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P SCHk [ 15-16 1 HGE |, BRIEAYORE SN R DG
PERYRE AL ( Si-0-Si ) JEF T S5 | i HA s Py i
T EL A 58 v A A 2 S 7 6 2 1 ( A1-OHL ) & AT Jp
B, SRR & A e e, onT DX R
TEATYRRAE (1) N D2 T S S0 T e e B
B Q1B S et K7 s e L g R E L Py
AR 4 1) TSR AR T L e a3 £ 28 B ORI A 1)
P NI . B SCRRARGE ™ B ok R A T 1
AN KA ORARAL T 10~20 nm, {H—Bk Ui
5 nm [ AR A 0K 4 Fokr R ST 5 R L A T P
WL B RRE | W ERE UM A
SN B R e G S S Y S BN E SV WK R

F A RE e (5 15657 AEAPTMS () -NH, 7] i {7
IR E T IERE , SE T & MATIRIR A SRS
A UL MR 3R A B R 28, 4
S AL BN AR AR 5L, AT LRSS ERi A2 /N T 5 nm
A BRI OK 4 B0k, K A A T30 O e
TR BRI, S/ A A Ak T P ke
PR EEAESCER [ 18 ] P i i GE 1 4 K 4 Uk
T 22 3R B A1 1 150 36 A T 1 £ B Tk B
TEIRCBERAHIE R A I R A AL RE | S PR
PERIZRIE AT TR AR EE |, SRR B B 57
AEAPTMS A2 A UM R 3508 A B 1 2 ) At Ak
FNFEER T e RS ek

1 KIEERSY

1.1 EERLSIKF

BRI A 9K (HNTs ), AL AT O iA 1k
VR s OB, = 95%, AR ;N- (B-R
Ho)-y- BN E = B A fELEC AEAPTMS )5 7K S
%, = 99.05%, AR %% ; A 4 IR(HAuCl, + 4H,0),
= 47.8%, AR %% ; & ALEI( NaBH, ), = 96%, AR %% ;
FFREERR4M( NaCit ), = 99%, AR 2% .

TR A YORE R L | 00 Hoatb A 14
afi | 2405 MRS A DOREAN R T 588 1Y ik g
1, BB B RS O R R
12 Y32 PHNTs R E A HHSBAFIRRNHE

BRIE A R 0 s B LA 2R A AL 7
FER & IR ER DN TF R RS [ 18 1,
A M Z7T |, LASRE N L P LS s
W (PDDA ) Syt i e W B A5 4 B i
MBI A AR | 100 PHNTs, SR 50 145 il 45 1
S VA W B 3 PHINTs (32T , o o] £ 110 4 B

BAE AT YUK BRI S AR % FEAE S L A5
1C M x%Au/PHNTSs, HH 4 i H8 71 405 x=0.5.1,
1.5.2 fi12.5.
13 WU AUNTs RE AN S ENFIER 6 &

B AT I E O - FREL 2.5 ¢ U N- (B - &
LK) -y - BN = H A B RELGE( AEAPTMS ) ¥ T
95% LEEH , ARG pH (Eh 5~6, Fi fafikLt
BB SEIE AR 1 2 1, FREUR 4TS 1)
B AYRAE (HNTs ) IMAE] B R IR &, &
JETE 80 CYREEMIGE N RIZIHFE 6 h, i 3EIFH 95%
BRSO, bR ZSAR R ) A HLRE e S AT
REMIKIE =W a , B UTTEY BT 80 CHYE.2s T
FETP TR, B B0k 25 OE B3R I8 A AR
1C4 AHNTS, YRR 5 2L 17 840K 4 1 a8dR & ] .

