence of a small amount of template using a non-ionic surfactant (tween

20).188,189 Ryoo’s group reported that a new class of surfactants with multiple ammoniums could be used as mesopore directing agents

for the synthesis of mesostructured nanosheets and mesoporous zeolites. To enhance the interaction with growing zeolite crystals, they

designed surfactant molecules with functional groups. Finding amphiphilic surfactant molecules containing a hydrolysable methoxy silyl

moiety, a zeolite structure-directing group such as quaternary ammonium and a hydrophobic alkyl chain moiety was key to their design

concept.172 Bola form surfactants (BCph-12-6-6), non-ionic surfactant polyethylene glycol test-octyl-phenyl ether (Triton X-100), and cetyl-

trimethylammonium bromide (CTAB) can also be used as mesoporous templates.190–192 Using cheap cetyltrimethylammonium bromide

(CTAB) as a template, Sheng et al. proposed a novel hierarchical TS-1 (HTS-1) zeolite via a two-step crystallization process (Figures 10A–

10C).160 The elimination of anatase TiO2 impurities in this strategy benefits from the two-step crystallization approach. However, there

are obvious drawbacks to these methods. The removal of silicon atoms from the zeolite framework also removes the framework titanium

species. The original composition of the TS-1 framework has been changed, and even the framework has been collapsed. Similarly, us-

ing a methyl iodide-treated polystyrene-co-4-polyvinylpyridine copolymer as a mesopore-directing template, Xiao et al. showed the

preparation of hierarchical ZSM-5 zeolite possessing b-axis-aligned mesopores.175 In another study, using a commercial polymer,

poly diallyl dimethylammonium chloride (PDADMA), as a dual-functional template, monocrystalline zeolite beta with interconnected

mesopores was synthesized.178,179 Similar to the dual-function templates based on surfactants, the abundant quaternary ammonium

groups located on the polymer are used as a structure directing agent (SDA) for the zeolite. Unlike surfactants, due to the lack of

hydrophobic segments, PDADMA does not self-assemble into regular micelles or ordered structures. PDADMA simply acts as a ‘‘po-

rogen’’ rather than a true mesoscale SDA, resulting in disordered mesopores. Polyquaternium-7 (M550) could be used as a ‘‘porogen’’

for the synthesis of hierarchical TS-1 at the nanoscale and to avoid the formation of anatase species.186 But the nanosized particles make

them difficult to separate from the mother liquor. Using the non-surfactant cationic polymer PDADMAC as a mesopore-directing

template, Du et al. reported a simple hydrothermal route for the preparation of hierarchical TS-1 zeolites (Figures 10E and 10F).

Optimization of the synthesis conditions allows the preparation of TS-1 zeolite with regular hexagonal morphology, high crystallinity,

and abundant and uniform intercrystalline mesopores (～10 nm).180

Templating approaches are effective for preparing hierarchical TS-1 with highly interconnected mesopores. Owing to themismatch in the

incorporation rate of Ti and Si, the mesoporous templates usually result in the formation of anatase TiO2 species. In particular, efficient mes-

oporous templates generally have high synthesis costs, complicated preparation processes, and inert properties. This hasmade TS-1 zeolites

very difficult to synthesize at scale.

Non-templating approaches, including seed-assisting,72 kinetic regulating of crystallization,78,193 andDGC,106,111 have been developed as

efficient synthetic alternatives to mesoporous approaches to zeolite construction.61,194 Seed-assisted processing aims to increase crystalliza-

tion rate, eliminate impurities, control morphology and particle size, and reduce synthesis costs. Hierarchical zeolite structures can also be
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Figure 10. Synthesis method of hierarchical TS-1

(A) Synthesis of the HTS-1 zeolite.

(B) N2 adsorption–desorption isotherms of HTS-1 and TS-1. The inset shows the pore size distributions of HTS-1 and TS-1.

(C) TEM images of HTS-1.160 Copyright 2018, Elsevier B.V.

(D) Hydrothermal route to synthesize hierarchical TS-1 zeolites with abundant mesopores (5–40 nm) inside the zeolite crystals by using poly diallyl dimethyl

ammonium chloride (PDADMAC) as a mesopore-directing template.

(E) N2 adsorption–desorption isotherms of conventional microporous TS-1 and hierarchically porous TS-1 zeolites. The inset shows the pore size distributions of

TS-1C.

(F) TEM images of TS-1C.180 Copyright 2017, The Royal Society of Chemistry.
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created using the seed-assisted method.72,195 For the construction of a hierarchical structure aggregated by zeolite nanocrystals, the DGC

method with a highly concentrated zeolite precursor to the promotion of nucleation was a viable approach.106,111 In order to achieve

good developedmesopores in microporous zeolite, additives like growth inhibiting agents, nucleating agents and growth modifying agents

have been used inmost cases to control the crystallization process.78,193 Recently, the introduction of crystallizationmodifiers has been shown

to be a viable strategy for the modulation of the TS-1 crystallization process. Wang et al. developed a novel one-step aromatic compound-

mediated synthesis for the preparation of hierarchical TS-1 molecular sieves without anatase. Aromatic compounds with good structural sta-

bility of functional groups are used as multifunctional media. It guides the formation of inter-crystalline mesopores, regulates the distribution

of Ti species, and eliminates the generation of anatase during crystallization.196 However, the synthesis of hierarchical zeolites with tunable

mesopore sizes and comprehension of the mesopore generation mechanism are still challenging.

Post-synthesis/top-down

Additional porosity within zeolites can also be obtained by post-synthesis treatment of zeolite crystals, as opposed to the synthesis strategies

discussed above.197,198 In general, the post-synthetic treatment of preformed zeolites consists of demetallation (extraction of framework

atoms) or delamination using steam, acids, bases, or fluorides, or more refined approaches (swell, exfoliation, or interlayer pillaringwith amor-

phous silica).199–204

The most widely used method to create hierarchical structures is demetallization. It involves the elimination of framework atoms (e.g., Si,

Al, Ti, etc.) from themicroporous crystalline zeolites. Unfortunately, thismethod of destruction inevitably results in a loss of zeolitemass, which

changes the elemental ratio of the zeolite framework.203 TPAOH,161,193–207 NaOH,106 sour62 and fluoride208,209 are commonly used etchants

for the synthesis of hierarchical TS-1 zeolites, especially with hollow morphology.
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Figure 11. Synthesis of hierarchical TS-1 by post-processing method

(A) Schematic representation.

(B) TEM images of TS-1 treated with different bases: diethanolamine (TS-1-DEOA), ethanolamine (TS-1-EOA), ethanolamine + TPABr (TS-1-EOA+T), TPAOH (TS-1-

TPAOH), ethylamine (TS-1-EA), ethylamine+TPABr (TS-1-EA+T), butylamine (TS-1-BA), anddiethylamine (TS-1-DEA).211Copyright 2017, Elsevier B.V.All rights reserved.
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Themain function of inorganic alkali is to desilicate and create mesoporous. But the excessive alkalinity of inorganic bases can easily cause ex-

cessive desilication, leading to the disintegration of the framework structure and the loss of framework Ti. In contrast to strong inorganic bases,

moderateamountsoforganicbases (TPAOH)candissolve thesilicon frameworkandalsoactasa templatetoguide recrystallization.Thedissolution

and recrystallization of non-skeletal Ti species offer the possibility for the return of extra-skeletal Ti to the skeletal lattice. Large-radius TPA+ ions

cannot diffuse into the channel interior. Adding ammonia andNaOH can facilitate the dissolution-recrystallization process by promoting the diffu-

sion anddissolution ofOH� in thepores.Non-frameworkTi is still present in themodified samples.210 Liu et al. preparedgreen andefficient hollow

TS-1 by post-synthesis treatment using recycled mother liquor (Figure 11A).211 The TS-1 was hydrothermally treated with different bases. Due to

controlled desilication of the framework, hollows appear in the crystals (Figure 11B). In the presence of tetra propylammonium (TPA+), In the pres-

ence of TPA+, more hollows are produced and a higher titanium concentration in the crystal is obtained. This is because the removed silica recrys-

tallizes along the Si-OH on the outer surface. When samples are prepared with ethanolamine and TPABr as desilylating media, the mother liquor

obtained can be reused in the next synthesis treatment. In the recycling process, the amount of ethanolamine and TPABr addedwas only 50% and

25%of the amount added in the first post-synthesis treatment. Even though themother liquor was recycled eight times, the catalytic activity of the

obtained hollow TS-1 in the propylene epoxidation reaction was similar to that of the sample prepared with TPAOH as the desilication medium.

Simplicity and low cost are the main advantages of the post-synthetic approach. This method is widely used in industry. It produces cat-

alysts and adsorbents with excellent properties, high stability, designable compositions and desired acidic sites.212 Disadvantages of this

method are that it requires harsher conditions, which leads to environmental pollution, zeolite flaws, partial disintegration of zeolite structure,

and poor control over selective and precise extraction.

