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Effect of metal modification on titanium silicalite TS —1 for
methyl oleate epoxidation
GONG Shaofeng', GONG Jianyi’, GONG Jiahui', LONG Dongfang'

(1. College of Chemistry and Bio — engineering, Hunan University of Science and Engineering, Yongzhou
425199, Hunan, China; 2. Sinopec Catalyst Co. , Ltd. ,Beijing 100029, China)
Abstract : Epoxy vegetable oil has widely utilized as various chemical material. To improve the activity of
titanium silicalite TS — 1, a vegetable oil epoxidation catalyst, a series titanium silicalite TS — 1 supported
various metals catalysts (M/TS =1, M =Mn, Fe, Cu, Mg) were prepared by a deposition — precipitation
method and characterized. The effect of metal modification on the epoxidation performance of methyl
oleate on TS —1 was investigated using the epoxidation of methyl oleate as a probe reaction. The results
showed that the introduction of Fe and Cu into TS — 1 promoted the catalytic activity but Mg and Mn
modification inhibited the methyl oleate conversion, and Cu/TS —1 catalyst showed the highest catalytic
activity. Combined with various characterization results, the high activity of Cu/TS - 1 catalyst was
attributed to the introduction of Cu, which effectively changed the electronic environment of Ti active
center and added new medium and strong acidic sites. The optimal process conditions for Cu/TS -1
catalyzed epoxidation of methyl oleate were obtained as follows ; reaction temperature 80 C , molar ratio of
H, 0, to methyl oleate 3:1, mass ratio of methyl oleate to catalyst 10: 1 —20:1. The conversion of methyl
oleate and the yield of epoxy oleic methyl ester were slightly reduced after Cu/TS -1 was repeated for 5

times. In summary, TS — 1 modified by Cu can

RS 1582022 — 04 — 13 4] F1 832023 — 03 — 02 significantly improve its catalytic activity and Cu/

A TUE WG RIS 4 i [ (20211130289) TS —1 has good regeneration performance.
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Nefk2g 546 T 2 M4k (E-mail ) simon. gong@ huse. edu. cn, silicalite; TS — 1 ;metal modification



50 CHINA OILS AND FATS

2023 Vol. 48 No. 7

Ay T T T WU 2 — , AL B T %
F— BB EA A MY Aa AR
Y RV U T B 5 P B AT, AT L S BR AR L
SRS R A S SR HE R A Bk PR
M2 07 A2 b A R 450 b, J i
PREEUAL S 4 B R SR, 7T LT3 VR SR
Fy e 0 ) 1A 701, T 9 R 2 ) B, R
B R TGR FER S B0 B LA R 4% R 7
(1 eI 22 0 R IE AL 146 ) 1y vp ik
UL BN 2 R ED Y ARG A i R S L TE
R AR TR (B ER B BER) V5 ML), LA H, 0,
SRR (R R R ) JEUE S v 75 31 i 3o SR TR A
EARIBATRN Y o %I AR A kL
B LR K b B 45 TR T R, R 4 4 G (A 2 T
B PRI, TR 37 750 4 (0 B A B L9003l B S A 25
HA A EENE X,

ULAEAR , WP % B S ML R B TT & T LA
TR T At k%
iR A AL Z M AR . o TS -1 43
05 PRI P 5 ) R 2 35 P R T D TR A A
AP TR IR SR AL R B B AT R AL
Pefig, Wilde 26 W58 TR RIESRY TS - 1 4467
IR PR 4 B AL R, R B R R 4 R B
TS — VAL LA FL AL GE RO AL TS - 1 fifb ) 2
A AR AR, Wei 2 BFSE T 2991 TS - 1
AL 3R FP G 3R A AL MR RE, & BLIZ A AL R 2
A R AL TE A AR PERE . Chen 25/ BFRE T
Si/Ti M)A U TS - 1 Ak b oK & 3 3R 4 Ak
PERERY RN , % B Si/Ti WA LU g 40 1 I 44k
FEA B . SRTIT, X S HGHE i TS - 1 4k
FBHEALTE R AN Be B AT SR I TAE SR I WU TG AL
BRAEALT , PRI 7 B AT DA e — 254 i R