S AEALFRE S 28« PR — b et Y
B A AR (AHNTs ) E R #AA , AR gk
R AT E 15 min, VRS AETA , # IR 4 r s
g (50 3518 0.5% 1% .1.5% .2.0% F
5% (X0 i 43880 i S TR AR R i, 1o kA
PR IS BB LAY 10 mmol/L 1) AuHCL, 15
FZIGEFE 1 h 5, #2218 Au 5 NaBH, FEE/R LA T & 5
I, W5 )50 NaBH, AN R A
FERIZIEFE 30 min FIRJFLE R, B0l uE , Al
KBRS ET CI, 7E 50 CHIEZS THRA b T4
RIA5 3 1k 27 SOk 350 1 7 3R 40 0K 4 AL R A
i, 180 x% (JFE43M%0) AwW/AHNTSs, Hiif x=0.5.1,
1.5.2 1 5.
14 SEUFIFRHELRRE

DAFR L e A R B M S ARV AT BT i 25 1)
BB S AR S AERET SN, SRAF G AL IR
s PR AR M DL KOsE R 7= B0 L B A R L BE (A
PR KA Vi) festt . BRI « 227 A R U 3R
2 (PTFE ) NAT 14 35 mL AN4R A9 08 2 e e g 28
A AIA 0.15 g LT, 4 mL 3 ke , 20 mL 7
M A ), DRSO AR, RO AR D 2
MPa, Vi B 170 °C ., %3 500 r/min, S HSTH] 2 h.
BN P S AR IS ( GC-2010 ) E b, Ak
BRI ES (FID ) R, 235 5500 e B iy
P OMrE ) TGS SCHR[ 18 ].
1.5 SHELFIERYMERIT

K JH 7 = A 4 75 ( Bruker ) TENSPR27 U {df HL
M- 75 He 21 Ap 1 K S 3% ( Fourier Transform Infrared
Spectroscopy, FT-IR ) Fl % 5 4 bruker advance III
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400 MHz 1) B ARG Si CP/MAS NMR, RAE#R
A AL ERCR

KA A 1 L IERE & A5 B TR DG
(ICP-OES ) ICPMS7700 43 T AL FAIAT: i 48 TT R 14
SEPR R

K H A L R oAt JEM-2100 #L37 5t s
I 1 5% ( Transmission Electron Microscope, TEM ) W
GEYURBTEBUA F B S SORiAR 7 A

K FH 26 [ 28 B 6 2R B R A W) AR I K-
Alpha* #Y X- B} 28 )% B F 68 % {X( X-ray Photo-
electron Spectroscopy, XPS ) 43 HT A AL FE iy 22 11 4
B A s Horh XOETE M B4k ) Al Ko J5( Mono
AlKa ); figf A 1486.6 eV,6mA x 12kV (72 W ).

2 TWERTITIE

2.1 RIEAHEA F R R

& FHHE Be fHBE ) AEAPTMS X 382 3% 47 40 K 4
HNTs S jite b 22 A e |, R FT-IR A1 *Si CP/
MAS NMR FAE b2z a5 .
2.1.1 ZAb2EE R A 1 FL-IR 23 B4 &)
1 A Al AOPE i I 3 %A 0K A I 2T AN O
P b R RIRIE AT AKRAT AP R RS PR L,

2925

= HNTs
e AHNTSs
«— AEAPTMS

Transmittance / %

L I
3000 2850 2700
Wavenumber / em™

2925 2853

Transmittance / %

4000 3200 2400 1600 800
Wavenumber / cm™

1 Al bV S 2R3 1 1 FI-IR 35 4]
Fig.1 FI-IR patterns of halloysite before and after chemical

modification

73695 3622 F11637 em ™ B Mz UGS TR
WATAAAT BRI R SO0 ELN ek
PR 12 A B W ST g 5 B A 5553 I R 5 e B R Ak 2

eI R R RE T R . A WL BE AEAPTMS 2k
PE B8RV AT DK A TE 3448 em ™ Ab B MR IS I U R T
(S B LA € T SR a0 f W = 31, € ey = O 3 P ]
Y KA TR KA 2925 F12853 em ™ FfF3IT H 38T AY W
Wi , UA R T LA b i CH, W e 2l g 22
HH I AT G HLAE B AEAPTMS 28 25 78 35298 41 4
KE .