TS-1 CATALYST DESIGN FOR EFFICIENT CATALYTIC PERFORMANCE

At the forefront of green oxidation research is the direct synthesis of epoxides from H2O2 and olefins using TS-1 as a catalyst.213 Studies

have shown that framework titanium species can act as an active center in TS-1.214,215 Non-framework Ti species (anatase or amorphous
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Table 2. Comparison of catalytic performance of catalysts prepared by different modification methods

Catalyst Preparation method

C3H6

conversion (%)

PO

selectivity (%)

PO formation

rate (gPOh
�1

kgCat
�1) Stability (h) Reference

Au/TS-1-CTES

0.084% wt. Au

Silane-assisted

hydrothermal strategy

13.3 92.7 117 24 Liu et al.,81

Au/uncalcined TS-1 Silanization treatment, DPU,

Hydrothermal method

11 88 356 – Wang et al.,221

ML-TS-1 Alkali treatment,

Hydrothermal method

ca. 25.2 98.6–99.5 – 250 Wang et al.,222

NaOH�TPABr-RT Alkali treatment,

Hydrothermal method

12.6 96.3 – – Miao et al.,223

Hollow TS-1 Alkali treatment,

Hydrothermal method

– 99.2 – – Liu et al.,211

HTS-1 Salt treatment,

DGC

– 97.6 – 120 Li et al.,224

Hollow TS-1 Templating approach,

Hydrothermal method

– 96–99 – >6000 Lin et al.,205

Au/HTS-1

0.10% wt. Au

Non-templating approach,

DP, Hydrothermal method

– 85 125 24 Yuan et al.,194

Au/TS-1/S-1

0.10% wt. Au

DP,

Hydrothermal method

4.51 87.2 126 100 Song et al.,225

Au/TS-1-B

0.08% wt. Au

DPU,

Hydrothermal method

– 91.0 1102 – Zhang et al.,226

Au/TS-1-B

0.12% wt. Au

DPU,

Hydrothermal method

– ca. 83 126 30 Feng et al.,227

Au/TS-1-SG

0.10% wt. Au

SG,

Hydrothermal method

7.4 85.0 119 21 Huang et al.,228

Au/HTS-1(NIMG)

0.10% wt. Au

NIMG,

Hydrothermal method

6 91.2 150 25 Sheng et al.,229

Au/TS-1-B

0.03% wt. Au

IWI,

Hydrothermal method

– 95.0 88 42 Zhang et al.,226

Au/TS-1

0.12% wt. Au

mIWI,

Hydrothermal method

5.1 ca.92 240 not stable Lu et al.,230

Au/TS-1PT

0.10% wt. Au

Non-thermal plasma

chnique

1.3 89 22.5 >480 Kapil et al.,5
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Ti) are inevitably produced in the traditional TS-1 synthesis. As a result, the decomposition efficiency of hydrogen peroxide is low and

the side reaction is increased.216,217 The microporous channel structure of TS-1 causes the reactants and the product to diffuse slowly,

decreasing the yield and selectivity of the product. TS-1 catalytic performance is highly influenced by substrate and oxidizing agent

molecular size, solvent type, crystal size, pore structure, and hydrophobicity.31,218–220 Improvements in catalytic performance can focus

on (1) generating more active sites and reducing the formation of non-framework Ti. (2) Introducing intragranular mesopores, reducing

diffusion resistance, reducing molecular sieve grain size, and making reactants more easily accessible to the active site. (3) Introduction

of transition metals in zeolites has been a powerful method for improving catalytic activity and catalyst stability. At present, effective

strategies to improve catalytic activity include post-treatment methods and the introduction of transition metals. These two methods

will be discussed in detail in the next section. Table 2 summarizes the catalytic performance of catalysts obtained by different modifi-

cation methods.
TS-1 modification

The catalytic performance of Ti zeolites can be greatly improved by changing the coordination state, porosity (for example, mesopore),

morphology and hydrophobicity of TS-1 zeolites.107,231,232 Modification of the TS-1 zeolite by post-treatment methods,

including silanization reaction, acid treatment,233 alkali treatment,234 and salt treatment, is one of the simplest and most effective

strategies.235,236
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Acid treatment

It has been found that extra-framework Ti in TS-1 can be washed away using acid solutions, including hydrochloric acid,62,191,237 phosphoric

acids,238 hydrofluoric acids,208 sulfuric acids, nitric acid, etc.239,240Acid treatment can formmesoporeormacropore inmicroporeTS-1and remove

titaniumexcept for skeleton. The layered TS-1 without extra-skeleton titanium can be obtained. For instance, For example, Tatsumi et al. treated

TS-1 zeolite with H2SO4 and later with an aqueous K2CO3 solution. K-modified TS-1 showed improved catalytic activity for oxidizing 2-penten-1-

ol.241 Acid treatment is beneficial for removing non-skeletal titanium species and they can be almost removed.67,191,242 Acid extraction and UV

irradiation were used in sequence to remove C22-6-6 surfactant not only between the MFI layers but also in the zeolite micropores.237

The reduced number of acid sites is the main disadvantage of acid leaching. This results in increased acid strength.243 The formation of

pores during acid leaching is always followed by changes in the number and strength of acid centers. It is difficult to study mesopores on

catalytic performance separately.201,244,245 This post-treatment, owing to the reduction of the Ti content in the acid wash, will reduce the ac-

tivity of the TS-1 catalyst. And environmental pollution caused by waste acid.

Alkali treatment

Another approach is to post-treatment the final TS-1 with organic alkalis.106,207,246–251 Alkalis dissolve the zeolite and remove the Si matrix

from the framework, resulting in the formation of micro- and mesoporous composite layers. Recently, TPAOH has been applied as a hot

spot etchant to create hierarchical TS-1 zeolites by desilication.206,252 The conversion rate can be improved by alkali-treated TS-1 zeolites

with enlarged pores. But the product selectivity will remain the same ormay even decrease to a varying degree.253,254 The process necessarily

involves the removal of Ti atoms from the framework and the conversion of framework Ti into non-framework Ti. Before treating the TS-1 mo-

lecular sieve with an alkali, it is necessary to increase the number and stability of active species.

Hollow crystals with large intracrystalline voids can easily be achieved from a traditional TS-1 by post-synthesis modification of the calcined

zeolite with highly alkaline TPAOH solutions.193 As the concentration of TPAOH increases, the number of hollow crystals increases

(Figures 12A–12F).255 The Ti atom state, morphology, and distribution of TS-1 zeolite change significantly with increasing basicity.231 Lin

et al. prepared the hollow TS-1 zeolite via a post-synthesis approach in the presence of TPAOH solution at high temperatures

(Figures 12G and 12H). The hollow TS-1 zeolite catalyst exhibited high catalytic activity and high selectivity for PO in the HPPO process (Fig-

ure 12I). The hierarchical structure of hollow zeolites and isolated tetrahedral Ti species are introduced into the framework matrix of MFI mo-

lecular sieves to become effective Lewis acid catalysts.205 Different TPAOH treatment temperatures significantly affected TS-1 dissolution and

recrystallization behavior, changing composition and microstructure regarding pore volume and size, surface properties, and active sites.161

An effectivemethod to adjust the local environment of the Ti center of the TS-1 framework is a hydrothermalmodification withNaOH in the

presence of TPABr. The original framework Ti-sites have been transformed to "open Ti-sites", and the adjacent silicon-hydroxyl-sites have

titanium-hydroxyl-sites and sodium-ion counterions. A characteristic IR absorption between 960 and 980 cm�1 was observed at the specific

Ti sites. Appropriately modified catalysts used with this method could dramatically improve the gas phase epoxidation of propylene and

H2O2, while hindering the decomposing of H2O2. Surprisingly, the presence of a large number of sodium ions in the TS-1 has been demon-

strated in this study. This is the main reason for the deteriorated performance of the liquid phase epoxidation of propylene.223 In some

studies, TPABr and ethanolamine mixed solution were used for post-treatment to prepare hollow TS-1.248

It is worth noting the rate of Au clusters on alkaline-treated TS-1 has been greatly improved. The pre-treatment of the TS-1 supports with

aqueous alkaline metal hydroxides prior to Au deposition is crucial for the preparation of Au clusters smaller than 2.0 nm by solid-state

grinding and thus for the achievement of high catalytic performance.228 Some recent studies showed that the graded TS-1 obtained after

alkali etching has higher catalytic activity for propylene epoxidation, and the turnover frequency is as high as 1650h�1.256

After alkaline desilication, the connectivity among hierarchical pore systems is still high. Compared with dealumination, desilication has

less effect on acid content.257 Due to its low cost and ease of scale-up, framework removal is highly applicable.258 However, during the alkaline

desilication process, it is difficult to control the Si/Ti ratio and porosity of zeolites.259

Salt treatment

Fluorination of zeolites has alreadybeen used for themodulation of their acidity and thus their catalytic activity.260–263 The addition of highly elec-

tronegative fluorine ions to the zeolite lattice polarizes the structure, significantly increasing the acidity of the surface.232 Compared to their HF

counterparts, the NH4F-HF treated materials show significantly better catalytic activity. NH4F is a strong electrolytic agent. In the case of NH4F

- HF, the presence of NH4F inhibits the dissociation of HF and reduces the concentration of H+, favoring the formation of many HF2�. Conse-
quently, silicon extraction is increased and preferential extraction of Al does not occur, unlike dilute HF solutions.203,208 Remarkably, treating

with NH4HF2 does not change the surface acidity (neither Lewis nor Brønsted), and no residual fluorine remains after treatment.203 Treating

TS-1withNH4HF2 causes Ti site speciation to change andnon-selectiveH2O2decomposition is found tobedrastically reduced.264More recently,

a newpost-synthesis treatmentbasedonetching zeoliteswithanaqueousNH4F solution hasbeenproposedby Valtchev et al.265,266 BecauseHF2
is producedby the hydrolysis ofNH4F, Si andAl can be leached from the zeolite framework in an unbiasedmanner, preferentially attacking struc-

tural defect zones in the zeolite crystals. This etching process was proposed as a promising approach. It enables to decrease the effect on the

overall zeolite acidity during hierarchization. Pure ammonium fluoride (NH4F) solution has been used for post-modification in some studies. Uni-

form intracrystalline mesoporosity was introduced and hydrophobicity was increased by this strategy. Molecular diffusion can be improved by

reducing the TS-1 grain size and creating a hierarchical porous architecture. Thus, mass transport problems are solved and catalytic performance
18 iScience 27, 109064, March 15, 2024



Figure 12. Synthesis of hierarchical TS-1 by alkali treatment

TEM images of catalyst samples: (A) TS-1-0.005, (B) TS-1-0.025, (D) TS-1-0.05, (E) TS-1-0.1.

(C) Nitrogen physisorption curves of TS-1-Null and TS-1 treated with TPAOH solutions.

(F) Pore size distribution curves of the TS-1-Null and modified TS-1 catalysts.255 Copyright 2017, Elsevier B.V. Multiple characterization results of hollow TS-1

zeolite catalyst: (G) SEM image; (H) TEM image.