T I 4 Eh TR AR B0 3d BUE R BT AR
T2, BT 2 TR RAE 5 B AR R . W
g0 RS B, Cd Fe ,Co \Ni 2 3o 305 43 Ja e T
DISRES TS — 1 AL B T IS MR b vERE . Jais
s TR R B AR A T A B B R S ER
SEALTERE. Wu 27 BFSE R B, Cu oo AT LS &
TS — 1 Ak b2 A AP fE . 2R 45 F
TSR, MgO Btk al LUK TS — 1 43707 2 i i) R
P, M S8 24 5 O TG PO 0SSk R . HROR
FMARBIETS - 1 A>T I5IE T2k, H
1 RGBT R AR 42 JB UCHERT TS — 1 k5 A4y
THFRAALTERE AR 0 B R DLARGE . PRI, AR SCR
T 3 PSR 3 9 428 (Mn Fe (Cu) F1 1 Ffi + 4

J& (Mg) Btttk TS — 1 234, LA R F RS 48 AR Ry
TREF SN, RGEWESE T 48 Bt xs TS — 1 ki) 1
THTR P IR B AR A f 7 5 o), LA S A A 40 il 2 4R Ak
AR T R P22

1 #MRl5A®

1.1 SEieatst

DU PN e S A AL B (40% KV W) R ER DY T g
(4ifE >99% ) FBE(LHEE 99.5% ) . —IK G LR
Wi (2B >98% )  JUK G H IRk (LifE > 98% ),
Adama 24\ H] ; IERERR Y 755 (Si0, 75 & >28.4% ) \PU/K
B CTRYE (A >99% ) JRER (LI > 9% ) UK
(H,0,, 4l >30% ) , Greagent 3 7] ; PUZK-E RS (41
JE >99% ) ,Sigma — Aldrich 2\ &) ; Ji 8 B g ( 24 5 >
96% ) , Alfa 73w : Dh_F G0 B MIRZE T 65k I8

WP — MSWA —3P50 5 & 4, U Ae g
TGV AAT PR F] 5 iCAP Q AU Hp JEo A 55 5 1 14T
TEAY Nicolet iS10 fdf B A5 4o 21 A S 1% AX, 36 [E 3§
BRI IR B A F] s D8 Advance B X 52 AT 5,
TR A1 B 52 F]; AUTOChem 11 2920 %14k~ W% Fff
X, 36 [ 22 e AR A 7] ; Quadrasorb EVO 42 {3 L4
TET AL IR RE 23 BT A, 56 B e 35X 4 24 v s GC MS —
QP2010S S AH 3% — Bl e FHAX, H A& HEA Wl
6890 SAHEIEAL , 56 [F L HARRHL A F]

1.2 sty
1.2.1 TS -1 ¥yl &

RAVKPGES LTS - 1 2302 . 1 ek 17 ¢
PUN LRSI 16.33 ¢ IERERR Y Z R 51957,
FHAERIZAHE NN 0. 672 ¢ BRFRPY T 15 10 mL S
DB AR N 58 a R e £ 1 he SRIEHIR G
AR W T2 80 CHAREF 1 h IZERIFW I &
P S P, 025 B8 /KM B 78 R AT IR,
Je W ARV R 2 7 3] R S 0 28 9FAE 170 °CF ik
48 h, g AL Lr i W 2 AR R HE T (120°C,
2 h) FikEBe(550°C 4 h) J5153 TS -1 73 Fiifi (&t
JCRHITAAF RN Si/Ti Py i Lh 292 40: 1)
1.2.2 TS -1 5 Fifii 4 JE kit

K UTTETTRR I 2 R 9] M/TS - 1 k57 (M
i Cu Mg Mn Fil Fe) " &5, b 4@ &
N 5% B — o mAHN Y& B IR T 75 mL 5
TKAS 2 4 8 ER T, B o 60 mL A1 g
TS — 1 F i JF iR 20 B 20, 7E R T 1Y 15 mL 4
JRERIEWTINA L. 89 ¢ IREIFFE VR . ARG B
B IRZ TR A SR M BN TS — 1 43 (1) B i
o TERCRE B R 2 90 °C I g 10 he e,
W SN S ) B 8 3 Ao U RN A B AR 7



2023 4 55 48 15 55 7 1] T

i o1

HE— W R M1 7E 120 °C F T4 2 h,550 C T &%
Bed h pnliE3 Cu/TS -1 Mg/TS =1 Mn/TS -1 FI
Fe/TS — MEALFFE M o
1.2.3  fif50) 3R AE