2.1.2 bRl IR A 1 NMR 7344 l
2 R Ak 2E PR RIS RIS A RAT I NMR 35 & . R
2R, BIEAAKE LA AR —90.8 4k H AR5
P RREIE , 2850 A ALEE e AEAPTMS fb 22 M0 I 19

-90.7
T T
~ -63.4  —66.7
3 ,_3: :4 AHNTs
<
~ T__ - -90.8
z
‘z
=
2
=
HNTs
1 1 1 1 1
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8

P2 Al b PR S R9 47 HY NMR 35 ]
Fig.2 NMR patterns of the halloysite before and after chemical

modification

B A IR AL A0 RS -90.7 Ab o th B L e
UG, 4 SCiHk [ 16,23-24 |36, ZIE)J8 TR A
Si(0Si);(OAD b2 F% . Zad fb2F el PE R IR I A
f1)%°Si CP/MAS NMR ji 7 fb =41 F% —66.7 Al -63.4 4
BT AR AR I | 160 AEAPTMS 5 32 3% 47 40 K 45
Ak 2 BB AEAE =14 (T°) AR (T°) TR X,
U AEAPTMS 1) 3/~ H A L /K Al O 5 3R9% A R i
MR ELE 4, [RIE, AEAPTMS FAVAE 1A% A K i
B A A P T, A -NH, BRI
X7 AEAPTMS O 2 B B IRIE A KA 1 3R 1

22 HREEUFIFEREIIERIE

2.2.1 TEM RAFZ S AR Bl A A AL fE
SR RIAR S oA S DI SC R TEM SR AE T
28 AEAPTMS AL~ B Ik Y 2538 A1 T 38000 B AL TR A
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it 1.5% (& 4380 AwWAHNTSs | 40K 4 1R ki 7% K 43
0, 25 RN 3 s . B ] LUIER 3] 1 28 7e 2ot
A2 A B3R A R AR T P 4 K 4 TR 2 1 40

25 [ — d=25nm
20+ _—
S
Z15F
-
7
5
& 10k
5+
A \ \l:ll:ll:l
50 nm 1 2 3 4 5

BRAPIRAS , SRR A 2.5 nm, X —45 FL U8 671 2k 40
KT IEREB A2 A ARV 3R A A
A JEE 0 IR /N RO AR 4 FUR

Diameter / nm

3 Akl 1.5% (553450 A/ AHNTSs 19 TEM B8 A K2 40K 4 ks (R A2 43 A1 1]

Fig.3 TEM image of gold catalyst sample 1.5%(Mass fraction) Au/AHNTSs and gold nanoparticle size distribution

222 XPSERIEGR MR REm SN SEY
M) 7 4RI 4 AL R A AL T — AN LR R, N
I, SR XPS AL T LAk 2 e 14 35298 A0 k2 4k il
2 BN K A AL R RE i 1.59% (& 43 %50 Aw/AHNTS
RIAGTCRE M, LA AL 4 s, B 5
4L B RE M A’ 5 Au® B LB ANZE 1 R
iz [ NIST $5d e H2 41 1) o 145 5 BE BB LA K
FRAE SCHik [ 8,20 J4Rif , & JmABR 4 (Ad’) B Au 46,
H1 Au 46, FRAEEXT I R BRELS A BB 551k 87.6 il
84 eV, AL 1 M & (Au’) T3 M 4&(A™) 1Y
Au 4f, T E W 1N 1) B v 45 45 B8 43 5l A 85.6 Al
86.5 eV. HIIZMEALFIFE M I XPS 3 EI (& 4) Fige 1

Intensity/a.u.

90 88 86 84 82
Binding energy / eV

Pl 4 Ak etk 3 A 0 4 AL TRIRE i 1.5% (Tt 43
#0) Au/AHNTSs ) XPS 1%
Fig.4 XPS specira of gold catalyst sample 1.5%(Mass fraction)
Au/AHNTs

R1 UFEYHRREAAENEEUTERLS%
(FRES#)AWAHNTs & HM S
Table 1 Valence of gold on the surface of gold catalyst

supported on chemically modified halloysite

Catalyst
Binding energy/eV
1.5%(Mass fraction) Au/AHNTS
Au 4f,, 87.2
Au 4f5, 83.5
Au5+ _
Au®/Au° 0

