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Figure 1 (Color online) Activity origin and catalytic applications of heteroatom-incorporated zeolite: (a) schematic diagram of the basic structure,

(b) main application areas.
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Table 1 The types, key characteristics and catalytic oxidation applications of heteroatom zeolites
Heteroatom Catalyst Topology Pore size (nm) Preparation method Reaction Ref
aminooximation reaction,
TS-1 MFI [010]0.53 x 0.56 [100]0.51 x 0.55 hydrothermal method epoxidation of olefin, [5~7]
phenol hydroxylation
aminooximation reaction, [8,9]
TS-2 MEL [100]0.53 x 0.54 [010]0.51 x 0.55 hydrothermal method
phenol hydroxylation
Ti Ti-SSZ-33 MWW [001]0.40 x 0.55 [001]0.71 x 0.71 post-treatment method epoxidation of olefin [10]
Ti-MWW MWW [001]0.40 x 0.55 [001]0.71 x 0.71 hydrothermal method epoxidation of olefin [11]
Ti-MOR MOR [001]70.65 x 0.70 [010]0.26 x 0.57 hydrothermal method toluene hydroxylation reaction [12]
Ti-Beta *BEA [100]0.66 x 0.67 [001]0.56 x 0.56 hydrothermal method epoxidation of olefin [13]
Ti-ITQ-7 ISV [001]0.62 x 0.68 [010]0.45 x 0.52 hydrothermal method epoxidation of olefin [14]
Ti-ITQ-39 ITT [100]0.57 x 0.72 [001]0.35 x 0.40 hydrothermal method epoxidation of olefin [15]
Sn-CHA CHA [001]0.38 x 0.38 hydrothermal method alcohol oxidation, [16]
isomerization of cellulosic sugar
isomerization of cellulosic sugar, [17,18]
Sn-MFI MFI [010]0.53 x 0.56 [100]0.51 x 0.55 hydrothermal method o .
Baeyer-Villiger reaction
Sn-MEL MEL [100]0.53 x 0.54 [010]0.51 x 0.55 hydrothermal method phenol hydroxylation [19]
Sn Sn-MOR MOR [001]0.65 x 0.70 [010]0.26 x 0.57 post-treatment method isomerization of cellulosic sugar [20]
Sn-ZSM-12 MTW [001]0.56 x 0.60 hydrothermal method phenol hydroxylation [21]
Sn-BEA *BEA  [100]0.66 x 0.67 [001]0.56 x 0.56 dwgigif“wn isomerization of cellulosic sugar  [22]
Baeyer-Villiger reaction,
Sn-UTL UTL [001]0.85 x 0.91 [010]0.62 x 0.65 post-treatment method MPVO reaction [23]
Sn-*CTH *CTH [001]70.64 x 0.68 [100]0.51 x 0.55 post-treatment method Baeyer-Villiger reaction [24]
phenol hydroxylation, [25,26]
7 Zr-MF1 MFI [010]0.53 x 0.56 [100]0.51 x 0.55 hydrothermal method hydrogenation of maleic
anhydride to y-butyrolactone
Zr-MEL MEL [100]0.53 x 0.54 [010]0.51 x 0.55 hydrothermal method phenol hydroxylation [27]
Hf Hf-Beta *BEA [100]0.66 x 0.67 [001]0.56 x 0.56 post-treatment method MPVO reaction [28]
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Figure 2 (Color online) (a) Representation of zeolite with MFI framework and the 12 crystallographically inequivalent T sites [34]; (b) schematic
representation of the T4 site, the experimental EXAFS, the simulated XANES spectra and AE, (kcal/mol) for the substitution reaction by Ti replacing

one Si atom in the MFI unit cell [33].
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Figure 4 (Color online) (a) Proposed structures of [TiO,], [Ti(OH),(OSi);] and [Ti(OH),(OSi),] by DFT [36]; (b) UV Raman spectra of TS-1

samples excited at 266 nm [41].
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Figure 6 (Color online) *'P-TMP NMR spectra of (a) Sn-MFI and (b) TS-1 zeolite before and after adsorption of methanol at 0.1 kPa. (c) Plausible
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Figure 8 (Color online) (a) Baeyer-Villiger oxidation mechanism catalyzed by Sn-f zeolite [
on Sn and Ti sites [52]; (c) scheme of ketone conversion process on Sn and Ti sites [53].