SR FH HL JRE 5 55 B AR B3 A o0 A 4 J 5 ik
R4 H S HE R AFLBRBE 73 B AGHEAT N, 0 BRIt
BRFAE , MCRITAR fh SETE 400 CR EA AL h, ek
T FAIFLAARFR A 3 AE 0.05 ~ 0.3 F%ic it
BET B3R 2, SR ANE AR B 21 A6 A T
FT — IR FAE, MR 4 - B AGHE ] 400 ~4 000 em ™
SrHEEE 4 em ™ FEREEL 32 R SR X IR AT
#EFT XRD AL, A : Cu Ko FST (A = 1.541 8
Ay, B L 40 KV, B U 40 mA, 1 H
10(°)/min, SRR BT EAT NH, - TPD £AE,
IS B 50k 100 mg B & B TREMAE P, 7 15
mL/min Ar S50 T FHEE 400 CHILLHR 1 b, B f5 R
F) 50 °C HFS AR M 15 mL/min NH, |, I fff 30 min
IRENHT, 54 S0 mL/min Ar 50 K THE F] 50 °CIf
WA 3 h DABERR 4 BRI B A9 NH; , 52 J5 7€ 50 mL/min
1) Ar S50, LA 10 °C/min () 74 3 B2 A 50 °C FHER
) 650 °C, [FJIFIC 5% NH, G5
1.2.4 iR AR 3044k

TR Y R R S S AT 1 ) e A L A 1
50 mL ANEER i R A2 P AT, B 2.0 g IR TR
F—E B M/TS = 1 fEAG5R] B2 H, O, 43 i A S0
SRR N AR o JE SR IO 1 e i 2
P IEEZE 1000 r/min, [F]FZ R 28— iR T
W12 g SWEE A Ve BN FHR B SO R 3R
WOH L B 043 25 AT LIS B2 B 2K AR
AE AR, EJZEAH B Rl R T R 48 )
1.2.5 R I BREE AL A 7 W B R 480 W
R E

R AR 3% — B ik F ORI A=0RE 15 {53 5]
XoF E AR ) AT o PR AE o3, A A -
RIS 21 Rix — IMS B4 (A 1% 45 (30 m x 320
pm x 0.25 pm) ; FEAE G IR 250 °C 5 THR R 7
50 CAR 4 2 min, LA 5°C/min FHEF| 230 °C H- 47 4F
10 min, F-L) 5 °C/min FHE 3] 270 °C 347 4F 2 min;
3T EE 2000 13 8N EG AR A 0. 72 mL/min; 43
FlkJE 250 °C 5 B TR 230 °C 5 i B AU L T35
i (ED) s L HE (m/2) 50 ~ 600, TR 3% 25 4
KIAETACKES DB — 1 BAIE 354 (50 m x200
pm x0. 33 pm ) ; JEFE 28 U BE 250 °C 5 A6 P g B2
280 °C ; THEFEFE 4 100 °C 43442 min, 2 20 °C/min T}
13 230 °C I 10 min, F-LA 10 °C/min FHEZ] 270

CIHOREF 2 min; 7330 b 2000 15 2800 B4 M =
0.7 mL/min; &S 7 & 30 mL/min; 55 X ji & 300
mL/min, {5 T HEARIH — AR R & IR T RR AT 5

THRRFEAL A (X) (& 7 W IR £E1E (S) FIFR ™
P (Y) = BRI AR

n, —n

X = x 100% (1)
Un
_ s N
Sswrm = o - x 100%
ey A4 KA
(2)
T 3 2
Spesiny = S x 100%
Ngmrm T Napsgmy T Tokmpm
(3)
_ U i
S = - o - x 100%
R ) K
(4)
Y = X XS (5)

A eng A n 43 AR SN JEORHR = 9y v R
FH R TR BE 5 1oy T ooy TN 1oy 53 AR T2 )
O SR RR R R S AR 1R Y I LA SR A
A BT R P VR EE
1.2.6  fifbim fAe

W 1.2, 4 RONESE UG , 43 B 30 [ AR Ak R
TR CEEVER: 4 IR 5 7E 120 C R T4 4 b, 1T T
TR NS F AT 4 UK, TR SO R
FEAL MR R PR B S R Y AR PR RE
2 #ER5IE
2.1 EALH AR
2,11 @i K N YRR B R AT

WZE T2 M/TS - 1 AR50 1 & 8 & &, R
N P LR RS 56 B 2 T % A4 A 700 A ot 114 B 2 i AR AT
FUARFHEAT T 3RAE, 4558 03 1 PR

Fx1 FEM/TS-1HEAFINEESEFFLIER

AL SR A% Hﬁézﬁit{/ ?MZE?FH/
(m™/g) (em’/g)
TS -1 462 0.263
Mg/TS -1 4.8 430 0.256
Mn/TS -1 4.7 425 0.253
Cw/'TS -1 5.1 438 0.259
Fe/TS -1 4.9 427 0.257