AJHL, 4548l 87.2 F183.5 eV AL X i Y 42 Au 4fs,
I Au 4f,, FRAE 0, BORBEAR T A’ B bR IESS & fE,
EA AT LA S T 48 A A 145 & 8, H e XPS i
& b R B B4R AL S Au® ORI, eI AiA k57
FEM P40 R R S B S A 776 TR 1)
BRI A A b, EH Z AT A St Py iR
T8 TR A A TRRE A 2R T 1 2 R Rt 2 LA
SRS ACTEAE
23 AR ST ELFRAKEN T

R T e ad My B PR AL 2E v B RIS A 2R
& & msEhr gk i 2e 5, BATHE T—RIIA
[] () 4 3E B Bk AL RIAE ), RES T Ao R Y
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SRR AR E R AT ICP U, S5 25R AN 2 R .
F2 UEHEMYEERIRE R BN EEATFERPENIERARE
Table 2 Actual gold loading in the gold catalyst samples supported on chemically and physically modified halloysite
Theoretical loading of Au /% Au/AHNTs(Chemlcally) Au/PHNTSs(Physically)
) Actual loading of Au/ % Actual loading of Au/ %
(Mass fraction) Loading rate of Au/% Loading rate of Au/%
(Mass fraction) (Mass fraction)
0.5 0.42 84 0.38 76
1 0.80 80 0.72 72
1.5 1.43 95 1.03 69
2 1.89 95 1.40 70
2.5 2.35 94 1.52 61

MFE 2 AT LA, S fb s e 1 IR0 A 113k
B — ZR AL TR S Aw/AHNTSs H4x 1 17 2 2R 1
1E 80% VA |, dieim (BRI B 95%; £ M FL v
IR TR RIIMEALFIRE & Au/PHNTs 41
TR I BN 76%, X —S5 R WA=t m
I8 A SRR RERS SEBLK S R R 3 . R
PRGN« 3 ol 2 1 i v O S P L P 3 A
TR A A U B B AR B 485 PDDA W B kPR 1Y
BRI AR, P 4V I 5 3R PHNTs 2 [] i i
HLVE FH I AR 25 5 B A WA AR 2R 1) pH (& A= 28 1k ,
S BT TR ) AV I T i SR A B R R A R
e EE P P A 20K PHNTs b4 0952 bR 1 2% 5 B
VO B A I R A A O 2 AR T A A e DU A
AEAPTMS H1(# -NH, A e/ 73R4 5 1 detE |
B IR AR S 4 R A [ 1 A 2 A 2= i PR 3R 1
A L, JE I NaBH, ORI JFIR R 0 20 80 Y 44 K 4 5

AN R e e e A T T K SN L ARSI NE PN
BD | 4 S bR 8 a s e gk L il
S AT AR LS 3 ) SE R B G h mT LUAASTE T
WA, Hi45 AwW/AHNTSs 193 A b B e i, B
AT DS R B0 2SN, A LT
St A R B AE A 2E M SRS A OKRAE b s A, Tl
£ Au/PHNTs B, B0 40 B8 2 5 1 12 RT3
BN SRR MRRE RIS 0K IR
BAEEAR L, BEA B0 B R A B I, 4 ik
gtk )l
2.4 B XHEL EERIE IR RN

25 Ak 2 AU V) B AP IR A T R AN
[Fi] 43 5 2k 114 498 K 4 A A TR it X B0 O Jo YR A 2 8
PESEALSN BPEA I PE AR B B DA 45 SR N 55 3
B

®3 EFEAXMENIRZ AR A HN S EAUTERNT S REEEFRESEUOELEEREEGE

Table 3 Catalytic activity and selectivity of gold catalysts supported on halloysite modified in different ways for liquid phase selective

oxidation of cyclohexane

Theoretical loading of Au/ %

Au/AHNTs(Chemically)

Au/PHNTs(Physically)

. Conversion of
(Mass fraction) onversion o

Selectivity of Ka-oil/%

Conversion of
Selectivity of Ka-oil/%

cyclohexane/% cyclohexane/%

0.5 5.14 77.05 6.68 80.27
1 5.29 79.03 7.78 81.28
15 9.60 83.06 9.21 82.30
2 8.17 7875 10.29 85.75
2.5 9.80 77.14 9.41 77.54