(b) Snh7 A Tifr 5 "N NMRERTES T, () Snfr s S Tifvr 4

[4]; (b) >N CP MAS NMR analysis of pyridine adsorbed

81



TAETCSE: ZR R T TR A R B B A MIERIA TR E] Tk B

(DHA)# % LR s (ML) B b R B, Sn-MFIff)
Bronsted iz {# AL DHA it 7K 2E B A B8 (PA) . PA 5 HI i
BB il (HA), PASHA S B R4k 452 s A= m v i
Mg — 4 (PADA)RI R B LewisHg AL HA K A=
MPVO sz M4 BiML, BfiBronstedii? 5 Lewis s ) B [E42
BT HERYIMLE L. TR b, YangZ ™SR
HAT R F LewisBR 1 (11 Sn-MFIFI TS- 143 T i il 45 5 &
AT, 2 Bronsted fl LewisBR A7 55 LU 491 ) B 1 715,
MR HEDHA ML AL, #F 58 &K, Sn-MFL2r 1 kb
TS-14 ¥ B A S5m0 REW P e, WO AE S i B
FH B[ O—H B 1:(0.098 1 nm) 2 3 1 W R 7E Tif o5 b
[ EZ(0.0977 nm), X343 FBEAE Sn-MFL2 11 1)
fiR 25 AE(39.2 kI/mol) B TS- 14 F 7 _1.(73.5 kJ/mol)fi,
WG AR . Hik, 7ESn-MFIRITS-14> TR &
ERY, Snfy fiE S HERRE T, Nk R
BronstedfR7 &, HDHA /K AEPA. TS-14> T FH B Ti
PLp, TEH B 4R LewisBREFE, NI IA RN TE 2
% BE VEAL 2 DA SEIPA I B HA XHA R A8 46 ML,
R A 43 i 6 W TR A 2008020 HATE Bronsted F2 137
AU BSCHPADARE R B, [FIBT SEIL T miDHAR;
E L mMLIEEM. 55 —Sn-MFI4 T fHtk, ML
FERIEE T25%0L L, NIRRT T ELDHA R &
ML EE T — 2 A B 22 (1K19).
TESn-MFURITS-1 53 i ALK Vi A 6 A4 7] 1Y) 2 A

b, Bk A BC T TIFISn R T RIRHIR N4> 055
R IR JE T4 T (Sn-Ti-MFI).  fE% Z. B & 51k
SNV R, Sn-MFITGHEALIE T, TS-1E1b1E &R
AR AL 8%, (HAEMALZ&AF T Sn-Ti-MFLXf . [1) %
R FIE16%. A TELRLL M Br 45 HEWT, 2K 25
5k S B A FR B A2 R 2, He AR Tidd v AR O RE S 4L
H,0, 5NH; % A3 252 g 1144, 11 Sniif P H 0 g
AP L OJE T RCAL, $ A £ I Bk J 1
ik, ARG P AR S 2 R A SRS N, AR
K CHRNG. TURISniE M i 02 B B PR i 2 I W 20
RN, B RMERER Z WS AR, 2K SR
Jer= i R 15 300 B4R TH(EN0).

4 FRIET o T IR AL AL Tl 2

4.1 Ol EE LR B

M C R EE e S S A SN e (CPL) J T i
JETE6 fh R AT, Jedee) iz M T YT IR
oo HIFREATME, R NATIA S R RN R 25 K
JERE] T EREZMAER. 2R, FHEH RS
B N 7 R T DU DR R s T 2 B R (B 78%), W
B R, Hpid ke r @At A Gt Il
Gk OGNS T mE2 AR, R
AR I, AUE R E KA S TN, i H 5

B9 (MR &) Sn-Tifir b Al A DHA RS AL ML 2 Y

Figure 9 (Color online) Scheme of Sn-Ti sites synergistic catalysis for DHA conversion to ML [44].
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Figure 10 (Color online) Reaction performance of acetophenone ammonoxime catalyzed by Sn-Ti-MFI [55].
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Figure 12 (Color online) (a) Scheme of imine pathway and hydroxylamine pathway. (b) Comparison of in-situ IR analysis of cyclohexanone oxime

and benzaldehyde oxime reaction processes [58].
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Figure 14 (Color online) Mechanism of propylene epoxidation reaction: (a) [TiO,] site catalysis; (b) dinuclear Ti site catalysis [34].
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[63].
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Figure 16 (Color online) Production methods of CAT and HQ: (a) conventional production processes; (b) co-production of CAT and HQ through

TS-1 catalyzed phenol hydroxylation.
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Figure 18 (Color online) (a—c) Reaction pathway of chloropropene epoxidation.
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Heteroatom-incorporated zeolite catalysis for green selective
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Abstract: Oxidation reactions are pivotal transformation processes in the chemical industry; however, traditional
oxidation technologies suffer from severe challenges, including low atomic efficiency, environmental contamination,
and equipment corrosion. Framework metals (e.g., Ti, Sn) in heteroatom-incorporated zeolites feature unoccupied outer
electron orbitals, which can accept lone pairs from electron-rich functional groups. This enables targeted activation of
organic substrates or oxidants, facilitating efficient oxidation reactions under mild conditions. Drawing on Sinopec’s
practical advancements in the synthesis and catalytic applications of heteroatom-incorporated zeolites, this paper
systematically elaborates on key scientific issues, such as the substitution sites of metal atoms, their coordination states,
the properties and transformations of acid sites, and diverse strategies for directional catalytic activation. Additionally, it
presents the industrialization progress and prospects of green oxidation processes, including cyclohexanone
ammoximation and propylene epoxidation. The work aims to provide insights for the efficient development of
catalytic materials and the green transition of the chemical industry in pursuit of the “dual carbon” goals.

Keywords: heteroatom-incorporated zeolite, catalytic oxidation, coordination environment, reaction mechanism, green
chemistry
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