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[83]

Synthesis condition

Template Synthesis method Synthesis compositions - Reference
Temperature/'C Time/h
Glucose SAC 1 TPABr: 5.2 TEOS : 0.215 AINO; : 60 H>O : 2.4 glucose Hydrothermal (80) 2 [14]
Crystallize (170) 144
Calcine (650) 10
Two-stage crystallization 1 Al,05: 50 SiO,: 2 Na,O : 8 TPAOH : 3000 H,O : n Crystallize (110) 24 [15]
glucose(n=0, 10, 15, 20, 25) Recrystallize (170) 48
Calcine (550) 4
Two-stage crystallization 1 A1,05: 50 SiO;: 2 Na,O : 8 TPAOH : 3000 H,O : n Crystallize (110) 24 [84]
glucose(n=0, 6, 12) Recrystallize (170) 48
Calcine (550) 4
Hydrothermal method [13]
Sucrose Hydrothermal method 1 ALL,O5: 50 SiO;: 2 Na,O : 3000 H,O : n Hydrothermal (180) 6 [57]
sucrose (n=0, 0.5,1.0, 1.5, 2.0) Calcine (550) 6
Hydrothermal method 1 Si0,:0.011 ALL,O5: 0.25 TPAOH : 30 H,O : n Hydrothermal (170) 72 [31]
sucrose (N=0-2) Calcine (550) 10
Dry gel conversion method [32]
Starch Hydrothermal method 1 SiO,:0.02 Al,O3: 0.25 TPAOH : 33 H,O : n Carbonize (170) 24 [49]
starch (n=0.37, 0.56) Hydrothermal (170) 120
Calcine (550) 6
Hydrothermal method 1 SiO;: 0.02 Al,05: 0.08 starch Hydrothermal (135) 48 [35]
Calcine (550) 5
Hydrothermal method Crystallize (180) 48 [85]
Calcine (600) 10

(to be Continued)
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(Continued Table 1)

Synthesis condition

Template Synthesis method Synthesis compositions - - Reference
Temperature/ C Time/h

Starch Hydrothermal method 1 API : 47.69 TPAOH : 123.08 TEOS : 3000 H,O : 4.62 Hydrothermal (80) 24 [38]
starch Crystallize (175) 6
Calcine (550) 5

2.5 AL,05: 90 SiO, : 3.3 Na,O : 25 TPAOH : 15 H,O : 10 Crystallize (120) 144 [47]
PrTES Calcine (550) 6

Cellulose Hydrothermal method Desilication (75) 1 [45]
Reassembly (160) 72
Calcine (660) 6

Hydrothermal method 200 SiO;: 7.4 Al,O3: 35 NaOH : 10T PABr: 15 H,SOy: Crystallize (180) 48 [86]
2445 H,0 : 0.00494 MCC Calcine (550) 6

CMC Hydrothermal method Crystallize (80) 12 [87]
Calcine (550) 5

Crystalline seed method 60 SiO5: 1 Al,O3: 6 NaOH : 12 TPAOH : 7200 H,O : 21 Hydrothermal (80) 4 [88]
CMC Crystallize (180) 72
Calcine (550) 5

Chitosan Hydrothermal method 1 Al(iPro), : 18 TPAOH : 50 TEOS : 1570 H,O Hydrothermal (100) 48 [89]
Crystallize (150) 18
Calcine (650) 10

Chitin Crystalline seed method 1 Si0; : 0.033 Al,O3 : 0.6 Na,O : 0.001 TPA,O : 25 Hydrothermal (170) 24 [83]
H,0:02 OH Calcine (600) 5

Sodium Hydrothermal method 1 TPAOH : 2.82 TEOS : 0.091NaAlO; : 120.89 H,O : Crystallize (180) 48 [90]
alginate 9.18x107*SA Calcine (550) 3

NCC Hydrothermal method Hydrothermal (160) 48 [61]
Calcine (550) 5

JR-400 Hydrothermal method 3NMP : 1 SiO,:0.023 Al,O; : 0.048 Na,O : 0.636 Crystallize 160 72 [91]
TPAOH : 15.6 H,0 : 0.05 JR400 Calcine 400 3

