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Abstract

Polyimide-supported silver nanoparticles (PI-AgNPs) were prepared by in situ method. The PI-
AgNPs were characterized by transmission electron microscopy, X-ray diffraction, Fourier trans-
form infrared spectroscopy, thermogravimetric analysis, indicating that the AgNPs were well dis-
tributed in the polyimide and had a uniform size of 12.5 nm. The catalytic properties of the sup-
ported PI-AgNPs were investigated by the epoxidation of styrene. High conversion (93.5%) and
high selectivity (82.89%) were obtained in acetonitrile as the solvent and t-butyl hydroperoxide
as the oxidant at a catalyst concentration of 0.0138 g. The effect of Silver Nanoparticles loading,
oxidant, solvent, the concentration of the catalyst, reaction time, and temperature on styrene
epoxidation were also studied.
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(XRD), fHEMZHRASIEH(FTIR), AEHH(TCA)SHREMAFBAT TRIE. MPKPLFERBLT &
T REABRE, BRICKRFHEYRTR12.5 nm. EH £ HRBE LR ARBRICRELTHT
EIHEIREARSL, P T HAELRAL PR RE . ST ECR0.0138 g, ZFEAWH, T ELHRL
SREAHIRT, EZIFHFEALIR(93.5%) NI AR ML FENE (82.89%) BIRE . LR EHRT TRHM
KALFHIHRE, FMFFR, WHFR, BARIAER, KRR R BLHE EX L R S R KR .

XK ia
RBWRE, MYPORRLT, K24, HEREL, HREXLHE
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1. 3]

HER LI AR AT LI, 2 ML I & R AR, AT BAE AR -2 LB AN e Jig K24l
aY, TSR 2 T B E B, Rk, 6k TR R 20 AP SE A S B ) 56 R SR SR ] T AR
FHIER. W A, Ag FEEEPURMEL T QA T2 L)G A AAL B [1]-[6]. Jin Y.AEEH] T 5
TEA FUAA R B B9 AKRE 5~ HEALTRIAE 6 /NN S I T 92. 1% )8 iy i 3k (H e A 32408 50.4% [7].
1M Liu JAEH] Ag-r-ZrP VM K 2R EATfEAL, B8 8 /NI NG ALZTL B 92.9%, (HHXS T4
LIRWEREPEANL 44.7% [8]. T Dong W.J.55 {3 ] MoOs 44K £k 12k 1Y) Ag KR F1E MM, Fefbze
Ik 94.6%, [RIRERIN T8 IR ZIR I R 55.6% [9]. Al 72 H RTIEEA HEALFIFER 2K 206
IR SR AL P B[R] I e ot i e A R AT 1

S JREANKRE 5 FLE A (R LA P 56 200 1R S 35 R AT FRO R AL E[10] o S0 S 7 SR PR ) < i
KMLT (B B B e A B AR & 5T, B0 2R SRR R AT 4 S AL 85 L TS-1 4 [11]-[16],
ARSI SR & WIREAT 5038, RO K 2 BRI ARME AR 32 it S B S B [17] . SRR A A L R 9t
AL, PURTREE A AAR E V18] [19], PRIAH LE T Fotty s 7304, SR e A S A S B b HoA A =4
KEIHE 77 Ahn J-HEETT 57— Z 50 ISR A% 5 8K ) Mo(VIAT P(I)IR &4, KRILEATEVF 2 A B
T BA R R ERE, IF BIERERHT T Tk A A7 [20]. BRI 1 oy ST Vi O i B4k, £E /il 48 d 72
HAE I 7 1 A I E RE R RE RS S5 ARG TR B R 4 10 2% A PR R 9K 1, NI AT AR 2R EE DN,
EEIEIHIARPKR T X EARPPKRRL T A BRI R, 785 [ B R HE il e 4 it 58 2 3 1k
AL SN A 0t PR e 2 H o SRTTT, 0F T BRI U Ji S ) <6 e oK AL R R BF TSR AR b o FEIE 2 T
AT G h il a6 HH SR S B ) R ANORAE AL, B0 4 2 M R AL IR S b AR I 1 88 ) S i
PEME T IR PR RE[21] 0 13— D0 TT SR e S B ) < oK AL TR R P . A SORE LR T T2 4
W AAC AL, I HARTT T — R FIRZI R 2 ASRAS 5 A AL R B A Fr e 42k