(I) The selectivity distribution of products in propylene epoxidation reaction. Reaction conditions: p = 1.5 MPa, WHSV of H2O2 molecules is 1.1 h�1, nCH3OH =

nH2O2 is 6, nPropylene = nH2O2 is 2.5.
205 Copyright 2016, Elsevier B.V.
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is enhanced.Propyleneepoxidationwasperformedwith thiscatalyst.HydrogenperoxideconversionandPOselectivity reached98.4%and97.6%,

respectively.224

The prepared TS-1 zeolite was hydrothermally modified with a mixed solution of ammonia, TPABr and potassium chloride. Its excellent cat-

alytic activity was primarily attributed to enhancedmass transport capability and accessibility to active Ti species. Its improved epoxidation selec-

tivity was primarily related to the K+ introduction. Both the coordination environment of the Ti species and the polarity of the zeolite can be effec-

tively modulated by K+. The traditional TS-1 molecular sieve can formmesoporous and eliminate unfavorable hydroxyl groups at the same time

by simple hydrothermal treatment in the mixed solution of alkali and salt. Cyclopentene epoxidation catalysts with high activity and selectivity

were obtained.267

He et al.268 showed that the hydrothermal treatment of TS-1 with small organic amines (ethylamine and n-propylamine) favored the for-

mation of defective Ti(OSi)3OH species through the selective dissolving of Si species surrounding the non-defective Ti(OSi)4 species.

These results indicate that ammonia solution may favor the generation of defective Ti (OSi)3OH species in TS-1-B. Ammonia may react

with HAuCl4 to produce a positively charged Au compound (Au(NH3)2(H2O)2–x(OH)x
(3–x)+) at high pH (>10).269,270 This positively charged

gold cation compound is capable of strong adsorption on the negatively charged SiO2 surface, thus resulting in high gold uptake effi-

ciency. The simultaneous immobilization of small particles of Au (ca. 1.6 nm) on an unroasted TS-1 (i.e., TS-1-B) and the promotion of
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the formation of defective Ti4+ species were obtained by a modified deposition-precipitation (DP) approach using ammonia solution as a

precipitant. The PO formation rate of the as-precipitated catalyst is significantly enhanced.271

This non-selective saline treatment has significant advantages in producing hierarchical materials with added porosity. The method is uni-

versal and does not depend on the parent zeolite composition or structure. Unlike the steam, acid, or alkaline leaching routes, the obtained

hierarchical zeolites are similar in composition to their parents. Post-synthesis treatments can now be used to more rationally modify zeolite

catalysts and adsorbents.

Silanization treatment

The hydrophilic Ti and Si hydroxides on the surface of TS-1 may reduce its hydrophobicity and lead to negative catalytic activity.272,273 An

efficient way to decrease the occurrence of side reactions between the products and water is to improve the hydrophobic performance of

the catalyst. Hydrophobic TS-1 can reduce the damage of water molecules and hydrophilic solvents to the active sites of titanium in the cata-

lyst. Hydrophobicmolecular sieves improve hydrogen peroxide conversion and PO selectivity during propylene epoxidation reactions.274 The

organosilane method is the most commonly used modification route to produce hydrophobic TS-1 zeolites. During silylation, a silanol group

of the support reacts with the alkyl silyl group of the silylating agent, making the material more hydrophobic. The organosilane method is

effective in reducing the acidity of the TS-1 surface.275 Nevertheless, the silyl group on the surface of the alkylated TS-1s was susceptible

to decomposition at high temperatures, resulting in a reduction in the size of the TS-1 and a reduction in the life of the TS-1.276 In order

to synthesize hydrophobic TS-1 molecular sieves, a suitable material with good stability and hydrophobicity needs to be found.277

As a post-treatment process, silanization has been proved to be useful in improving the performance of catalysts.278–284 The silylation pro-

cess involves the exposure of the catalyst to a silylating agent. Surface hydroxyls are replaced by R3Si groups by the silylating agent. Typical

silanization reagents include hexamethyldisilazane (HMDS)279,282 trimethylchlorosilane (TMCS),285,286 triethoxyfluorosilane (TEFS),287 (trime-

thylsilyl) trifluoroacetamide (MSTFA),284 methoxy trimethyl silane (MTMS)284,288,289 and tetramethyldisilazane (TMDS).282 Silanization is usually

accompanied by an increase in surface hydrophobicity. Increased hydrophobicity is the underlying cause of altered catalytic activity. The hy-

drophobic surface facilitates the desorption of polar products and prevents further reaction with the formation of by-products. Other factors

besides hydrophobicity may play a role in the enhancement of catalytic activity. For example, the contents of Au and Ti were found to be

largely responsible for the magnitude of the improvement in the catalytic activity during the silylation.289 The use of different silylation agents

and procedures may have different effects on the catalyst properties and thus on the resulting catalytic performance. At the same time, si-

lylation time has been identified as an important parameter.290 Recently, hexamethyl disiloxane (HMDSO) was used as a silylating agent to

modify catalysts. The surface silanization of HMDSO can consume hydroxyl groups, thereby weakening PO adsorption and promoting PO

activity. It also changes the electronic properties of the active site and inhibits the formation of by-products, thereby improving PO selectivity

and H2 efficiency.
221

Propene hydrogenation is suppressed by silylation. This is a significant disadvantage of the process. In addition, because the silyl group on

the surface of alkylated TS-1 was readily decomposed at high temperatures, the size and lifetime of TS-1 were reduced.

Additional metal modification

Metal-exchange zeolite and metal@zeolite materials exploit the synergistic effect between active metal species with different coordination

states and the confinement effect in the zeolite matrix microenvironment. A range of new heterogeneous catalysts have been developed for

use inmany key catalytic reactions. The catalytic performancewill also be affectedby loading different activemetal species. Effective synthetic

approaches for both metal-exchanged andmetal@zeolite catalysts are of great importance in order to improve the catalytic performance for

a given catalytic reaction. After collection and review of recent literature, the main synthesis methods for the confinement of external frame-

work metal single sites, clusters and metal nanoparticles within zeolites include post-synthesis and in situ synthesis approaches. We will

discuss in detail the impact of different supported active metal species on catalytic performance and the preparation methods of supported

catalysts and introduce their advantages and disadvantages.

Type of metal

Au nanoparticles have been the focus of much attention for their potential catalytic applications in a wide range of reactions. Highly dispersed

(<5nm) gold nanoparticles were loaded onto amorphous or crystalline oxides containing Ti to catalyze the epoxidation of olefins withO2 as an

oxidant.229,291 Au nanoparticles adsorb H2/O2 to produce hydrogen peroxide andmigrate to nearby isolated tetrahedral Ti4+ sites to form Ti-

OOH for propylene epoxidation.292 Hayashi et al. first reported in 1998 that gold (Au) nanoparticles (NPs, 2.0–5.0 nm) coated onto anatase

TiO2 catalyzed the gaseous epoxidation of propene (C3H6) with a mixture of O2 and H2 to produce PO with a selectivity of over 90%.20 Since

then, the design of efficient Au catalysts has been the focus of extensive studies. Among the reported Au/Ti-based catalysts (for example, Au/

TS-1, Au/Ti-TUD, Au/Ti-HMS, Au/three-dimensional mesoporous titanosilicate, and Au/TiSiO2), hydrophobic TS-1- supported Au catalysts

showed excellent activity and stability.293–296 Unfortunately, even the Au/TS-1 catalyst remains subject to severe deactivation, with a loss

of approximately 30% activity in as little as 20 h.227 The inactivation of Au/TS-1 is mainly because the reactants cannot contact the active center

of Au-Ti well. And the diffusion limitation of molecules in the narrow 0.55nm of TS-1 blocks the diffusion path. Microporosity blockage due to

carbonaceous deposits formed by initial PO adsorption on the catalyst surface and subsequent oligomerizing, rearranging, bonding, and so

on228,297 renders microporous Au clusters unavailable to reactants.287 From the study of the deactivation mechanism, the concept of using

shortened diffusion paths of the products inside the zeolite to improve themass transfer seems to be a promising solution to this problem.298
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Particle size is a strong determinant of the catalytic performance of Au-based materials. High reactivity is only achieved with particles

smaller than 5 nm. However, Au particles are susceptible to aggregation upon thermal treatment. This leads to a loss of activity. The addition

of a second metal is thought to overcome the aggregation of mono-metal and help activate oxygen.299,300 The physicochemical

properties of bimetallic catalysts vary greatly because of their composition and particle size, showing complementary advantages and syn-

ergistic effects. Au-containing bimetallic catalysts (such as Au-Cu, Au-Ag, Au-Pd, and Au-Pt) may show excellent catalytic performance in

many reactions.301–303 Lu et al. suggested that alkaline metals (such as K and Cs) and alkaline earth metals (such as Mg, Ca, Sr, and Ba) could

increase the trapping efficiency and dispersion of Au, thereby increasing the catalytic activity.304 It was reported that more tiny Au clusters

(�0.5 nm) could be located in the microporous channels of TS-1 because of the facilitating effect of Cs.305 The smaller Au clusters are

more active in the process of PO formation, resulting in a significant increase in activity. These gold clusters can result in rapid deactivation

because of severe microporous plugging phenomena. The design of a highly active and stable Au-based catalyst remains a challenge.

Feng et al. found that Au and Ag synergistically enhanced catalytic performance by reducing Au nanoparticles and increasing oxygen

adsorb ability and electron transfer from Au to oxygen.304 As shown in Figures 13A–13F, the Au10-Ag1/TS-1-B catalyst (i.e., �2.7 nm)

has a smaller average metal particle size than the Au/TS-1-B catalyst (i.e., �3.2 nm). This shows that the introduction of Ag is conducive to

the dispersion of Au on the surface of the TS-1-B catalyst. Ag atoms of high mobility can easily migrate to the Au particles to form Au-Ag

bimetallic nanoparticles. The Au agglomeration caused by chloride ions in the catalytic reduction process is avoided.306,307 It is clear from

Figures 13G–13J that O2 adsorption on Au-Ag bimetallic nanoparticle surfaces is stronger than on pure Au nanoparticle surfaces.