Nate : Catalyst dasage : 0.15 g; C¢H, : 4 mL; CH;COCH; : 20 mL, Reaction temperature: 170 “C; Pressure: 2 MPa; Reaction time: 2 h
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MEIATUES, YE&mE kT
0.5%~2.5% (JiT 43450 Yo I YA, 3 el vk A 2 A
JIT S A0 A K A AR AL TR FE AR R i 17 HP A A TG P A
XiF B bR = S R M 3l A T A2 A 1) 2 R £ 4
(4 AL, ELLA BRI Y 3% 3% 41 PHNTSs k2%
AT £ ) 4 O RS R 2k R 0.5%~29%( i 43480
() — ZR AL FIRE S, AT P R Pk 1 R
T XTI O BE AL SRR T 4%, X KA Il st
KT 80% HYFEAER >, Xt TAL 0o A 9%
A1 AHNTs 0Kk xS, HA 4
WHREER 1.5% (FTEm50) IRE XTI O R
FSEANRT H AR~ 4 KA B9 e 2 LR sEA
BUR TR - e, RER ALK S AL TR
FIE LR ] BE3Z B 4 5 AR 2 B AH HAE FH 5 55 1 52
Wi, A 2A Rl A B S 4 A AT SR A (S 42 1R ) 2 [F) 3
IR 45 (FUE (73K ), P EEsc v 1 ik 5 4
Vo I 22 ) DU J i ol e L I PS5 75 L R IS B 18K
Jo A TS T A R AR AR ISR I 4 &
FEHAEARTEPE  HOR, fborolobE 2 E R A X IRIE A
YORAF BRI, 2 F R PE R i 61 2R A 2N
Kb BB GOKAT BN R, 1 Hek
PEFBE XIS A YUK RSN | g Pk
AR A BT 70 28R P 4 OB 5 L A TE SR AT KA 1)
HNERTH , FEVRM O RS AR T, A IR IR A KA
HNFETHI ) 4 RS SN ) 22 [B) 25 5 R A T 2 1 2 i
WL, BTLL, FEAH R0 SRz s T) Py, A Bk b py
AT DRI T 67 28 A 4 AR AL 390 R A T 1 D e
WA T A2 e ) 35 A B 2k ) 4 PR

BEAN , 3% 3 RPN IR O e TRORH 1E B P
A LA S5 U P A A 05 P RN e 3 M ) A A TR A
I3 R A PR SR 1 2R 1.5% (it 70450 Aw/
AHNTs (& SEPRfzkE R 1.43% (FiEs340)) fl
WyPREk PR AR 7 200 2.0% (43 80AW/PHNTs( 43
(S B B 3 Bk 1.40% (a7 40) ), X Ak
FUFE fh 4 ) B 17 i AR AH 22 0.5% (& 43
), AR SEBR R AN AR B 4T, XS T
BRI A1 A AHNTSs X 43 () £ 35553 0k 2 T4
e IR % A1 2K PHNTs 4 iy g, Hxf bt
TR N ARG R R I, XA A AR I RE
i EIR OB RO EE AL A KA Sk 22 S, &
HAE R AR AR T AL TG PR B BRI T, 25 L)
2z el RIS AR TR A, AR TR
GBS I T AT A
25 WA RIS ELFIRRE RN

FREME— BRI 29 G A AR 52 PR 391
—, R TR EIYOK S A 2 A R
r R B T 2 T R 8 A O A SR A KT S 3
PEALIR PR R R . AT H T 2 PR A 7
PP 3R I A T B R 4K AR AR 1.5%
(BT 50AWAHNTSs (4 1S PR 1 8 R 1.43%( T
HTE)) A1 2.0% (55341 ) Au/PHNTs (4 1Y 5K
Prinzkid h 1.40% (Fi 80 ) e O el A e #
PR S RIS FEOR G | A PR FE £
PERAEAL | DAL RAE S AL FIRE S RS e 1 |, 52
a5 RN 4 iR .