2. SEIGER4y
2.1. SCIEIER

3,344 - " HIEKME(ODA), FlFERUITHERAR, oM, 44 -KEHIUER & (BTDA), it
WY RFERHARAR, oirdl; KO, RETEFRAL TERAR, oiral; BIK, 4R,

][l
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N, EAE, NN-HEEHELZ(DMF), fUT A NE(TBHP), BERET, = 4%, MHERH(AgNO;),
[ 25 4L ARG R A ], /bl

2.2. fEALFIRRIE

ERGN KL T 1) SR AR S5 AN &5 SRS AE X S 2R A7 543 (D/max 2500/PC) 47 73 #T s ERGFKRL T IS
RT3 5 o7 R ABE (TITAN G2 60~300)3H 47 WL 5%,  #/ Mir i FH 4 EE /3 T (NETZSCH STA 449C)
BEATRAE: FREX 10 mg MMM, U5, BL10°C/min B THE#E 2 A 30°C T4 800°C.

2.3, EHFIRTHIE

AL 86 0 20, o S A SR e R B IR A K BT 2% 5 W) (PAA-AGNPS) I il %, K BTDA
(1.264 g), F1 ODA (0.766 g)i#fi# T DMF (10 mL) & TR SR T, SWBiH: 24 /NeF, 13210 R B
BRI DMF #BEZE 0.01 g/mL, BEJS, %% AgNOj; (0.196 )i T 20 mL FaRe() PAA W, FHKIR
EWrInHE 80°CHiRE 10 /M. Z 5, AEE R PAA-AgNPs ¥ 43 BN = Z.1%(0.4 mL) 1 Z R TET(0.8
mL) R 12 N o b 2 545 B AR Bod 8, K S 2k, BT 60°C 2 T
FETHR 12 /NI, JHER 2 200°C B3 T 2 /INF BT AT 75 380 SRR i 7 4 R AR 9 K AR 4K R (P1-AgNPs-1) . [7]
FER 775 0] LA £ PAA-AgNPs-2 (FEERER 1) &4 : 0.393 g); PAA-AgNPs-3(FFRER 1 &4+ 0.787 g).

2.4. fEHSTIBIMERERR

K OIG A — BERIE N, K AEA771(0.0138 ), % Z4(10 mmol) R Z fi§ (5 mL) & i A fig 24
TR EEE (X B SIS e 2 R A 30 40, B S A ARG E T 82°C R s FHLHE, FEPEMA
BT B E A mL) BT RV . RIVEEHR G, R g, R TK RSB E T RS T T
FR 12 /NI T — IR . 45 300 SR8 ASOME €3 (GC-2014C) 4T 73 A1 . A8 Wondacap 17 245
B (it i:, BERESSIRE 260°C, AR 280°C, HEFAVIMAIRE N 60°C, {R4F 1 70k, ZJELA
40°C/min [3E K THE 2 280°C{RFF 5 /3 4h

3. &R5118
3.1. {ELFIRRIE

PI-AgNPs-1, PI-AgNPs-2 Al PI-AgNPs-3 /] XRD RAFLE Rl 1 fion, 15°F] 357115818 5142 PI
FIAE AT, TWAE 20 = 38.02°, 44.28°, 64.30°F1 77.32° AAT I Xk 2 F) 2 THI 0o 37 78R K (111), (200),
(220)FN(311) At THI » IX 7R BH S 56 HH (AR B T A TR B AR B0,  FLAR AT IE A I B LI R, Skl g
KAMHCIRAS I FLAT 565 Ve Fy 5 P o 5 R 70 80 1) 184 T 384K

Kl 2(a)& PAA-AgNPs-3 iZ T LI, AT DLE H SRR CRR U & Ak 22 1 B AR AR Kb 140 A 35 50
PKKLAESARAE 9~13 nm 2 Ji), “FHIRFAE 9.95 nm £ A GE A 2(a)), 14 2(c) 2 PAA-AgNPs-3 H1 Bl
YRR T (1 = o B S B, T i b T DLER R di A% 2% 80, [1E 9 0.236 nm 7245, KRS (111)
T AR T B o 1] 2(b) A2 PI-AgNPs-3 3% 5 Bz [, AEIH ] LLE H SR BEIGIR G i 2 5, BRGIKRL Tt
T 51 AIRAS, AERYKR T 10- T RS8R E] 12.5 nm (3615 2(b)), R IILE AL Ab ok F
RYPKRFAREK KT .