I 1 Al % M/TS — 1 ARG 0 ) 35 e
4.7% ~5.1% Jo BN (BIS(E N 5% ) , WL &AEAL
FIER I Tk AR B, B AT, disk 1
A AL A TS = 1 230 HA B ) B R AR
(462 m*/g) s5I ARG, % M/TS — 1 fifl il b3



52 CHINA OILS AND FATS

2023 Vol. 48 No. 7

TR AL BRI A EAIG, 43 BIAE 430 m’/g 110. 256
em’/g AiAio HRIBURFLIAFR B vl A2 h
WS & a  E O R 5T G T N
AR B 0 5 | AT AT K R A1 L 3 i AR L
PRER, DU I Y TR BT AN 2 26 TS - 1 LA
2.1.2 XRD FfE

TS 1 73T F AR S g Jm ety M/TS - 1 il
FHEY XRD M 1 Frs.

N, W

Mn/TS-1
M Jm.‘w Mg/TS-1
Jh \ - L Cu/TS-1
h Jm..,__m _Fe/TS-1
falk_.~mﬁwqh~¢,ﬁuwA~am.¢ . o IS-1
5 15 25 35 45 55
200(°)

1 & M/TS -1 fELFIE XRD &%

AT A5, TS — 1 FE S AE 26 Jy 7. 8° 8. 8°,
23.2°.23. 8°F1 45. 0° b HF 7R T A5 1Y R AE AT S
W BTG TS — 1 B A MFL R $h 4544, 1
HeERm. E5IASRZ G, % W/TS -1 fiE#fk
FTBR AR T T MFL i F 2544, (H 2 45 5 B A T b
%, X UL AR 51 A BA IR TS -1 43F 0 i1
AR HE)  (HUZ AT BB S BORE TS — 1 200 1 AR
Sk, [RIEE, £ M/TS — 1 4657 XRD &35 A
RE A BUAH . 4 8 S A AT 06 , 3k ] RS2 R R 4% 4
JE A v BE A HTE TS — 1 Ay F iR T 3.

2.1.3 FT-1IR £

2% M/TS — 1 LI FT - IR E3E A 2 s
T/ Cu/TS-1

. 974 TN T {
N N /

TS-1

Fems 1) j
Mu/TS-1 i s

s

16.0() 13‘00 1 000 760 460
WHUem™
B2 &M/TS-1{f#{F# FT - IR Ei

B T 2 AR, 25 Ak R0 R ol R A AE 5 AR DL R
fEE . o1 100,800 cm ™' F1 450 em ™' I %) 1%
e BTN 2 [ Si0, 1 1 T A 114 feh 4 4R sl i
1 230 em ™' F1 547 em B AW SCHT B8 A B T MFI
LA oy F O AR AR AR 2%, 3X 5 XRD A9 45 R AH —
;977 em ™ B A IRSCHS W )92 R 2 [ SiO, ]

PUTHAAR S Ti 5 e B PR sl i, B & i 251
PERIEER R Ti JETFHEA T TS - 1 2 T E 2™
BEE 4RI T AL977 em ™" FFFT (R W SO i 125 32 441
AL X ATREE AR S Ti I IAR A THEEARER],
TG T Ti JEF ) R s, 4% 48 etk 5 1)
Bdh B I BOE B8 IR BE I R Cu (974 em™') =
Mg(974 em™') > Fe(976 em™') =Mn(976 em™")
2.1.4 NH, - TPD {F

R TR L m AN TS - 1 Sy TR
R, X8 M/TS — 1 AR 3EAT 1 NH, - TPD 4
Br, 2551 3 PR o

110, 180

A Cu/TS-1

Mn/TS-1

Mg/TS-1
Fe/TS-1

TS-1

50 150 250 350 450 550 650
R

B3 & M/TS-1fE{LFE NH, - TPD Ei%

H & 3 AP, TS — 1 43 HAE 100 “C i A 1
A1 NH, BRS04 X AT REIH B T TS - 1 4p F i
i Si—OH = AE 55 R . fFEME L8R Z)E,
JirA M/TS — 1 AL FIFE 100 °C B 3 50 B 08 iy e i
FRERAT B RAR X AT RE Bt T B 55 1 0 T &
AT 592 o Horpr, Cu/TS — 1 fEALFRILE 180 °C
1320 °C 2247 SUBT G I T 2 4> NH, JI B e, ix 6 ]
TEGIA Cu ZJ5 AL P A T s R T A A
Cu LW A B AN A5 R 1, 3 S0 1 1) s R v o7
FORERE Cu 5 TS -1 iKY Si—OH =(# Ti—OH
A A
2.2 & JRBCMATIRER T B IR AACE AL 8 R a