The epoxidation process of H2O2 on Ti-based molecular sieves involves the first dissociation and activation of H2O2 on Ti4+. The reactive

oxygen species is then transferred to the double bond of the olefin.308 When searching for active metal species, it is useful to think about

whether or not they will aid the epoxidation reaction. The uniquely high oxygen vacancies in ceria can serve as a surface oxygen species trans-

fer medium, effectively trapping reactive oxygen species, reducing the diffusion resistance of reactive oxygen species, and facilitating the

epoxidation reaction.207

Preparation methods

In general, post-synthesis approaches aremainly used for the preparation of zeolite-supportedmetal catalysts. The development of post-syn-

thesis methods has been much more recent.309 It was easy and simple to synthesize by post-synthesis methods. It was suitable for scaling up

to produce commercial catalysts. Conventional ion exchange and impregnation methods can only introduce metal into the large pore

(>0.7nm) zeolites but are ineffective on microporous zeolites. Metal particles tend to be located at the outer surface of the zeolite. The

use of incipient wetness impregnation and ion exchange approaches tends to result in the formation of large, unevenly distributed metal

particles.112 During high-temperature calcining, reducing, and catalyzing of supportedmetal catalysts, metal species migrate and aggregate

and metal species drop out during recovery, thereby reducing catalyst activity. Using these conventional synthesis methods, zeolite-sup-

ported metal catalysts (commonly referred to as metal/zeolite) have been synthesized with low stability and dissatisfactory catalytic activity.

Various synthetic strategies for in situ synthesis of precious metal particles in molecular sieves have been developed to overcome these draw-

backs. A new structure, commonly known as metal@zeolite, was eventually formed. On the basis of the chemical bond anchoring effect of the

ligands and the space confinement effect, the hydrothermal and solvothermal approaches are the most commonly applied methods for the

synthesis of catalysts with a metal@zeolite structure. Chemical bond anchoring generally refers to the noble metal precursor interacting with

the functional groups on the support by forming chemical bonds. The noble metal nanoparticles can be anchored to the carrier, thereby pre-

venting movement and aggregation of the nanoparticles. To date, several ligands including ethylenediamine (EN), acetylacetonate (ACAC),

polyvinylpyrrolidone (PVP), (3-mercaptopropyl) trimethoxy silane (MPTS), etc. were used for the stabilization of noble metal species in hydro-

thermal synthesis systems.310–314 Hydrothermal and solvothermal synthesis systems require the use of expensive organic ligands and large

amounts of solvent. In contrast, spatial confinement of precursor/crystal or precursor/seed intermediates is often used to confine metal par-

ticles in synthesis approaches involving inter-zeolite transformation, recrystallization, and seed-direct (or seed-epitaxial) growth routes.315,316

The introduction of expensive organic ligands is avoided with these methods. However, during the crystallization process, the encapsulated

metal nanoparticles always grow.317 The development of a simple approach to encapsulate metal nanoparticles in zeolites is still challenging.

Deposition-precipitation is one of the most widely used methods for preparing well-dispersed Au nanoparticles used in Au catalysis.

When the pH of the solution is higher than the isoelectric point of the silicon site, [AuClx(OH)4-x]
- can be deposited selectively close to the

active titanium site instead of the inactive silicon site.318 Several investigations have shown that, at similar Au particle size and in the

absence of any promoter, the PO formation rate of Au/TS-1 prepared by the DP process (160 gPO$h
�1$kgCat

�1) is much higher than

that of Au/TS-1 prepared by the SG and SI processes (11 and 25 gPO$h
�1$kgCat

�1, respectively).227 The Au nanoparticles prepared by

the DP approach were reported to have a hemispherical shape by Haruta et al. For the epoxidation reaction of propylene, the hemispher-

ical shape of Au nanoparticles results in a long distance between the peripheral interface and the carrier. Another reason for the greater

activity of the Au/TS-1-B catalyst is possibly this particular Au catalyst structure. The addition of promoters (such as ionic liquid or NH4NO3)

could further enhance the activity of the Au/TS-1-B catalyst.103 To suppress the deactivation of pore blocking, a strategy was proposed to

selectively deposit Au nanoparticles on the outer surfaces of the TS-1 support by Feng et al. (Figure 14A). This was obtained by the use of

unroasted TS-1 (TS-1-B) with blocked holes as a substrate, as the TS-1-B had prefilled micropores and similar structural properties to the

calcined open pores of TS-1 (TS-1-O). The results showed that the long-term stability was greatly improved.227 Then, the group first devel-

oped a new route to synthesize an efficient Au catalyst using the low-temperature DP process. The catalytic performance of Au/TS-1 cat-

alysts prepared at different temperatures is shown in Figures 14B and 14C. A low temperature of 5�C is shown to retard the Au complex
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Figure 13. Design of catalysts

Representative HRTEM and HAADF-STEM images and particle size distributions of (A–C) Au/TS-1-B, and (D–F) Au10�Ag1/TS-1-B catalysts. Stable O2 adsorption

configurations and adsorption energy for (G) Au (111), (H) Au�Ag (111), (I) Au (100), and (J) Au�Ag (100).304 Copyright 2018, American Chemical Society.
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hydrolysis rate and Au crystal growth rate on the outer surface of TS-1, resulting in more Au clusters entering the support micropores. Thus,

the as-prepared Au/TS-1 catalyst shows significantly improved initial PO formation rate and stable PO formation rate.318 Although the DP

method is very effective for the preparation of highly active Au/TS-1 for the epoxidation of C3H6 with a mixture of O2 and H2, the capture

rate of Au was never very high owing to the hydrophobic nature of TS-1. Despite the pre-treatment of the TS-1 support with aqueous

NH4NO3 before DP or the addition of a certain amount of alkaline earth nitrate to the suspension of TS-1 in HAuCl4 solution during

DP, the Au deposition efficiency still remained below 20%.228 When TS-1 molecular sieves with the above hierarchical structure were

used as carriers, Au nanoparticles prepared by the DP method tended to deposit on the hydrophilic outer surfaces of the carriers, thereby

clogging the pore mouths.229
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Figure 14. Design of catalysts

(A) Schematic diagram of Au locations of Au/TS-1-O and Au/TS-1-B catalysts.294 Copyright 2013, Elsevier B.V.

(B) Au loading and (C) PO formation rate of Au/TS-1 catalysts prepared at different temperatures as a function of aging time.227 Copyright 2018, American

Chemical Society.
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The Au nanoparticles loaded by the traditional impregnation process are spherical and the diameter is larger than that of 10nm. It leads to

the combustion reaction of propylene to form CO2. Finally, the selectivity of PO is poor.319 The spatial position of Au nanoparticles loaded by

the conventional impregnation process is relatively random. It is difficult to load Au nanoparticles around the active center of Ti. First, the size

of Au nanoparticles generated by the conventional impregnation process is very big. This is because Au complexes, mostly in the form of

[AuCl4]
- and [AuCl3(OH)]�, exist in the HAuCl4$4H2O impregnation solution at pH = 1–3. These complexes with high Cl-content finally result

in larger Au clusters.318 Second, the Au precursor solution was not able to load directionally around Ti sites with isoelectric point = 7 under the

acidic conditions of the HAuCl4$4H2O impregnation solution. By adjusting the pH of the impregnation solution to pH = 7–8, Sheng et al. pro-

posed the new modified isometric impregnation (NIMG) method to keep the Au nanoparticles less than 3.0 nm. As the pH of the impreg-

nating solution is increased, the hydrolysis of the Au precursor is further increased. The Cl� in the Au complex is gradually substituted by

OH�, resulting in a reduction in the size of the Au cluster. The Au precursor tends to be loaded near the Ti sites according to the isoelectric

point principle by adjusting the impregnating solution to pH = 7–8. This new method combines the advantage of capillarity of the impreg-

nation method with the advantage of directed loading of small Au nanoparticles near the Ti of the DP method. Figures 15A–15D shows that

instead of being densely distributed on the external surface of Au/HTS-1(NIMG), many of the visible Au nanoparticles with an average size of

about 2.6 nm were observed to be uniformly distributed within the pores. The Au/HTS-1(NIMG) catalyst shows a good PO formation rate

(150.3 gpo$h
�1$kgcat

�1), H2 efficiency (29.1%), and PO selectivity (91.2%) (Figures 15E and 15F). This shows that the capillary effect of the novel

impregnation method can prevent Au nanoparticles from accumulating on the Au/HTS-1(NIMG) catalyst surface.229,320 Lei et al. developed a

modified incipient wetness impregnation (Miwi) method for the immobilization of Au NPs on TS-1 through hydrolysis (at a Ph of ca. 12.4) of

AuCl4
� to Au(OH)4

- free of chloride prior to impregnation.230 These figures show that an efficient strategy for the synthesis of highly active
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Figure 15. Design and catalytic performance of catalysts

HRTEM and aberration-corrected HAADF-STEM images of (A, B) Au/HTS-1(DP) and (C, D) Au/HTS-1(NIMG). The insets show the Au size distributions of the

catalysts.

(E) PO formation rate, PO selectivity, and H2 efficiency reaction for (F) 1h of Au/HTS-1(NIMG) and Au/HTS-1(DP) catalysts.229 Copyright 2022, American Chemical

Society.

(G) Possible pathway for the immobilization of Au NPs on the TS-1-B via IWI method.

(H) PO formation rate.

(I) PO selectivity and hydrogen efficiency over 0.03 wt % Au/TS-1-B (S-Na) and 0.08 wt % Au/TS-1-B (S-Na) catalysts as a function of time on stream.