PI-AgNPs-1, PI-AgNPs-2 UL PI-AgNPs-3 [FAE M 2R ans 3 Frow, 20 A ih 28 v] DA 2
PI-AgNPs HHR & & DA R AR R 3 ER e o AL TR iR B EE AR U I, SRR e 2 R AR A il
AT ) Ag GIKKL TR 58S G AR R R . MR BV e 4 )5, TG MiZekfaefE—4%
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Figure 1. XRD patterns of the PI-AgNPs: (a) PI-AgNPs-3, (b) PI-AgNPs-2, (c) PI-AgNPs-1
1. PI-AgNPs B9 XRD BEJiZ: (a) PI-AgNPs-3, (b) PI-AgNPs-2, (c) PI-AgNPs-1
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Figure 2. (a) TEM micrographs and corresponding size distribution of PAA-AgNPs-3; (b) TEM images and the correspond-
ing size distribution of PI-AgNPs-3; (c) HRTEM images of PAA-AgNPs-3

2. (a) PAA-AgNPs-3 B TEM EIGFIXNEIRT57%; (b) PI-AgNPs-3 ) TEM EGFIXRAIRT 55 (c)
PAA-AgNPs-3 #9753 #HZE 51 i 5 Bl 1%

100

80

60

Weight (%)

40

20

0 i 1 " 1 i 1 i 1 i L i 1

100 200 300 400 500 600
Temperature ("C)

Figure 3. TGA curves of (a) PI-AgNPs-1; (b) PI-AgNPs-2 and (c) PI-AgNPs-3
[ 3. TGA #h%k: (a) PI-AgNPs-1; (b) PI-AgNPs-2 and (c) PI-AgNPs-3
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B b, M TR iR AR R I, LR o R DL AR R R A AR 1 b fR S PI-AgNPs-1,
PI-AgNPs-2 L} PI-AgNPs-3 [ 734 # 2%,  300°C FRUT A4 4 2 B 300 50 7 U1 BR] T4 75126 T R B £ 20
KR IRTE 2 S I A Bk . 58 IR ERRIATE 410°C 4 1ET4) 600°C, X UiH T 7E 7 E R 40K
LT I SRV 0 v i P R R A AR Ak . iR 1 iR BB AT LA 575 %, PI-AgNPs-1, Pl-AgNPs-2
DL PI-AgNPs-3 [R5 & 7371 5 6.5%, 13.3%F1 17.5%.

3.2. RLIHNENTFFHLE N

321 HAFPREEURAENEAEZHERALR LM

TEMEAR OB, AR PR A A M % AR Ak T BB R B2 Al K, IR DR g A 71 v 4 S M oK R 1
(1 Bt DA S A AR ) B ] AR A i PR AL IO AR [15] . 7% 2 R4 H T PI-AgNPs FRAR & B0 2K 2.0
(AL 26 DL RO SR A e B R S

FRAE 22 2 v LAASHAN, 24 (A0 R R AR 5 BB B =), 2R LA (e A et Bl 2 g vy, MRS Bk B 17.5%
I, IR EALRTEIA 93.5%, X TIAETE M5 (SO) ik Bt th sk 82.89%. AR& B MR E & kA
LTI FEAL RIS v v DAREVE 6 8 B R R, V&R R AL 2, R T RS AT, 7R
RN ER, RYPRRFAE TS, HEEikE, MIEEagE. S, 7EH4% PI-AgNPs
Mt R, R IR R DA 25 BT, X T SRR et T ARG R BB — e IR E,
I T R R, I 2 RGN KRL T H TR 52 B R 0 R H R A — kS, MR R
KIS, 2272 A PU0E o TE ML 45 575 T, 22 U046 IR & i ABR o, SE 36 Hh 15 1) B s & o 17.5%.
{72, 4 PI-AgNPs-1 [ RN E FORI1 4 %, PI-AgNPs-2 [ S8 & 5ok 1 2 %, BT IR
SRS, EMEITERETR LS PI-AgNPs-3 MIELEE . EEJER A, 7EFEA%H] 4 PI-AgNPs-1 L%
PI-AgNPs-2 {1, RACKRLTF TR INEECD, PEREET S B, ARG PEAL B T 45 SR T i
LT TS R Ak, AT TCI AL P AR B . PI-AgNPs-3 R JEH i AL B A A AL 1
EREE, R T4 ORI SEE

