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Formation of Si—O—Si bonds

F Condensation reaction between Si(OH);ONa monomer and Si(OH)3O and Si(OH),ONaO+
Si(OH),0°
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Formation of Si—
Condensation reaction between Al(OH),Na monomer and Si(OH);0+ and Si(OH)ZONaO'
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R: Stable reactants connected by electrostatic force/hydrogen bonding; TS: Transition state
P: Pentacoordinated intermediate; Si: Yellow; Al: Blue; O: Red; H: White; Na: Purple

K1 Si(OH);ONa #ll AI(OH),Na # {5
Fig. 1 Si(OH);0Na and Al(OH)4Na monomer simulation
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Fig. 2 The proposed mechanism for the formation of aluminosilicate dimer (a) and aluminate dimer (b)
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Table 1 Chemical composition, mineralogical composition
and range of Fly Ash in China

Coal-based Chemical Mineralogical
solid wastes components composition
Fly Ash 24.0%-65.0% SiO, 11%-35% Mullite
16.0%-50.0% ALO;  1%-16% Quartz

1.5%-16.2% Fe;0;
0.4%-16.8% CaO
0.2%-3.7% MgO
5.0%-20.0% C

42%-70% Amorphous phase
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The innermost layer is mullite,
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Al>70%]

\ (Si0,)>5%, [Si>99%]

The outermost layer is a smooth
silica-aluminate glass body,
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Fig. 3 Schematic composition and structure of pulverized coal furnace fly ash and morphology (SEM) diagram
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Fig. 4 Equation and energy level diagram for the reaction of Si—O—Si bond with «OH radical (calculated by B3LYP/6-31G**

method)
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Physical methods

High equipment requirements

Chemical methods

Low equipment requirements
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Fig. 5 Methods and characteristics of introducing free radicals
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Table 2 Introduction methods and effects of different free radicals in zeolite synthesis

Free Free radical
radical  Introduction method Free radical generation generating Synthetic zeolites Free radical action
types environment
*OH UV radiation O3+ hv—0,+0('D) Alkalinity ZSM-5, *OH radical has higher activity
O('D)+H,0—H,0,(hot) Silicalite-1, than OH ion. Theoretical
H,05(hot)—2+0H NaA, SAPO-34,  calculations show that *OH ‘is
Or+ HyO—m0s+ 0 Beta, MCM-14, more favorable to the breaking
3T 2 SBA-13 and formation of Si—O—Al and
Ultrasonic radiation  py, _ Utmsonicwave o gy, Q| Alkalinity 4A, RHO, DDR Si—O—Si bonds in the system;
Ultrasonic wave Especially the formation of
0, —===">20- Si—O0—Si bonds. It can
0++H,0—-2-0H improve the zeolite Si—Al ratio
He+0,—HO,* and reduce the amount of
Gamma radiation H,0 —™ 3 «OH Alkalinity NaA, Nay, template agent and alkali.
Silicalite-1 and
ZSM-5
Fenton Fe?"+H,0,—Fe*" +HO+OH™ Acidity Y, ZSM-5
H,0,+HO*—HO,*+H,0
Sodium persulfate S,05” +Heat/UV—2S04~ Acidity, Alkalinity ~ NaA, silicalite-1,
All pH: SO, +H,0—-S0,> ++OH+H" ZSM-5, ZSM-48
Alkaline pH: SO, +OH —SO0g* +-OH
'0, (NH4),Ce(NO3)s Reduction of Ce*" to Ce®" by water on the Acidity SBA-15 Synergistic interaction of singlet
active surface of (NH4),Ce(NOs), crystals oxygen with *OH radical has
induces the formation of 'O, and *OH higher catalytic activity for ethyl
molecular species of reactive oxygen orthosilicate hydrolysis than that
species of *OH radical alone.
*0O, and Vacuum UV OH +0; & *0, +*OH Alkalinity SOD Promote zeolite crystallization by
*OH radiation +GO Oyteaq & +0, catalyzipg t-he clea\fage and
(r)GO—(r)GO* recombination of Si—O
Energy transfer 1 (Al—0) bonds.
(r)GO*+0, —=&=22 5 (1)GO+ 0,
(r)GO+eaq-—(r)GO
(r)GO ™ ++0,—(r)GO++0,~
2-C3Ny C3Ny+hv—e +h Alkalinity Na-A and NaZ-21
photocatalysis h*+H,0—OH+H"
h'+OH —OH

e +0,—0,
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Table 3 Synthesis of zeolite from Fly Ashs

Sources of

Silicon to aluminum

Zeolite

Impurities Removal methods . Activation methods References
Fly Ash ratio types
China, C High temperature Lye activation FAU [42, 86-87]
Morocco calcination
India 2.54%—12.82% Fe;03 Magnetic separation, Alkali melting activation ZSM-22, [45-46]
acid washing Si/AI=0.71~2.64 FAU
Japan, China  1.60%-11.00% CaO Hydrothermal-microwave activation P, LTA [50, 54]
China 0.06%-2.90% MgO Acid washing Supercritical water activation ZSM-5 [88]
Poland, China 1.860%—4.419% TiO, Ultrasonic activation P, SOD [89-91]