H 2 4 v, fb2E el bE BRI A AHNTSs i fi

R4 ERRAELENKRBEA AN EELTHERBERERBREHELEERIEESE

Table 4 Catalytic activity and selectivity of gold catalyst samples supported on halloysite modified with different way safter reused

several times

1.43%Au/AHNTs(Chemically)

1.40%Au/PHNTSs (Physically)

Reused times -
Conversion of

Selectivity of Ka-oil/%

C ion of
onversion o Selectivity of Ka-oil/%

cyclohexane/% cyclohexane/%
1 9.60 83.06 10.29 85.75
2 7.11 82.50 6.64 81.66
3 6.36 81.99 5.93 71.31
4 5.82 81.39 - -
5 7.08 79.33 - -

Nate . Catalyst dasage : 0.15 g; C;H}, : 4 mL; CH;COCH; : 20 mL, Reaction temperature: 170 °C; Pressure: 2 MPa; Reaction time: 2 h

AR 5 1.43% (4380 AW/ AHNTSs 7E 45

i 4 RAFIME R, FAEALTE PR F 90 KA
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FREEREEATT R K& F T2 S A4 2R I Ak 7] ) AR
BOR, WA C B 5 AR RETE 4% D) 1, KATHY
VEPEEPRFTE 80% LA L ; T2 it Wy R Rl Mk i 35 9%
AR A PHNTSs BT 170 25 1) 48 K 4 4 AL 70 RE f 1.40% (5
7080 Aw/PHNTSs B4 A0 I PR AT S PR P 280 3 1k
PRI FH L 2 R RRAIC, I, KA T BEREPE
85.75% T3 71.31%, B4 TCHEIH EXT A5
PEPEPE R FEACELR .

LIRS AE R+ AR et Ty O H A 3
114) 4 AR A R R P A R B S s ), Akl
(353 A1 TR S AL RS S i RuE I B AL T
PO BRI A T BRI S AL R . 0BT B R a0
- WA |, S A BRI IR A S 1 e AR A T
Al R BN el b2 E e RIS A 3R AHNTS I
PR 2 -5 3R A 2 TR A2 S S T ik, Gk
Gy AR A R ANES 2 i v AR AR TSR | oz
AEFIRE S 285 4 YRAEIE AT RE CR R4 AL 0
PR | T 4V i DU 2 2 o i 2 o £ 2 30
ok Wy PR 3R 9% A 2K PHNTs I, P& PR
o34 SRR Z R AR TR 55 |, AR I

(a)1.43% Au/AHNTS reused 5 times

b 4 LA S AR T i 8k AR iR RS IR 1A
R, FEYUK S BRI KRG | 3 A et i
P 01 284 T IR P o 8 1) A AL TR S LA AR AR
SEPERE 2 ) F BRI .

T E A A 4 AL TR A O PR S
) TEM F1 XPS FAEZE R (E 5 F1El 6 in ) M 1CP-
OES T2 5L (36 5 B ), AT LUAIE B JE 4

K]S SHEAME FHEOR G A AR 5 1.43%
(5T % 43 %) AWAHNTs F1 1.40% (5T % 43 $0) Aw/
PHNTs ) TEM [#] S 9ok G ipkite oA . B BRI,
A2 PR R 5238 A P R R T AL R 1.43% (T
HAMEOAWARNTS( B 3 )RR 25 5 ARSI |
PR (3R A0 i 5 2800 A AR FIRE f 1.40% (5
HAE0) Aw/PHNTS {28 3 AL | 4 0k sk i
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Fig. 5 TEM images and gold nanoparticle size distribution of gold catalyst samples supported on chemically and physically modified

halloysite after reused several times
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Table 5 Actual gold loading of chemically and physically modified halloysite supported gold catalysts reused several times

Theoretical loading of Au / %(Mass fraction)

Catalysts

Fresh catalyst

Recycled catalyst

1.43% (Mass fraction) Au/AHNTs
1.40% (Mass fraction) Au/PHNTs '’

1.43 0.90

1.40 0.83

S5, 4 WS Br B 20 M 1.43% BEAI 2 0.90% (J5T
SO, TP B 0 3R A T £ 38 4 A AR 7
FEAL 1.40% (F 4350 Aw/PHNTs AUJEEME I 3 U5 |
L PR AR 2 1.40% T 2 0.83% (i it
G380, Y BRSO BRI A AR RN & A S
MR TR, X2 B v 38R A B
AR AR S 1.40% (BT 43550 Au/PHNTS {1
23RN, AL TG P A PR SR B B T R

HIEN . 52 M, fe2Ek b iR 41 5 H T 6 3%
14 Z I8 RIS A, 456 T80, AR 4 LA
ANES T AR 2= B R 3 T 6%, Ui e 3R
A FR AR A A AR S ZE AR B Ry T BB
BAF IR e .