Table 1. The weight loss, residual mass and the weight percent of silver of PI-AgNPs

% LPI-AgNPs IR E, RIRRERRSE

Ff b R E (%) Tl A2 5 (%) RS (%)
PI-AgNPs-1 92.5 75 6.5
PI1-AgNPs-2 84.7 153 133
PI1-AgNPs-3 79.9 20.1 175

Table 2. Styrene epoxidation using different silver content of catalyst

F 2. EUFIPIRSEBURAENEAR BT AR

5 AL HEAFINE@Q)  HHER®%)  HEE M%) # (%) HE (%) TON
1 PI-AgNPs-1 0.0138 48.58 43.92 44.01 12.04 257
2 PI-AgNPs-2 0.0138 58.42 61.77 30.26 7.96 212
3 PI-AgNPs-3 0.0138 93.50 82.89 14.79 231 352
4 PI-AgNPs-1 0.0552 80.18 64.71 23.07 12.21 163
5 PI1-AgNPs-2 0.0276 82.70 66.90 23.48 9.53 163

RN A K 20(1.04 9), TBHP(4mL), ZJEG mL), 80°C, M 13 /Mif; TON: Moles of styrene oxides/moles of silver in the catalyst.



FR %

3.2.2. BRINEFEZHELIFRILRMFNG

TERIRBEREN T 2K SR AAL I RN AR H B2, AN FE D T2 RN M e 3 ol . #
ARIMANARARTIE T, IR S SR BT AL 2, B =) £ 2R W RE(BZ), (X433 35.04% I AR L0 o
LA ZHE AT, PI-AgNPs JEILH I 5 3% 11 (82.89%) A4 4k % (93.5%) , 1M i Fl 1R 2. T8 H 2K
FIER AR, AR RAR, LRk AR = B . X — sl AR e 15 3, 58
(IR 1 95 TR RE S R ik 2R 203 S A N SR 2075

3.2.3. |4FI(TBHP)W A BN F Z H M E L R R RIF M

4 B ATE 82°C, 13 /NI AN A B AL FRIIR A8 F B0 T LA PI-AgNPs-3 i Ab 71 1 28 0@ 1 45 AL
SRR o A A AL FI(TBHP)BS, AN 2.3%. H—HE I 1 mL () TBHP J5, Zdis
WK% 58.9%, HHNTHERLMHEFEEILR] 65.7%, M4 TAIMA THBP 1 3 %, k% TBHP [
BIZWIG A, KB R B2 K, 2 TBHP &L S 5 ml i, 2K 206 AL 24 5] 93.5%,
ST IEIE IR B Bk 5 82.9%. 4kZEMAN TBHP, HAREAL A RIS, HEAN TEIEHk
PRV BT AT . SR AR 7 BT TR IR A A R, HR I 2 I SR A AT Rk P S8R 2 B R
B R R 28, XTI LI ISR AF
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Figure 4. Styrene epoxidation using PI-AgNPs catalysts at various amounts of oxidants

4. BUFHRENTRCHERENR ZHIFNT

Table 3. Styrene epoxidation in different solvents
= 3. IATREEMEU R BT E N R IS

5 AR FeAb (%) PR A5 (%) 7K EE (%) Her (o) TON
1 i 935 82.89 14.79 231 352
2 LR LT 75.92 66.42 32.11 1.46 229
3 P 41.84 63.16 33.74 0.05 120
4 F 51.96 46.29 31.86 218 109
5 *x 87.97 35.04 63.73 1.23 140

R4k PI-AgNPs-3 (0.0138 g), #Z.0%(1.04 g), TBHP (4 mL), ¥A#I(5mL), 82°C, J 13 /Nitf
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3.2.4. RNKEXEZHELIFRILR AT