(J) Comparison of catalytic performance of Au/TS-1-B (S-Na) catalysts varying Au loading.226 Copyright 2022, Elsevier B.V.
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Au-Ti bifunctional catalysts is to select Au precursors with lower chloride content in combination with appropriate Ti-containingmaterials. But

Zhang et al. proposed an efficient Au/TS-1-B (S-Na) preparation in chloride-free gold precursors. A sulfur-containing Au precursor, sodium

dithiosulfatoaurate, was used as an efficient method for the impregnation of Au species onto uncalcined TS-1 (Figure 15G). The Au/TS-1-B

(S-Na) catalyst with a very low gold loading of about 0.03 wt % shows a PO formation rate up to 297 gPO$h
�1$gAu

�1 with a PO selectivity of

about 95%, as shown in Figures 15H–15J.226

TheHaruta group reports that small AuNPs and/or clusters can be deposited on organic polymers, carbon and non-preciousmetal oxides

with very high Au capture rates (86–100%) by milling the carrier material with dimethyl Au (III) acetylacetone.321 The group then deposited Au

on alkali-treated TS-1 using the SG method with a very high Au deposition efficiency of about 100%. A simple and effective method for pre-

paring stable Au clusters has been suggested: roughening the support surfaces prior to Au deposition to increase the number of surface de-

fects, as in Figure 16A.228 The Au/TS-1 catalysts prepared by solid grinding and sol-gel immobilization have good stability. However, owing to

the non-selective deposition of Au nanoparticles, some Au NPs are deposited far from the center of the active Ti, resulting in low catalytic

efficiency of Au.227

In the past few years, DGC methods have been widely used in the preparation of zeolites because of the advantages of efficiency, high

utilization, high product yield, and low environmental impact. H. J. Cho et al. reported a direct cationic polymer-assisted vapor
24 iScience 27, 109064, March 15, 2024



Figure 16. Design of catalysts

(A) Possible pathways for the formation of Au NPs or clusters by solid grinding of [(CH3)2Au(acac)] with TS-1 or alkaline-treated TS-1.228 Copyright 2010, Elsevier

B.V. All rights reserved.

(B) Synthesis of Pd@S-1 catalyst.140 Copyright 2016, American Chemical Society.
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crystallization strategy to encapsulate Pt NPs in MFI zeolite.113,115 Although the high degree of encapsulation of the Pt NPs in the prepared

catalysts is more than 90%, the size of the Pt NPs encapsulated in the zeolites is about 5–6 nm. J. Gu et al. managed to encapsulate 3 nm Pt

NPs into the crystal structure of MFI via a crystal epitaxial growth route using a DGC process.322 The key to this approach is the precon-

struction of mesopores in the zeolite where the metal species are deposited. Mesopores are covered with a synthetic gel of Silicalite-1.

Then the dry gel is recrystallized by a vapor-phase treatment. Using the seed-assisted DGC method, X. Yang et al. were able to

synthesize a highly dispersed Pt@MFI catalyst (Pt NPs are about 1–2 nm). Pt precursors were reported to be tightly bound via imine groups

in the Schiff-SiO2 support, and Pt precursors can be retained during crystallization. This approach involved a multi-step process. The MFI

seeds were necessary to facilitate the transformation. As mentioned above, the present synthesis method using DGC strategies has been

rather complicated, and noble metal particle size is usually large. Subsequently, a simple process to directly encapsulate Pt nanoparticles

into MFI-type molecular sieves was reported. First, taking benefit of the stabilizing role of the sulfhydryl (-SH) group, a Pt precursor

was anchored to the external surfaces of SiO2 spheres. Then a SAC crystallization process was used to structurally transform the Pt-con-

taining silicon source into a Pt-encapsulated MFI zeolite. A high degree of encapsulation (>84%) was achieved. The average size of the

encapsulated Pt NPs ranged from 1.54 to 2.34 nm. The encapsulated Pt NPs are characterized by exceptional thermal stability and

high activity.112
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Typically, hydrothermal conditions are used to synthesize zeolites that encapsulate metal nanoparticles. The metal recovery is relatively

low (approximately 34%) and contaminated water is generated.309,323 A solvent-free strategy for the preparation of different zeolites has

been reported lately. This approach is considered a green process because the absence of solvent avoids the production of polluted water.

Some studies have shown that S-1 zeolite crystals encapsulating bimetallic gold-palladium nanoparticles (Au0.4Pd0.6@S-1) have been success-

fully synthesized using a solvent-free strategy. The solvent-free approach enables the efficient utilization of precious metals and significantly

reduces the amount of polluted water generated during synthesis compared to the conventional hydrothermal route.141 Wang et al. success-

fully synthesized the core-shell structure through solvent-free crystallization Pd@S-1 Catalysts (Figure 16B).140 The advantages of encapsu-

latedmetal nanoparticles are summarizedbelow. (1) The dramatically improved stability and recyclability of encapsulatedmetal nanoparticles

in catalysis is one of the most significant advantages. Encapsulation of metal nanoparticles in inorganic nanoshells or nanopores has been

shown to significantly suppress their migration and coalescence by spatial confinement. (2) Another advantage of encapsulated metal nano-

particles is the improvement of catalytic selectivity. Controlled porosity allows the encapsulated material to act as a molecular sieve. (3)

Another important feature of the encapsulated metal nanoparticles is the strong interaction between themetal nanoparticles and the encap-

sulating materials. Encapsulation ensures that the metal nanoparticles are in close contact with the encapsulant material with the maximum

interface, especially in a core-shell configuration. (4) The size of encapsulated metal particles is controllable.

Significantly, Kapil et al. reported a simple one-pot approach for the preparation of very stable sub-nanometer Au clusters (approximately

0.8 nm core size) using triphenylphosphine as a stabilizing ligand.5 A rapid nonthermal O2 plasma removal technique has been developed to

eliminate approximately 74% of the phosphine ligands, resulting in a strongly stabilized catalyst. Figure 17A shows a schematic of the O2

plasma removal process for Au/TS-1 materials. The Au/TS-1 powder is put into a vacuum chamber and exposed to the plasma for 30 min.

The triphenylphosphine ligands are removed under vacuum by the energetic O2 plasma species. Figure 17B shows the TEM image of Au/

TS-1PT. An average particle size of 1.5 nm is confirmed by the corresponding particle size distribution (Figure 17C). Catalysts synthesized

by this method showed improved catalytic performance in the indirect gas-phase epoxidation of propylene. PO selectivity was about 89%

and stability was more than 20 days (Figure 17E). Triphenylphosphine, as a sacrificial ligand, plays an essential role in preventing nanoparticle

agglomeration. It also maintains a small particle size (less than 5 nm) and enhances catalytic activity. Another factor that helps to improve the

stability of Au nanoparticles in the process of epoxidation is the existence of Ti defect sites. Ti defects act as nucleation sites for Au nano-

particles. This prevents Au nanoparticle oxidation and improves the stability of Au/TS-1.

DETERMINATION OF ACTIVE SITES

Knowledge of the structure-property relationships of metal-zeolite catalysts is of great importance for the efficient design of high-perfor-

mance catalysts for heterogeneous catalysis and industrial applications. For the characterization of the metal species and the zeolite matrix,

some conventional methods like X-ray diffraction (XRD), X-ray photoelectron spectroscopy, transmission electron microscopy (TEM), N2/Ar

adsorption measurements and hydrogen temperature programmed reduction (H2-TPR) were used.324,325 These characterizations can only

give a few basic information including phase identity, textural characteristics, metal valences, particle size, and so on. Powerful characteriza-

tion techniques are required to characterize active metal sites on zeolites. Information about structure and dynamics can be obtained at the

atomic level using these techniques. In the last few years, scientists have seen a fast development of several characterization techniques, like

solid-state NMR, probed infrared spectroscopic techniques, Cs-corrected scanning TEM, and X-ray absorption spectroscopic techniques.

This is helpful to understand the structure-property relationshipwith the increasing complexity of the structure and composition ofmetal-sup-

ported zeolite catalysts.326–328 Each approach has distinct advantages and limitations because of the unique operating principles of the novel

techniques and the different characterization objectives. A more comprehensive understanding of metal in zeolite catalysts is possible

through the combination of the above spectroscopy and microscopy measurements. In situ characterization methods are advantageous

for knowledge of the development of the coordination environment of active metal sites over the course of the catalytic process. This section

highlights recent developments over the past few years.

Characterization of Ti in TS-1 zeolite

Catalytic activity and product selectivity can be enhanced through knowledge of the coordination states and location of Ti in the framework.

Advanced structural characterization techniques, like UV-vis spectrophotometry, X-ray diffraction, Raman spectroscopies, Fourier transform

infrared (FTIR), UV-resonant Raman spectroscopies, X-ray absorption near edge structure (XANES), extended X-ray absorption fine structure

(EXAFS), nuclear magnetic resonance (NMR), and electron microscopy (EM), and electron spin resonant (ESR) spectroscopic techniques have

been widely used in the characterization of TS-1 zeolites to gain a deep understanding of the properties of Ti in the zeolite framework.329

The vibrational band at 960 cm�1 is considered to be the characteristic vibrational band of framework Ti species in FTIR and Raman spectra.

The peak intensity of this band is believed to have a positive correlation with the Ti content. For the evaluation of the Ti content in TS-1 frame-

works, the intensity ratio between the vibrating bands at 960 and 550 or 800 cm�1 is the characteristic band of the MFI structure. There is also

evidence that the degree of hydration and crystal size of the zeolites can have an effect on the intensity of this band. The exact determination

of framework Ti species in TS-1 is still an important issue.218,330

Synchrotron-based XAS is a powerful characterization technique to obtain atomic-scale information on the structure, coordination set-

tings, and electronic properties of metal species bound to zeolites. The XAS spectra typically show two regions, the extended X-ray absorp-

tion fine structure and the X-ray absorption near edge structure. The analysis of white line intensities, absorption edge shifts, and pre-edge

and post-edge features allows XANES to determine the electronic properties and positional symmetries of metal species.331–333 To provide
26 iScience 27, 109064, March 15, 2024



Figure 17. Design and catalytic performance of catalysts

(A) Schematic illustration of nonthermal oxygen plasma treatment on Au/TS-1.