K GC = MS HARXHMER I Eg A AL ™ Wit A7
FETE AT R I, A5 AT L 2 ORR AL, T DR B
G3R 3 RS PREIHIR T R (IR W) L R AR RR I
TR F TR K1) DL s a2 (i 257 o A i
PR EVESE R UL R SCHR [ 14 ] 8, HEWT M/TS -1
PEATR E R P R B B ER AR AN 1] 4 BT .

HE 4 a0 e iR R 5 H,0, K AR B
WEIMIR I 285 AR U PR A IR R i — 0 5
TR AR B B AR TR P IR 5 B J B SRR R
TREMRIR P ER S H,0, #F— P R A FAL IR B I
N A B RS = o RIS, RO SRR 3 2R



2023 4 55 48 15 55 7 1] T

i >3

Mo R —Se T HE RN, A U I B S A 1

OHO

H
NS N
AL Q u?
_ o e P
7 70 7 0
H

SR 2
s
|7I<ﬁ%é
WO
(0] OH O
Eviq
N WKO/
S Bl A 2 OH

R R
El4 M/TS -1 ELF EMER P BRI R R AR

FE SN BE 80 C SN TR] 12 h il R Y P 5
HEALTR A LG 100 1 H, O, 15 9 R FH P ) Jo 9 2 L
31T, X4 M/TS — 1 (AR LR H i 6 46
PEPERESEAT T A, 2R 3R 2 i

®2 AEM/TS -1 4 EimBE PR IRA/L1ERE

feqpw it ST EFEE %

/% WOR/ % HEF BT KR
TS -1 75.2 39.3 52.3 38.9 8.8
Mg/TS-1 71.1 39.1 55.0 38.2 6.7
Fe/TS-1 80.2 43.1 53.7 37.0 9.3
Cw/TS-1 81.9 46.9 57.2 33.0 9.7
Mn/TS-1 57.8 31.6 54.8 37.3 7.9

HH 2% 2 AT 0, AN [A) 4 i v i RIOR 45 A A ]
5 TS -1 ALFIAI H, Cu Fil Fe A5 AT DL i 3l
PR RS AL R AR S IR 5 1T Mg 1 Min (15
ARG T R P R A AL S IR S P s R .
H, Cu/TS — 1 bR B B e A R PP I 4% AL 32
WA, 45 81.9% F1146.9% . £5 AL
B AR, Cu/TS - 1 A4 A B )
IS W RK e By e PR 1, T A 2 7 W S P
TS = 1 AR B A o O B P e 6 1k . 25
GKE TEIA AL, Cu/TS — 1 A4k 5] SR i
T EAEMEACTERE . 454 FT - IR Al NH, - TPD 3RAE
450, Cu 5| ART LS TS — 1 Z3Fif AR A LE AR B
YERT, —Jr 2 e Ti = %R, 71— = 4
TR ER AL, AT R T AT
2.3 Cw/'TS -1 HEALbBR F BS SR AL T LA a9t
2.3.1  WREE

TESCNE IS TR 12 he vl B2 Y 5 4 A0 ) 5 o kL
10:1 . H,0, 5yl PERYISA I b 3: 1 2600, 558 T
SR FEXHEEATE PR s, 25 R AN S FIIEL 6 Fiw.

=
=

SH00 1 o grpy o
L ol Rk
N
£ 60F
i A —
€40
K
& 040 56 6‘0 7‘0 8.0 9‘0 ]0‘()
SR IR FE/C
B 5 &AREXMERBEE L RN E YIRS
1oor — Sy
80 F —— K =)
. —e— iR )
=
5 60
Z% 401
20 F ::
0 1 1 1 1 1 J
40 50 60 70 80 90 100
R I HE1°C
B 6 KRR EX =Yg

o1 [ 5 AT, Bl RN I 50 °C T
90 °C , IR FH e b 2 1 49. 8% |- J13) 84.8% , 5K
A PICR A RIS 0% LTS TR,
SV S 80 °C B B 40 W i R R B R,
46.9% . H1E 6 AT, B KON I I TH T, K A
PR AR AN T, T A 25 77 0 119 32 38k s 7
o, AT B KR R B 255 R Y TR %
b3 IS SR P B, i 80 °C o i
HERY B IR E
2.3.2  H,0, 5l F EsY IR A E

PN IREE 80 °C SRR 12 h JMERH s S5k
FUFTEH 10: 1 250F F, %487 H,0, 570 R e 4 5
AR L X AR P A B2, 25 SR A 7 e 8 i .