Reagents SSSSSS

&

1§3N@Q lmﬁ

Reduced costsl F
ree
*OH

radicals
Coal-based solid

Wastes S99
i Calcination 7
and
Fly ash pickling Promote
silica-
alumina
Coal gangue activation

ZSM-5
Blo B ke SEalih i R S FEAR AT 5 RS AS T B4

Fig. 6 Role of free radicals in achieving efficient zeolite synthesis and reducing the cost of zeolite synthesis
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Research Progress on Free Radical Assisted Synthesis of Zeolite from Fly Ash

LIANG Dingcheng, ZHANG Ruicong, XIE Qiang, XIE Zhucan, LIU Yuan
(School of Chemical and Environmental Engineering, China University of Mining and Technology (Beijing), Beijing 100083, China)

Extended Abstract

Zeolites have broad application prospects in adsorption, separation, catalysis, etc.. Improving their synthesis efficiency and
reducing their production cost become a challenge. The synthesis rate of zeolite is low and the production period is long due to the
prolonged nucleation and growth of crystals during the crystallization process. Furthermore, commercial high-quality zeolites are
mainly synthesized with chemicals as raw materials, resulting in high costs. Therefore, it is significant to develop efficient and
low-cost zeolite synthesis technologies. Some previous studies indicate that the use of free radicals could achieve a rapid synthesis of
zeolites. Fly ash contains a large amount of silicon and aluminum elements. As a result, the synthesis of zeolite from fly ash reduces
costs, and provides a feasible way for its high-value utilization. However, there is little work on the synthesis of zeolite from fly ash
assisted by free radicals. It is thus necessary to explore the mechanism of free radical assisted synthesis of zeolite from fly ash, as well
as the generation, types and properties of free radicals. Meanwhile, it is revealed that free radicals solve the problem of difficult
activation of inert silicon and aluminum in fly ash. The theoretical basis is provided for the development of efficient and low-cost
synthesis technology for the preparation of zeolite from fly ash assisted by free radicals, and a reference is provided for other coal
based solid waste.

The existence of *OH in zeolite synthesis systems was firstly discovered in 2016. *OH was introduced into the synthesis system
of NaA, Y, and ZSM-5 zeolites, thus greatly accelerating their crystallization process. This is a high-efficient method for zeolite
synthesis besides a microwave method. Meanwhile, electron paramagnetic resonance (EPR) was used to determine hydroxyl radicals,
and density functional theory (DFT) was used for the theoretical calculations to investigate the mechanism of hydroxyl radicals
accelerating the synthesis rate of zeolite. The catalytic activity by *OH is greater than that by OH for the depolymerization and
polymerization of Si—O—Si and Si—O—Al bonds during the nucleation stage, especially in terms of depolymerization. With the
continuous deepening of research, the promoting effects of other oxidizing active substances (i.e., reactive oxygen species, superoxide
radicals, singlet oxygen, efc.) in zeolite synthesis were also discovered. Moreover, the introduction of free radical methods also
opened up a new path for the synthesis of high-quality zeolites from some low-cost silicon aluminum sources with a lower activity.
The problem of difficult activation of silicon and aluminum during the synthesis of zeolites from fly ash was discovered, and the
positive effect of free radicals on the activation of inert silicon species was demonstrated through the simulation calculations. It is thus
speculated that free radicals can improve the problems faced by coal-based solid waste synthesis of zeolite, represented by fly ash.
However, little work on the relevant experimental research are made yet, and the further verification is needed. Therefore, free radical
introduction methods suitable for fly ash synthesis of zeolite system were discovered, i.e., physical and chemical methods. Among
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them, adding initiators to produce free radicals in zeolite synthesis using chemical methods is a more feasible method. However, there
exist still problems, i.e., some initiators unavailable for the alkaline environment of zeolite synthesis. The research on free radical
generation methods suitable for zeolite synthesis environment will provide possibilities for constructing feasible methods for
preparing zeolite from low-grade silicon aluminum sources, reducing the synthesis costs, and achieving the green development.
Furthermore, some impurities existing in zeolization of fly ash are effectively removed by calcination and acid washing, thereby
increasing its silicon and aluminum content, which is conducive to the synthesis of zeolites.

Summary and prospects Compared to OH", the breaking and formation of Si—O—Al and Si—O—Si bonds were achieved with
lower energy barriers in the presence of free radicals, thus achieving the efficient synthesis of zeolites. Fly ash as a raw material could
effectively reduce the cost of synthesizing zeolite. However, activating these inert silicon and aluminum was a challenge for
synthesizing zeolite from fly ash. Free radicals played a catalytic role in the cleavage and formation of Si—O—Si bonds in inert
silicon species. It could be inferred that free radicals could play a similar catalytic role in the synthesis of zeolite from fly ash. The
excavation of free radical introduction methods (i.e., using chelates to chelate Fe** to broaden the pH range of the Fenton reagent
applications or using persulfate ions) could make up for the lack of experimental research on free radical assisted fly ash synthesis of
zeolite. Besides, for fly ash with wide source and complex composition, using calcination and acid washing could effectively remove
some impurities in the fly ash to improve the product quality.

A reference for the resource utilization of other similar coal based solid waste could be provided via studying the free radical
assisted synthesis route of zeolite from fly ash. In addition, widening the silicon aluminum ratio of fly ash and expanding the range of
synthetic zeolite are also a challenge in the future.
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