(B) TEM of Au/TS-1 PT.

(C) Corresponding Au particle size distribution histogram.

(D) Thermogravimetric analysis (TGA) of TS-1, Au/TS-1 and Au/TS-1 PT.

(E) Stability test for Au/TS-1PT catalyst. The order is the production rate of PO, PO selectivity and Hydrogen efficiency.5 Copyright 1999–2023, JohnWiley & Sons, Inc.
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detailed information about the coordination environments and bonding distances of single atomic sites, EXAFS and related techniques are

powerful. The XAS method is based on spectral fitting to give information about the coordination environment and electronic properties of

metal species throughout the sample.

Recently, Yu and coworkers investigated the coordination environment and the local structure of Ti species in a nano TS-1 zeolite sample

(TS-1-AM).84,128 The intensity of the XANES pre-edge peak of the TS-1-AM sample is reduced, showing the presence of a deformed Ti struc-

ture with higher coordination states compared to the pure tetrahedrally coordinated TS-1 zeolite. The authors confirmed the octahedral co-

ordination of the deformed Ti species by combining UV-Raman spectroscopy excited at 266 nm. The first shell coordination number is 4.3,
iScience 27, 109064, March 15, 2024 27



Figure 18. Characterization of catalysts and Ti active sites

(A) Wavelet transform (WT) of TS-1-AM and anatase TiO2. TheWT contour plots are based on Morlet wavelets (k = 6, s = 0.8). The vertical dashed lines point out

the k-space position of the Ti-O and Ti-Ti contributions. Reproduced with permission.128 Copyright 2020, The Royal Society of Chemistry.

(B) Au LIII-edge XANES spectra of an-Au@TS-1 and un-Au@TS-1 (calibrated using Au foil standard sample).334 Copyright 2023, Elsevier B.V.

(C) Proposed structures of the Ti-IV(A), Ti-V (B) and Ti-VI (C) by DFT.222 Copyright 2023, Published by Elsevier B.V. The gray ball represents the Ti atom, yellow for

Si, red for O, and white for H. They are the results after geometric optimization and frequency calculations.

(D) Anatase-free TS-1 zeolites containing TiO4 and TiO6.
68 Copyright 2022, American Chemical Society.
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which is above that of the pure tetrahedrally coordinated TS-1 zeolite (4.0). This indicates that octahedrally coordinated Ti species are present

in TS-1-AM. The absence of Ti-O-Ti bonding in EXAFS is an indication that all Ti in the TS-1-AM sample is in isolation.Wavelet Transform (WT)-

EXAFS of TS-1-AM shows no Ti-Ti shell, indicating the lack of Ti-Ti coordination, and confirms the octahedral coordination of themononuclear

Ti species (Figure 18A). The Au foil has a lower LIII edge strength because of the fully occupied 5d10 orbit, as demonstrated by Wang et al.

using XANES spectroscopy.334 An-Au@TS-1 exhibits higher LIII edge intensity, indicating the loss of more d-electrons (Figure 18B). The An-

Au@TS-1 composite catalyst can better interact with the titanium surface because of the presence of bridging oxygen. Thus, the local envi-

ronment of titanium is modulated and the Lewis acidity of the catalyst is increased.
Characterization of hierarchical structures

Pore size and partitioning, pore morphology and interconnectivity are intimately connected to mass transfer and active site accessibility and

therefore affect zeolite catalytic performance. Several characterization techniques like physical and chemical sorption, mercury porosimetry,

EM, synchrotron X-ray tomography, focused ion beam scanning electron tomography, nuclear magnetic resonance, quasi-elastic neutron,

etc. have been applied to characterize the pore structures and mass transfer properties of hierarchical zeolites.156,335,336

EM techniques, among them scanning electron microscopy (SEM), TEM, focused ion beam scanning electron microscopy (FIB-SEM), and

electron chromatography imaging, utilize very short-wavelength electrons to visualize the atomic structure of zeolites at different resolution

scales.336,337
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Figure 19. Mechanism of propylene epoxidation catalyzed by TS-1

The mechanism for alkene epoxidation at Ti-OR sites. R represents either hSiO-, H or an organic function.341 Copyright 1999, American Chemical Society.
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Positron annihilation lifetime spectroscopy (PALS) has been shown to be an effective non-destructive technique for probing the porosity of

hierarchical zeolites.338 The ortho-positronium (o-Ps) is generated by the implanted positron and has a lifetime that is long enough to allow it

to diffuse through the porousmedia. But o-Ps lose energy upon collision with the channel surface and decaywith a lifetime proportional to the

aperture. PALS evaluates the degree of interconnection of the intermediary pore network of zeolite crystals in an indirect and effective way.

The above-mentioned advanced techniques provide revealing information about the pore structures in hierarchical zeolites, among them

the shape, size and connectivity of the pores. The pore structures are of great importance for the comprehension of the role of the hierarchical

structures in the outstanding catalytic performance of the TS-1 zeolites. However, developing operando techniques to determine the precise

relationship between hierarchical structures and catalytic performance is still a challenging.

Density functional theory (DFT)

DFT is a technique used to investigate the electronic structure of multi-electron systems. The DFT calculations were performed with the

Vienna ab initio simulation package (VASP). Projected augmentedwave potentials were used to describe the interaction between the valence

electrons and the nucleus. The exchange-correlation energy was calculated by means of the Generalized Gradient Approximation (GGA)

approach according to the Perdew-Burke-Ernzerhof (PBE) function.

Recently, through a detailed and systematic UV-Raman resonance spectroscopy study coupled with DFT calculations, Wang et al. iden-

tified the new Penta-coordinated and hexacoordinated Ti sites for the first time (Figure 18C). In the epoxidation of propylene to produce PO,

the new hexa-coordinated Ti site shows very high catalytic activity.222 Further, Fan et al. using DR-UV-Vis, UV-Raman spectroscopy and DFT

calculations, proposed for the first time a possible structure for a bipedal Ti center. The bipedal Ti center consists of an octahedral ligand

sphere coordinated by two Ti-OH groups and two water molecules (Figure 18D).68,339

REACTION PATHWAYS

Reaction mechanism

Previous studies have proposed three possible epoxidation pathways, namely the Sinclair and Catlowmechanism on tripodal site through Ti-

OOH species, the Vayssilov and van Santen mechanism on tetrahedral Ti site without Ti-OOH formation, the Munakata et al. mechanism

involving peroxy (Ti-O-O-Si) species.340 Next, we will provide a detailed introduction to the previously proposed mechanisms and the newly

proposed mechanisms.

Sinclair and Catlow mechanism

A computational DFT investigation of themechanism first reported by Bellussi et al. was performed by Sinclair and Catlow.328 Themechanism

for epoxidizing propylene (ethylene in the original paper) with H2O2 using the TS-1 catalyst has two major steps: (1) the generation of the

active hydroperoxide intermediate by H2O2 at the active Ti site in TS-1. (2) Propylene attacks the active hydroperoxide intermediate to pro-

duce PO and water. As shown in Figure 19, step 1 is likely to be faster than step 2 and probably represents the path to the active oxygen-

donating species. Its formation will be dependent on the concentration of hydroperoxide at the TiIV site and on competitive adsorption
iScience 27, 109064, March 15, 2024 29



Figure 20. Mechanism of propylene epoxidation catalyzed by TS-1

Ti/defect mechanism for the partial silanol nest model: (A) transition-state geometry during epoxidation of propylene and (B) preadsorbed complex of propylene

on the hydroperoxyl intermediate. Ti/defect mechanism for the full silanol nest model: (C) preadsorbed complex of H2O2 on the Ti site of TS-1 and (D) transition

state geometry during the formation of the hydroperoxyl intermediate on the Ti site of TS-1.

(E) The preadsorbed complex of propylene on the hydroperoxyl intermediate.

(F) Transition-state geometry during epoxidation of propylene. All distances are in angstroms. All distances are in angstroms.342 Copyright 2006, American

Chemical Society.
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with solvent or base for the two coordination sites. Step 3 gives rise to acidity in the presence of hydrogen but not alkyl hydroperoxides. Steps

4 and 5 describe alkene epoxidation and catalyst deactivation, respectively. These two processes are likely to compete, but since the activa-

tion barrier is less for step 5 than for step 4, deactivation will only be significant when the concentration of alkene becomes smaller than the

active oxygen-donating species. Finally, step 6, self-repair of the catalyst and diffusion of the products, close the catalytic cycle. An active

intermediate (Ti-OOH) is generated by the adsorption of H2O2 on the Ti site. The Ti-OOH species then reacts with the olefins through the

oxygen atom of the Ti-OOH, oxidizing the olefins and forming the epoxidation products and H2O2. However, the Sinclair and Catlow mech-

anismwas not demonstrated for the closed internal Ti sites (tetrahedral coordinated to four Si sites via lattice oxygens). In fact, thismechanism

does not produce reaction intermediates at such sites.