—— A fp
80 [ —&— A=Y E

—
(=3
(=)

60 [

40 1

20

0 . . . . . )

1:1  1.5:1 2:1 2.5:1 3:1 3.5:1 4:1
H,0,5 il & F R 4 52 09 4k L

H, 0, 5 i B8 B B 1 o 1) &8 b X e BR R R
HURMAR YR RKZ I

Eedb s A%

2

80

—u— K fi )
o s
1)
20+
..——l——/'/‘.’_—.

0 1 1 1 1 1 )
1:1  1.5:1 2:1 2.5:1 3:1 3.5:1 4:1
H,0, 5 1l & AR 497 )53 19 4 L
H, 0, 5l F B4 A = bk X P9k #R 1%

/%

8 sbA !



54 CHINA OILS AND FATS

2023 Vol. 48 No. 7

7 RN, B H, O, 5 1R R ) o A & EE
AN BB 482 e, il TR Y I 2 A AR o AN W g, (H Y
H,0, 5l B o i i tede w310 3+ 1 USRI R
IR 55 A R BE AR R F5 AL, XAl BEJE N OA Bl
H, 0, 5 il 8 W I ) o 1) i b 9 42 g, HL O, ] LA
Cu/TS — 1 fEALFIME F 7= A B 2 A0 PR O, AT 2
FALR . B H T H, O, 5l R R 4 i Y i L
i F 2 SRR F K AR PR B i ok, AT A
AR5 SN =22 8] 1R 42 A 00 5 R AR ok A 9k 5. T
HEFEALRA I — P4 . dilE 8 nl L B H,0,
5 MR P W0 SO ) L R R, RS R e R
TEHIEARR , T 7K 7R 7 40 R A% 29 77 00 ) e 36 1 U AS D
P o KT HESE D Hy O, FACHE L ] 9 38 il 51 2
I AR ) S 7 R AR A A 5 D B S IR B, £
& IR R A HCRLE H, 0,5 1R IR ) o 1)
R 301 Mk E R E
2.3.3 R IS AR B L

FELSEE 80 C SN ] 12 h H, O, 5l iR FH
PRI AA R LE o 30 1 26 F T 25 T iR P G -5 A1)
Juiet LEXP AR PR , 25 R dnE 9 Filgl 10 R,

—

gk —— SRR
40‘E/k——’\‘\

5:1 10:1 15:1 20:1 25:1 30:1 35:1 40:1 45:1
TR TR 5 AR R B L

—_
(=}
(=}

(=N
(=}

WAL | IR IIOR %

[\
(=} =
T

B9 B AR S A AL B b X i R R
HURMA R YR ERK 0

—A— IR

g —— K
E 40 —o— B )

0 1 1 1 1 1 N 1
5:1 10:1 15:1 20:1 25:1 30:1 35:1 40:1 45:1
TR PG -5 R 5 A

B 10 B BE S AL RE X P s SR A R

HiPE 9 A 10 m] o1, Bt il AR -5 L) o
RN W IR YR A AR BT, LR
ST BEREE A AN BT T K 7 )
e PEPE AN BTG . 3 T RE PR O Rl R Y B -5
AL TR TR AR B o, PR3 A v o 10 i A
REAER, NI P B AL R IR . 23R A IR S
HEAETR iR FEAE 100 1 ~ 200 1 2Z [a] IR, PR 4030 R Y 1R
ek B B R AE

2.4 Cw/TS-1 1B e A4

TES SR 80 °C | S BE A a] 12 b 3l AR HY I 5
HEAEGT B EE 102 1 H,0, 5l 1 59 i i) 4 L
3:1ZRME R 2R Cu/TS — 1 AL TR AP A 1 BE
AT TOESE, AR AN 11 BR .