HPMC Dry gel conversion 1 NaAlO, : 34 TPAOH : 5 KOH : 0.0148 HPMC : 48 Hydrothermal 80 12 [64]
method TEOS Calcine 550 5

APGI1214 Hydrothermal method 2.5 AL,03: 50 SiO; : 2 Na,O : 8 TPAOH : 3000 H,O : 25 Crystallize 170 48 [26]
APG1214 Calcine 550 6
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Table 2 Structural characteristics and applications of multi-stage pore ZSM-5 zeolite synthesis from different sugars templates

Template Morphology Proe distribution/nm Vow/(cm* g) Vieso/(cm™ g ™) Application Reference
Glucose Intracrystal mesopores (2.3—7.2) 0.23 0.22 Tertiary butylation of phenol [14]
Prismatic Intercrystal mesopores (2-25) 0.239 0.148 Mtp [15]
Hexagon Intercrystal mesopores (5-50) 0.299 0.239 Mtp [84]
Hexagon Intercrystal mesopores (2.5-5.0) 0.25 0.15 Catalytic pyrolysis of cellulose to [13]
aromatics
Sucrose Octahedral 0.433 0.313 Catalytic co-cracking of cellulose and [57]
LDPE
Chainlike Intercrystal mesopores (7) 0.36 0.26 Methylation of 2-methylnaphthalene [31]
Intracrystal mesopores (10) 0.302 0.183 Catalytic pyrolysis of cellulose to [32]
aromatics
Starch Spherical Intracrystal mesopores(10) 0.24 0.21 [49]
5.67 0.514 0.375 Catalytic pyrolysis of biomass to [35]
aromatics
Prismatic 0.23 0.16 Acetalization of cyclohexanone [85]
Intracrystal mesopores (5-15) Esterification reaction [38]
Spherical Intercrystal mesopores (3.9-10.9) 0.64 0.52 Esterification reaction [47]
Cellulose Intracrystal mesopores (5-50) 0.206 0.095 Catalytic co-cracking of softwood [45]
biomass and LDPE

(to be Continued)
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(Continued Table 2)
Template Morphology Proe distribution/nm Vot (cm®- g) Viteso/(cm> g ) Application Reference
CMC 3-30 Methyl orange ddsorption [87]
Coffin-like 0.39 0.28 MTP [88]
Chitosan Spherical Intracrystal mesopores (5-20) 0.42 0.34 Esterification reaction [89]
Chitin Prismatic 0.197 0.142 CV adsorption [83]
Sodium Spherical Intracrystal mesopores (3—4) 0.211 0.062 Esterification of acetic acid [90]
alginate with n-butyl alcohol
NCC Intracrystal mesopores (4—40) 0.159 Catalytic pyrolysis of biomass [61]
to aromatics
JR-400 Hollow spherical  Intracrystal mesopores(20-80) 0.23 0.1 Benzene alkylation with the [91]
ethanol
HPMC Layered 0.31 0.25 Alkylation reaction [64]
APGI1214 Coffin-like Intracrystal mesopores (10-30) 0.169 0.067 MTP [26]
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Extended Abstract

Hierarchical ZSM-5 zeolite show significant advantages in the fields of catalysis, adsorption and separation due to their unique
micro- or meso-macroporous hierarchical structure, but the traditional templating method suffers from the problems of high cost,
process complexity and environmental burden. As green template agents, natural sugars (glucose, starch, cellulose, etc.) have the
advantages of wide source, environmental friendliness and rich functional groups, which can not only regulate the grain size, pore
structure and acidic distribution of molecular sieves through hydrogen bonding and electrostatic interactions, but also induce the
formation of molecular sieves with special morphology, which provides a new strategy for the precise design of high-performance
catalysts.