Defect site mechanisms

The zeolite framework is free of defects if all Ti sites of the zeolite are linked tetrahedrally by Ti-O-Ti bonds. However, it is also possible to

discover a missing Ti atom (a defect in the zeolite) even in a well-prepared TS-1, leading to the generation of a local silanol nest. Reactivity

at internal Ti sites could be explained by Ti/defect sites. The presence of neighboring defective sites provides a certain degree of steric

freedom for reactions like the Sinclair and Cattrall mechanisms to occur.342

Partial silanol nestmodel. Discussion of themechanismof epoxidation of hydrogen peroxide intermediates located at the internal Ti site is

complicated because of the existence of nearby silanol groups.342 A Ti center with one defective neighbor wouldmean that there are a total of

three adjacent hydroxyl groups within the reaction range of the molecules and groups attached to the active Ti center. Recently, Wells et al.

reported a first approximation to this problem. Only the nearest nearby hydroxyl group was calculated and only one Si-OH group (instead of
30 iScience 27, 109064, March 15, 2024
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three) was modeled. The Si-OH neighborhood of the internal Ti/defect sites can be used as a rational model for the external Ti sites with a Si-

OH neighbor. Figure 20A shows an example of the stable adsorption of H2O2 on the Ti/defect area with partial modeling of the defect. The

hydroxyl groups on the Ti and Si can form hydrogen bonds with the H atoms of H2O2 at the ends of the molecule. The hydroperoxyl inter-

mediate formation is an h-1 type instead of the h-2 type formerly observed in the Sinclair and Catlow mechanism. The stretched h-1 config-

uration results in a small energy gain through the formation of a hydrogen bond between the OOH and the adjacent silanol nest. Figure 20B

shows the adsorption of propylene on the h-1 hydroperoxyl intermediate of the Ti/defect (partial) model. Compared to the mechanisms of

Vayssilov and van Santen andMunakata et al., the partial silanol nestingmechanism is energetically more favorable. Nevertheless, the energy

barrier in the epoxidation step is raised to 14.3 kcal/mol (Gibbs free energy at 298 K) by the h-1 to h-2 rearrangement. Compared to the Sin-

clair and Catlow mechanism (7.9 kcal/mol for the epoxidation step), this level makes this mechanism unattractive.

Full silanol nest model. Energy barriers for epoxidation closer to Sinclair and Catlow are obtained by considering a more complete silanol

nest model.342 Silanol nests with Si site defects in silicalite structures yield three hydroxyl groups, all at similar distances from adjacent Ti cen-

ters. This complexity can be handled with DFT theory, but the computational requirements increase significantly. With the three hydroxyls on

the left side of the picture and the Ti midpoint close by, Figure 20C shows the geometry of this cluster model. H2O2 can easily bridge the gap

between Ti and the hydroxyls of the silane network with hydrogen bonding. The energy barrier is 8.9 kcal/mol (Gibbs free energy at 298 K) for

the generation of the hydroperoxyl intermediate by the transition geometry in Figure 20D. This energy barrier is lower than some of the silanol

nests, partly because the hydroxyl groups displaced on the Ti center are able to search for hydrogen bonds in the neighboring silanol nests.

But the energy barrier is higher than the Sinclair and Catlow mechanisms (7.9 kcal/mol). Significantly, propylene can be adsorbed in the ge-

ometry of Figure 20E prior to the reaction once water is removed from the active site. Hydrogen peroxide intermediates are in the h-2 config-

uration, with adjacent hydroxyl groups of the silanol nest being positioned to accommodate the fragments (i.e., OH groups) produced by

OOH following the insertion of oxygen into the carbon-carbon double bond. The transition geometry in Figure 20F shows this accommoda-

tion. The transition energy barrier (Gibbs free energy at 298 K) is only 4.6 kcal/mol.

Binuclear catalytic mechanism

It is generally thought that the active site for selective oxidation is the isolated tetrahedrally coordinated framework Ti species [TiO4] in the

framework of TS-1 zeolites. Due to the transition metal nature of Ti, the Ti center can be coordinated with up to 6 linkers, and the local ge-

ometries of the Ti center can be altered to pentahedral or octahedral coordination. In a recent study, Gordon and his team used simulations

and solid-state nuclear magnetic resonance techniques to determine that the active center of the catalytic oxidation may be composed of a

pair of Ti atoms instead of a single active site in the framework structure. More advanced in situ characterization techniques and density func-

tional theory calculations are needed to further investigate this mechanism. As shown in Figure 21, during the epoxidation, the hydroperoxo

hydrogen atom is transferred to the adjacent Si-Ogroup, generating a Ti-O-Ti moiety with a coordinated silanol Si-OH ligand (TS1-(OOH)(O)).

The regeneration of the active bis-hydroperoxo species TS1-(OOH)2+ propylene by reaction with propylene, H2O2 and release of water. The

presence of bridging peroxy species at the binuclear Ti site makes propylene epoxidation a low-energy reaction pathway.343 Although it is

challenging to synthesize TS-1, which has a single binuclear Ti active site, this new perspective on the active site structure can help to further

optimize TS-1 and the industrial epoxidation process.210

Qin et al. have studied the ring opening of by-products formed by PO on TS-1 with bipedal Ti sites using quantum mechanics (QM) and

molecular mechanics (MM) calculations.340 Reactant adsorption, active intermediate formation, propylene epoxidation, and PO solvolysis are

taken into account. Two types of mechanisms are studied for the epoxidation of propylene and the solvolysis of PO, the ‘‘one-step’’ mech-

anism and the ‘‘two-step’’ mechanism, as in Figure 22. The results show that the bipodal Ti active site promotes the epoxidation reaction, while

at the same time decreasing the selectivity toward the epoxide products due to the Ti-OH group catalyzing the PO ring opening. The Ti-h1-

OOH and Ti-h2-OOH are considered the epoxidation intermediates, while the ‘‘two-step’’ mechanism is considered the operating mecha-

nism for the epoxidation of propylene. The effective activation free energies of the total process for PO formation were determined to be

41.36 and 42.56 Kj/mol. These are smaller than the activation energies reported in the literature for epoxidation at the tripodal Ti site

(99.56 Kj/mol) or at the Ti/defect site (56.48 Kj/mol). But bipodal Ti species show poorer selectivity for PO compared to tetrahedral sites.

Production process of propylene epoxidation

Commercial-scale plants based on the HPPO process have been installed. Most of them were built by Evonik (formerly Degussa), BASF, Dow

andUhde. The first commercial-scale plant for the production of PObased onHPPO technology was put into operation by Evonik in 2008. The

following year, in a joint venture between BASF and Dow, a 300 kt/a PO industrial plant was built and commissioned.344 In addition to the

processes that have been or are nearing commercialization, other pilot plants for propylene epoxidation process development are currently

being designed and are in operation. For example, SINOPEC and Tianjin Dagu Chemical Co., Ltd. Successfully operated 1.0 and 1.5 kt/a

HPPO process pilot plants, respectively, and Dalian University of Technology built a 100 t/a propylene epoxidation pilot plant.345 Fixed-

bed reactors are suitable for the reaction from both an industrial application and economic point of view based on the requirements

and characteristics of the HPPO process and engineering considerations (Figure 23A). Dow/BASF and Evonik/Uhde’s industrialized HPPO

processes use fixed-bed reactors.346

For industrial fixed bed applications, TS-1 powdered zeolites need to be formed into granular, spherical or extruded forms to reduce

pressure drop and provide adequate mechanical strength. However, the difficulty of molding powder TS-1 is an obstacle to its application
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Figure 21. Mechanism of propylene epoxidation catalyzed by TS-1

(A) Propylene epoxidation at a binuclear Ti site.

(B) Calculated structures of selected stationary points of themechanism. In this model, the two Ti atoms (blue spheres) are located at the adjacent T7 and T11 sites

of the MFI structure.

(C) Key transition state of olefin epoxidation, which is assisted by a framework oxygen atom and related transition state of olefin epoxidation with peracids.

(D) Main orbital interactions involved in the epoxidation process with co-planar lone pairs on oxygen.343 Copyright 2020, Springer Nature Limited.
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in fixed-bed reactors. Generally, extruded materials are made from slurries. The paste is obtained in advance by mixing the catalyst powder

with the following components: (1) mechanical strength provided by an inorganic binder. (2) An organic binder is used to increase the viscosity

of the paste to achieve adequate plasticity when extruded and molded. (3) A liquid phase provides effective lubrication during the extrusion

process.347 The results show that the lamella TS-1 catalyst has better performance in propylene epoxidation than the strip TS-1 catalyst

because of the shorter diffusion path for reaction heat, raw material and product.348

Lin et al. investigated the catalytic epoxidation of propylene in a fixed-bed reactor and under mild conditions at a pilot scale of 1.0 kt/a

using hollow TS-1 zeolite as a catalyst. Figure 23B shows the corresponding schematic diagram. In a typical process, hollow TS-1 zeolites were

ground into particles of about ⌀1–3 mm and then they were added to a stainless-steel tube reactor. A mixture of methanol, hydrogen

peroxide (30 wt %), water and propylene were injected into the bottom of the reactor at a reaction temperature of 30�C–70�C. Propylene
is epoxidized with hydrogen peroxide. The mixture of solvents, products and reagents enters the C3

= separation tower. The mixture at

the bottom of the C3
= separation tower enters the PO separation tower to separate crude PO from the aqueous CH3OH solution. The crude

PO is refined in the PO purification column, while the CH3OH is purified in the H2O/CH3OH separation column. H2O was removed from the

process and the refined CH3OHwas recovered as a solvent for the reaction. The TS-1 zeolite with an abundance of intercrystalline mesopores

and high Ti framework species exhibited a high catalytic activity and a long lifetime (more than 6000 h) in this procedure.205 Based on the

results obtained in the 1.0kt/a pilot plant, a 100kt/a industrial demonstration unit for propylene epoxidation has already been installed at

SINOPEC and has been operating smoothly for a long period.