£100 =

§ m PR

= g0f

]

£ 60F

B

K 40+

s 20f

)

&0 1 2 3 4 5
i R

E 11 Cu/TS -1 #LFIHBEE e

B 1L RTRDL FEZE T 5 MER Z S, IR H B
EEAL R W WM FRAR, (H 2 AR AL R AT 98
PR¥E TR iE M, UL A R A R A
PERE. itk — DB 5 A AR 5 R R IS 22 4k, 5 08E ]
5 ME G B Je 44t 450 °C (4 h BE e A FE,
FEHAT RIVEAE o N, W B0 B2 ik 4 B0, 156 1 s fie
AEFN Y FE F IR 438 m*/g FRAIKE) 398 m?/g, LA
FHH 0.259 em’/g FEAKE] 0. 235 em’ /g, X Al HE & H
TRl OB R 3 n, s o7 0 A A Ak 390 ) L L
AW, B2 a 1 ks e b 3, AT SR /N 4y FL
PiIEIE, JTUR IR BN, S ALY Cu &
T 5. 1% FEARE] 3. 7% , X v BIFE S 52 i fl o 72
o AR B Co AEAETR RIS , Xt AT AR S Ui
AT IMEREAR ) 75— BRI . Ak, (8 S A7)
) FT - IR &% ( WLIE 2) F1 NH, — TPD &% ( UL 3)
Syt AT SEA R — 20, X UL R ) 2548 AR 1k
IR KW B AR, B REFR b At .

3 & ®

K UIETTRR L& 1 R &8 ety TS -1
HAEFI(Cu/TS =1 Fe/TS —1 Mg/TS — 1 FI Mn/TS —
1) SJEBPEER M/TS - 1 AL FI PR EE MFT 46
Fhasty 25 7, BET L 3% 1) B AL AR BB A3 B AR
FT - IR 251 %W, @ 5| AsZm 17 Ti i+ 3
Bi R & A #s . NHy — TPD 2550 3R 0, 4
JERWCHERT ABEAI TS — 1 43— 2 10 1) 55 BR A7 s 1) X
i, (HJE Cu/TS — 1 AR5 R 2038 i 158 i b o
FRYENL s o Cu Fl Fe (5| ASE I T 4k 570 i it iz 1

BTGP, 1T Mg 1 Mn (195 ] AU REAIS T AL
W, Horh Cu/TS — 1 72T A AR R T dRefE
MIHEATEYE . Cu/TS — 1 ALyl IR FH R 20 48 AL 1Y
FEL S RO FE 80 °C (H,0, 53l R H lE Y



2023

AR A8 4 5 T

S A EC!

Rl

55

R L 30 1 3l AR IR S MR AR B b 10 1 ~
2001, FARSER WoR, 2ad S IRIAEH G, FHE Cu/

TS

= 1 AR HA s i AL 16 1 (2 A HL

DUBLRN Cu it 5% n] RE 25 T SRR I ZZ 18 2R3
S 3k

[1]

[2]

[5]

[6]

—
BN
[

[10]

[11]

[12]

[13]

[14]

GALLEZOT P. Conversion of biomass to selected chemical
products [ J]. Chem Soc Rev, 2012, 41(4) . 1538 —1558.
ZAINAL N A, ZULKIFLI N W M, GULZAR M, et al. A
review on the chemistry, production, and technological
potential of hio — based lubricants [ J].
Rev, 2018, 82 80 —102.

NAIK S N, GOUD V V, ROUT P K, et al. Production of
first and second generation biofuels: a comprehensive review
[J]. Renew Sust Energ Rev, 2010, 14(2): 578 - 597.
BIERMANN U, BORNSCHEUER U, MEIER M A, et al.
Oils and fats as renewable raw materials in chemistry [ J].
Angew Chem Int Ed Engl, 2011, 50(17) ; 3854 —3871.
FEEE, 2R, WA, S5, PR YIh AL O BT
PR, PEE, 2017, 42(11) ; 57 -60.