6 F13R 6 43R R IR B G 4 Ak AL R
i 1.43% ()5 & 43 %50 Aw/AHNTSs F1 1.40% (5 2 /350
Aw/PHNTs [} XPSTE R T 4 T R S50 .

Intensity (a.u.)

Intensity (a.u.)

90 88 86 84 82
Binding energy / eV
(a)1.43%Au/AHNTS

920 88 86 84 82

Binding energy / eV
(b)1.40% Au/PHNTSs
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Fig. 6 XPS spectras of gold catalysts reused several times
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Table 6 Valence of gold in catalysts supported on chemically and physically modified halloysite after reused several times

Reused catalysts

Binding energy/eV - -
1.43%(Mass fraction) Au/AHNTSs 1.40% (Mass fraction) Au/PHNTSs
Au 41, 87.6 87.53
Au 4f5, 83.7 84.17
Au® - 88.16
Au’/Au’ 0 0.99
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Influence of Modification Methods of Halloysite on the Catalytic
Performance of Halloysite-Supported Gold Catalysts for Selective
Oxidation of Cyclohexane

XIE Yan-ling, ZHU Lin-hua’, SI Tian
( Faculty of Chemical Engineering, Kunming University of Science and Technology, Kunming 650500, China )

Abstract: In order to increase the loading rate of nano-gold on halloysitenano-tubes(HNTs) and to improve the
catalytic stability of the gold catalyst, halloysitenano-tube modified by organic silane (N-( 8 -Aminoethyl)- 1y -
Aminopropyltrimethoxysilane, AEAPTMS) was used as carrier (AHNTSs) to capture gold ions of chloroglucic acid
precursor to prepare chemically modified halloysite(AHNTs)-supported gold catalyst 1.5%(Mass fraction) Au/
AHNTSs, which was reduced by sodium borohydride in liquid phase. The halloysite modified by chemical method
were characterized by FT-IR and NMR, and the particle size distribution of nano gold as well as the valence of gold
on the surface of gold catalysts were characterized by TEM and XPS respectively. The results showed that AHNTSs-
supported gold nanoparticles with 2.5 nm average particle size were highly dispersed on the carrier mainly in the form
of zero-valent gold (Au’). The activity and the selectivity of this catalyst sample for liquid phase selective oxidation of
cyclohexane were tested at 170 °C and 2 MPa after reaction for 2 h, the conversion of cyclohexane and the selectivity
for cyclohexanone and cyclohexanol (KA oil) achieved 9.06% and 83.06% respectively. Moreover, comparing with
the sample of 2.0%(Mass fraction) Au/PHNTSs supported by physically modification halloysite (PHNTs), 1.5% (Mass
fration) Au/AHNTSs showed better stability. The basic requirement of catalytic activity and selectivity for selective
oxidation of cyclohexane still can be reached after reused for 4 times on the sample of 1.5%(Mass fraction) Au/
AHNTs, the conversion of cyclohexane and the selectivity for cyclohexanone and cyclohexanol (KA oil) respectively
were 5.82% and 81.39%. However, under the same model reaction conditions, the gold catalyst sample of 2.0%
(Mass fraction) Au/PHNTSs showed slightly higher activity and selectivity than 1.5%(Mass fraction) Au/AHNTSs, but
its stability was lower than the later one. The catalytic selectivity of catalyst 2.0% (Mass fraction) Au/PHNTs for
selective oxidation of cyclohexane has declined to 71.31% after reused for 3 times. The above results revealed that
the modification methods of halloysite have a significant impact on the stability forits supported nano-gold catalysts.
The strong interaction between the chemically modified carrier and the active component goldis helpful to improve
the stability of the gold catalysts.

Key words: catalyst support; modification; gold nanoparticles; liquid phase selective oxidation of cyclohexane