The advantages of the fixed bed reactor are as follows: (1) the gas flow in the fixed bed is close to the push flow. The fluid and the catalyst

can be contacted effectively, beneficial to achieve high conversion and selectivity. (2) the rate of chemical reaction is fast. A larger production

capacity can be obtained with less catalyst and a smaller reactor volume. (3) the advantages of simple structure and low mechanical wear, so
32 iScience 27, 109064, March 15, 2024



Figure 22. Mechanism of propylene epoxidation catalyzed by TS-1

Relative energy profiles for three routes of propylene epoxidation over TS-1 catalyst with bipodal Ti site at 313 K, together with the structures of reactant,

transition state, intermediate, and product. Route I, the ‘‘two-step’’ mechanism via Ti-h1-OOH intermediate. Route II, the ‘‘two-step’’ mechanism via Ti-h2-

OOH intermediate. Route III, the ‘‘one-step’’ mechanism. The energy unit is in Kj/mol.340 Copyright 2023, Elsevier B.V.
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suitable for precious metal catalysts. (4) the operation is simple. Suitable for operation under high temperatures and high pressure. The cur-

rent industrial process still faces a number of challenges. All of the installed HPPO processes operate in fixed-bed reactors. The TS-1 catalyst

must be in the formof extrusion or immobilization on a support with an inorganic binder. First, the powdered catalyst ismade into a solid body

at the cost of reducing the effective specific surface area of the catalyst. Compared to a highly dispersed suspended catalyst, the catalytic

activity of the catalyst is reduced.349 Second, the presence of aluminates and transition metal oxides in the inorganic binder can enhance

H2O2 decomposition and solvent decomposition of PO. This reduces the reactant utilization and increases the risk of the process.350 In addi-

tion, fixed beds are typically operated at pressures of 3 Mpa to enable the propylene to act as a liquid and overcome the bed resistance. This

leads to an increase in energy consumption.351,352

Benefits of the slurry reactor (Figure 23C) include simplicity of design, good heat transfer performance, online catalyst addition and

removal, and reasonable interphase mass transfer rate at lower energy input compared to the fixed bed reactor. The catalyst in the slurry

reactor is highly dispersed and does not require a large amount of inorganic binder or catalyst support to maintain its shape. The catalytic

efficiency and reactant utilization can be improved and side reactions can be reduced by using the slurry reactor in the catalytic reaction oper-

ation. In many chemical processes, there is a trend tomove away from the fixed bed reactor to the slurry reactor. However, only a few detailed

studies have been carried out on the H2O2 epoxidation of propylene using a TS-1 catalyst in a continuous slurry reactor. The average yield of

PO was found to be quite low and the reported catalytic performance was found to be inconsistent.345,346

Some articles use a continuous stirred tank reactor (CSTR) for experimental research. The CSTR facilitates the quantitative study of reaction

orders, including product inhibition, by ensuring is concentration throughout the catalyst bed under all feed conditions and reactant conver-

sions.353,354 Commonly used reactors also include stainless steel reactors,76,111,222 quartz tubular reactor5,228,226,355 and continuous flow fixed-

bed reactor.334,356

CONCLUSIONS AND PERSPECTIVES

Conclusions

Wehave comprehensively reviewed the latest progress of propylene epoxidation catalyzedby TS-1. In the past twenty years, substantial prog-

ress has beenmade in the green synthesis of TS-1, designing new, practical, and highly PO-selective TS-1 catalysts for propylene epoxidation,

as well as determining the mechanism and reaction pathway of epoxidation. The cost of the TS-1 was reduced by using inexpensive raw ma-

terials, including various organic templates, Si sources and Ti sources. To reduce environmental pollution during the synthesis process, new

synthesis methods such as post-processing, DGC, solvent-free method and microwave-assisted are used. Synthesis strategies to construct

pore hierarchies with reducedmass transfer resistance can be categorized into ‘‘in situ’’ and ‘‘post-synthesis’’ approaches. Effective strategies

to improve catalyst activity include post-treatment methods and the introduction of transition metals. Advances in the techniques for struc-

tural characterization of active metal centers have helped to gain insight into the reaction mechanism. Three prominent mechanisms have

been proposed for propylene epoxidation, among which the bipedal Ti mechanism has been proposed in recent years, which has attracted
iScience 27, 109064, March 15, 2024 33



Figure 23. Schematic diagram of experimental apparatus

(A) Schematic diagram of experimental apparatus of the fixed-bed reactor.346 Copyright 2012, Elsevier B.V.

(B) Schematic diagram of experimental apparatus of the propylene epoxidation at 1.0 kt/a pilot scale.205 Copyright 2016, Elsevier B.V.

(C) Schematic diagram of experimental apparatus of the slurry reactor.345 Copyright 2015, American Chemical Society.
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attention. Ti-containing zeolite catalysts can play an important role in the conversion of biomass, a sector that is of paramount importance in

view of the growing demand for fuels and chemicals derived from renewable sources as a substitute for fossil ones. We believe that more

progress will be made by continuing to accumulate synthetic knowledge, developing strong characterization and computational techniques,

and exploring catalytic applications. It is expected the TS-1 catalyzed epoxidation of propylene will bemore successful in the near future both

in academia and in industry.

Perspectives

Despite the current strong position of zeolite in industrial catalytic applications. There are still many challenges in synthesis, application and

mechanism (Figure 24) as follows:

Low cost and green synthesis of TS-1

Although much progress has been made in the preparation of TS-1, challenges still remain. At present, synthesizing TS-1 zeolite requires us-

ing an organic templating agent, and the cost is high. A template-free organic route for the synthesis of TS-1 zeolite is expected to be devel-

oped. The strong alkalinemedia are generally used in the industrial preparation of TS-1 zeolite. Themother liquor dissolves a large number of

silica species. Synthesis of TS-1 zeolite under near-neutral conditions is necessary.

The ideal hierarchical pore architecture

Although the synthesis of hierarchical TS-1 by some mesoporous agents, non-mesoporous agents and demetallization processes has

achieved great success. There are still many challenges in fine-tuning porosity, connectivity and secondary pore ordering. Finding the optimal

balance between introduced mesopores, inherent microporosity, and optimal control of additional pore number, location, size distribution,

and connectivity should be pursued to improve catalytic performance on zeolites. A new synthesis strategy should be developed to effectively

construct an ideal hierarchical pore structure with low economic cost, low environmental impact and high versatility.

Improving the catalytic performance of TS-1

Conventional TS-1 molecular sieves need further improvement because of the spatial restriction of the internal pore structure and the restric-

tion of acid centers in the framework. In the synthesizing procedure, inhibiting the formation of non-framework Ti species is more effective.

The primary resolution is to add complexing agents, change the raw material type, and change the crystallization conditions to match the
34 iScience 27, 109064, March 15, 2024



Figure 24. Conclusions and perspectives of TS-1 catalyzed propylene epoxidation
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hydrolysis rate of the Si source and Ti source. There are three main methods for constructing highly active Ti sites. First, the positive charge

property of the framework Ti species is enhanced through the introduction of fluorine, which has a strong ability to absorb electrons, or tran-

sition metals having empty orbits. Second, highly coordinated Ti species can be constructed by modifying amino acids, constructing defect

sites with organic amines, and microwave irradiation. Thirdly, Ti content can be increased and Ti distribution improved. Ti-rich molecular

sieves are obtained through the addition of seeds, the addition of a crystallization modifier, and the modification of the crystallization mech-

anism. The organic template dissolution-recrystallization process can redistribute Ti. If non-framework Ti species are still present, post-treat-

ment can passivate or remove them, but this will result in inaccurate desilication and removal of some framework Ti. Simple and convenient

modification means and clear regulation mechanism still need to be developed and revealed.

Elucidation of reaction mechanism

Structural characterization of metal active centers and a thorough comprehension of the reaction mechanism are two critical prerequi-

sites for establishing structure-property relationships and preparing more efficient zeolite metal catalysts. The catalytic performance of

TS-1 is commonly ascribed to the existence of isolated Ti (IV) sites, Ti vacancies and Si vacancies within the zeolite framework. Despite

nearly four decades of experimental and computational studies, the structure of these active Ti (IV) sites remains elusive because

of the difficulties in fully characterizing TS-1. The bipedal Ti site has not yet been the subject of extensive theoretical investigation,

and the structure of the bipedal Ti (IV) site has not yet been fully elucidated. It is necessary to develop techniques to directly visualize

the pore systems, including the atomic Ti sites. Rational design of efficient zeolite catalysts requires a detailed understanding of the

structure and dynamics of active metal sites. For this purpose, a combination of atomic-resolution spectroscopy and microscopy ap-

pears to be an effective way for obtaining information on the structure of active metal centers. To clarify the nature of real active metal

centers in catalytic processes and to study catalytic reaction mechanisms, characterization techniques must be applied in situ or under

operating conditions, especially at the atomic or molecular level. The conversion of the active site intermediates could still not be moni-

tored during the reaction.

Ga phase propylene epoxidation

In the past decade, the gas phase epoxidation of propylene to PO on Au catalyst has been considered to be an ideal reaction because of its

energy saving and sustainable characteristics. Au/TS-1 catalyst has good catalytic performance. Electrolysis from renewable electricity can

produce both H2 andO2. The direct epoxidation of propylene over Au/Ti catalystsmay eventually replace other indirect or multistepmethods

for the production of PO, but lowH2 utilization and low catalyst stability are twomajor obstacles. Additionally, the Au/TS-1 catalyst faces some

problems such as serious deactivation and low PO selectivity. At present, the development of layered and structured TS-1 scaffolds to
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improve the ability of mass transfer has become an effective strategy to restrain the problem of rapid inactivation. Ensuring that Au nanopar-

ticles are highly dispersed, constructing hydrophobic scaffolds and improving their stability are essential for catalyst design. In addition, the

design of new catalytic systems will contribute to the improvement of catalytic performance.

The future prospect of propylene epoxidation

Methanol is the optimum solvent and carrier for H2O2 in the commercial HPPO process. Methanol also has an important function in the acti-

vation of H2O2. Nevertheless, the use of methanol as a solvent accelerated the solvolysis of PO, which substantially decreased the selectivity.

The complexity of the process would be further increased by the purification and recycling of the methanol solvent. Toxic contaminants from

the solvent recycling process inhibit and deactivate the performance of the TS-1 catalyst. The use ofmultiple reactors and the need for a sepa-

rate hydrogen peroxide production plant are the main disadvantages of HPPO. Thus, H2O2 epoxidation without solvent or carrier is highly

desirable. Gas-phase epoxidation is a good approach for solvent-free epoxidation. Using the H2/O2 non-equilibrium plasma method,

H2O2 vapor has been directly synthesized. However, the H2O2 utilization ratio in the gaseous epoxidation process is relatively less than

the commercial requirement.
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