LATHI P S, MATTIASSON B. Green approach for the

preparation of biodegradable lubricant base stock from

Renew Sust Energ

epoxidized vegetable oil [ J]. Appl Catal B - Environ,
2007,69(3) : 207 —212.
SUZUKI A H, BOTELHO B G, OLIVEIRA L S, et al.
Sustainable synthesis of epoxidized waste cooking oil and its
application as a plasticizer for polyvinyl chloride films [ J].
Eur Polym J, 2018, 99, 142 —149.
CHAVAN A P, GOGATE P R. Ultrasound assisted
synthesis of epoxidized sunflower oil and application as
plasticizer [J]. J Ind Eng Chem, 2015, 21 842 —850.
VIANELLO C, PICCOLO D, LORENZETTI A, et al.
Study of soybean oil epoxidation; effects of sulfuric acid
and the mixing program [ J]. Ind Eng Chem Res, 2018,
57(34) . 11517 - 11525.
AGUILERA A F, TOLVANEN P, HEREDIA 8, et al.
epoxidation of fatty acids and vegetable oils assisted by
microwaves catalyzed by a cation exchange resin [ J]. Ind
Eng Chem Res, 2018, 57(11): 3876 —3886.
AWOKE Y, CHEBUDE Y, MARQUEZ - ALVAREZ C,
et al. Solvent free epoxidation of vernonia oil using Ti —
SBA — 15 with tailor made particle morphology and pore
size [ J]. Catal Today, 2020, 345, 190 -200.
WELY, LIG, LUQ, et al
epoxidation of methyl oleate over hierarchical TS -1 [J].

Chinese J Catal, 2018, 39(5) : 964 —972.

Green and efficient

WILDE N, PRECH J, PELZ M, et al. Accessibility
enhancement of TS —1 — based catalysts for improving the
epoxidation of plant oil — derived substrates [ J]. Catal
Sci Technol, 2016, 6(19) : 7280 - 7288.

SCOTTI N, RAVASIO N, PSARO R, et al. Copper

[15]

[16]

[17]

[18]

[19]

[20]

(21]

(22]

(23]

[24]

[25]

[26]

[27]

mediatedepoxidation of high oleic natural oils with a
cumene — O, system [ J]. Catal Commun, 2015, 64;
80 - 85.

Jilil, B IMR, WRIE, 2. BRIBARER T T AL 5 R AR
REIMBPFFRELT]. TePlER Tk, 2017, 49(9) : 68 —72.
AWOKE Y, CHEBUDE Y, DIAZ I. Ti - PMO materials as
selective catalysts for the epoxidation of cyclohexene and
vernonia oil [ J]. Catal Today, 2021, 390/391. 246 —257.
CHENG W, LIU G, WANG X, et al. Kinetics of the
epoxidation of soybean oil with H,0,
phosphotungstic the
polyethylene glycol [J]. Eur J Lipid Sci Technol, 2015, 117
(8): 1185 -1191.

CAI L, CHEN C, WANG W, et al. Acid

epoxidation of soybean oil with hydrogen peroxide to

catalyzed by

heteropoly acid in presence of

— free

epoxidized soybean oil over titanium silicalite — 1 zeolite
supported cadmium catalysts [ J]. J Ind Eng Chem,
2020, 91 191 -200.

CHEN C, CAI L, LI L, et al. Heterogeneous and non —acid
process for production of epoxidized soybean oil from soybean
oil using hydrogen peroxide as clean oxidant over TS — 1
catalysts [J]. Micropor Mesopor Mater, 2019, 276 89 —97.
WU M, CHOU L, SONG H. Effect of metals on titanium
silicalite TS — 1 for butadiene epoxidation [ J]. Chinese J
Catal, 2013, 34(4) . 789 -797.

WU M, SONG H, WANG F, et al. The positive role of
cadmium in TS - 1 catalyst for butadiene epoxidation
[J]. J Mol Catal A — Chem, 2013, 379, 207 —-212.

WU G, XIAO J, ZHANG L, et al. Copper —modified TS -1
catalyzed hydroxylation of phenol with hydrogen peroxide
as the oxidant [J]. RSC Adv, 2016, 103(6): 101071 -
101078.

PR, XN, F00FH, 45, SAALBEMEROK TS - 1 4
eI A [J]. frlss 3. fln T2, 2012, 28
(3): 388 -392.

WANG Y, LIN M, TUEL A. Hollow TS — 1 crystals
formed via a dissolution — recrystallization process [ J].
Micropor Mesopor Mater, 2007, 102(1) : 80 - 85.

MA B, ZHAO C. High - grade diesel production by
hydrodeoxygenation of palm oil over a hierarchically
structured Ni/HBEA catalyst [ J]. Green Chem, 2015,
17(3) : 1692 - 1701.

SCARANO D, ZECCHINA A, BORDIGA S,

Fourier — transform infrared and Raman spectra of pure

et al.

and Al -, B -, Ti — and Fe — substituted silicalites ;
stretching — mode region [ J]. J Chem Soc Faraday Trans,
1993, 89(22): 4123 -4130.

RICCHIARDI G, DAMIN A, BORDIGA S, et al.

Vibrationalstructure of titanium silicate catalysts. a

spectroscopic and theoretical study [J]. J Am Chem Soc,
2001, 123(46) ;. 11409 - 11419.