Recent studies have focused on the mechanism of action and performance optimization of different sugar templates, and the
morphology, particle size and properties of natural sugar templates are closely related to the structural properties of hierarchical
ZSM-5 zeolite. For example, glucose selectively binds to the molecular sieve crystal surface through hydroxyl groups and promotes
b-axis orientation to enhance propylene selectivity, and the amphiphilic nature of its derivatives (e.g., alkyl polyglucosides) can
precisely regulate mesopore distribution; sucrose templates enhance mesopore connectivity to optimize the diffusion of small
molecules by inducing chain assembly; starch forms a wide pore size distribution by virtue of its large molecular weight, and
enhances thermal stability and acidic strength by inducing chain assembly through branched chain structure; and the templates are
also used in the study of the molecular sieve structure. Cellulose and its derivatives (e.g., carboxymethyl cellulose) enhance the
structural stability through cross-linking effect, and the abundant hydroxyl and carboxyl groups in the long chains interact with the
silica hydroxyl groups in the zeolite gel to build a hollow spherical multistage pore system. In addition, starch-coated silica nanorods
and cellulose carbonized templates further expanded the pore types (trimodal pore structure), which showed excellent catalytic
activity in esterification and cracking reactions. It was also shown that the amount of sugar templates directly affects the crystallinity,
the number of acid sites and the pore volume, which needs to be optimized experimentally to balance the performance parameters,
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and when the acid content is sufficiently high, the content of mesopore and the pore size become the key factors to improve the
catalytic efficiency of the molecular sieves.

Finally, the optimization of different synthetic methods and the development of templates for sugar derivatives have further

expanded their applications. However, the existing studies still need to break through the industrialization bottleneck of the synthesis
process, clarify the constitutive relationship between the dosage and performance of sugar templating agents, and explore the
pore-acid synergistic regulation mechanism. Future research should focus on the innovation of green and efficient synthesis
technology to promote the large-scale application of hierarchical ZSM-5 zeolite in the fields of energy conversion, environmental
protection, and fine chemicals.
Summary and prospects Natural sugars as templating agents show unique advantages in the synthesis of hierarchical ZSM-5
zeolite, which provide a promising alternative to the traditional templating method due to their green, cost-effective,
pore-size-adjustable, and mild template-removal conditions. In addition, the differences between the molecular structures of different
sugar templates exhibit unique regulatory properties in the synthesis of hierarchical ZSM-5 zeolite. Specifically, glucose and sucrose
induce linear stacking of nanocrystals through hydroxyl coordination, and form a uniform intergranular mesoporous structure by
combining with hydrothermal or two-step crystallization, which can effectively enhance the dispersion of loaded metals. But their
ability to regulate the pore channels is weak. Other templating agents are needed to synergistically regulate pore structure. For
example, polysaccharide templates, such as cellulose and starch, have branched chain structure. By using hydrothermal method or
seed crystallization method, they can construct micro-medium-macroporous multilevel pore structure, and realize synergistic
distribution of inter-crystalline mesopores and intra-crystalline mesopores. Polysaccharides and sodium alginate, serving as functional
sugars, promote the formation of uniform and dendritic mesopores through electrostatic adsorption and carboxyl (—COO—)AL**
chelation, respectively. They also enhance the density of acidic sites (Lewis) on the surface and regulate the morphology of molecular
sieves. These modifications tailor the material for high-value-added applications, such as esterification of oleic acid with high acidity,
the diffusion-controlled adsorption of macromolecules, and biomass conversion. By improving mass transfer efficiency and
accessibility of acidic sites, the sugar templates can significantly enhance the performance of biomass conversion, promote the
transformation of biomass from “waste” to “carbon neutral core carrier”, and provide a sustainable solution to the goal of “dual
carbon”.

Although the natural sugar templates in hierarchical ZSM-5 zeolite to make significant progress, the field of research is still
facing numerous challenges. Firstly, some of the sugar templates still suffer from complex pretreatment, wide mesopore size
distribution, and high mesopore volume, leading to the decrease of crystallinity for synthesis of hierarchical ZSM-5 zeolite. Secondly,
the existing synthesis techniques are mainly limited to hydrothermal methods, and other methods such as dry gel conversion and
two-step crystallization are hindered in industrialization due to the complexity of the process and cost factors; finally, it is difficult to
precisely regulate the pore structure and acidic sites of the molecular sieves, and the constitutive relationship between the templating
agent dosage and the material properties has not been fully clarified. Therefore, exploring the controlled depolymerization of
polysaccharides and multi-template compounding strategy to break through the bottleneck of crystallinity and mesopore homogeneity,
developing more universal synthesis methods, exploring the mechanism of pore-acid synergistic regulation, and in-depth analysis of
the mechanism of templating agents are the main directions of the future research, so that we can push forward the practical
application of sugar templating method in the large-scale preparation of hierarchical zeolite.
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