ANV S BEBSS T] 2 20 PR B A B0 RIBA S R e B PE 6] 5 s AN 2 /NP2 13 /INEF, 2K 205 1
AR EIE N, WO TR 0 R B M IR 2 e R AE — AN KT . TOF [R5 SR SIS [] P 7
ANTEVE RO 51 R AL S R IREL, SRR T AT PR — R PP . MR NHEAT R 4 NEF, 24—
IR IR R A T #etk, M iZ RS TOF 353 46.9 h''. HR¥E O & kK £HISCHR, 2418 Ag-r-zrp [8] 91
FIE, ER T2 IR EAL RS TOF 355 30.5 ht,  Tifs B B 4P 4E[12) A B4R 40 K ki 118 TOF A
7.6 hto TER BN, TR L G B AR GKRL KT TOF B4 0] LS &4k ki1 [16] (TOF: 34.3h™)
FFEFEIE . M TOF MG &0, PI-AgNPs & —Fh i v i 1 711 o

3.25. RNMBEEMNEZ HELFEIRHAIFNE

FEAF IR LT, PI-AgNPs AT T2 L0 A AL SN AL I DL 4 B i 42°C LTt
£ 82CHY, FALRAELEME S MK T 92.6%F 54.2%, 3% B i R B AN AT LAk ) S AT, T
I A BT SN ) 43 2SR R SR T R AT o X 32 22 T UT R A SR D9 AR I ZEAS [ R B
TEEA T SRR, MR, T R A IE T e, PR B I BOR AR RS R
R T HRTE e Th R X T IR LM (R B 1 S AT A

3.2.6. FRIBERARKFEMUFINEZBHF RN R A ELIEREXEE

Z RPN F IR IS T4 CAR PR A AL B I R ORI 5 v s o 24 A8 AQITIO, 1 9 AL RIS
HIRN THE> CRMBIE RIS, X3 92.9%, (HRIZSMRFARIERIK, ERERBEOMEER
—F. [, A Ag/CuO NHEALTHINS, HeAb AR I 100%, (E2X T M AR LM A2
e FTEL, PI-AgNPs 12K IR S A S5O A AT AT DL [ I S g RO e A A e e, AR 2
FIZ IS AL IR B — E RIS

Table 4. Styrene epoxidation using different reaction temperature
4. REGREFMEUR B E R R AIR T

Fs SR AL (%) IEK I (%) T (%) e M%) TON
1 42 0.91 28.69 71.30 trace 1.18
2 62 41.9 68.44 30.20 1.35 130
3 82 93.50 82.89 14.79 231 352

MigkfE: PI-AgNPs-3 (0.0138 ), ZKZ.J#(1.04 g), TBHP (4mL), ZA5(GmL), &M 13 /M.

Table 5. The comparison of styrene epoxidation using silver nanoparticle catalysts with different supports
= 5. PRIBFRARN FEAFIN TR E TR R MEL T EERIEER

Fre AT R b2 Xt SO Hik etk SR
1 AgITiO, Not given 44.7 92.9 [22]
2 Ag/CuO 50 100 70 [22]
3 Ag/LDHs 276 83.1 89.3 [14]
4 Ag/CNFs 20 35.9 28.8 [13]
5 AglPI 175 935 82.89 A CTAE
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Figure 5. Styrene epoxidation on PI-AgNPs catalysts at different times
Bl 5. RNAEEX TR HIF RN R MEIFN

3.2.7. RARRNFEAFINEZHFEUREHNES L

TR PE, PR A B S 1 5 B L 5 R AR G KA AR R BT R - U A,
PI-AgNPs-3 X & L& PR E AT AL = IR, O ZRAEAAS, ALV EREF TR SR 2 M LT i 1 1k
FE1E(79.84%), K LA AL A I EK(78.9%)

4, &Eig

A58 R ASE ] 95 PR 7 92 8 1) e RETHE SZ JH SR B R AR AN R AT, T EAL AR B RAE R B, AR AR T8
SIOFATAE IR BE M e A, P RSO 12.5 nme SR A7 380 R BRAM K M AL TR FE R 2R 20 3 8 AL IR M
W EAREL T R ErERE, LA N FIRNSE, IOMI AL, BN, AALTIRPSR, RO,
7 P B A X AL R LA PR AL IR RO, SR 2445 31 S B e A 93.5%, X RS K LI i) IE 3 1 v 1 82.89%

AEER

[ 2% AR BL#3E 45(51573209) ¥ BT H &
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