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WE SE- GBI RERR, LR G FLERN, 7 AE R MR 2 RE. wTi, BreAfEiReE
KZB T RE )2 RIE. AT MIL-53(Al). MIL-53(Cr) X8 B & 78 — A4 )& (1) MIL-53(ALCr)(x=1, 2, 3,
AFPRL, DAL A E AR FE R - S0 R 4 T Ru-B/MIL-53 fALF, B2 T TATZE 3B A I 6 O S0 (1 14
TeERE. HEALFITEA 45 B2 9, Al/Cr U EE I Ru-B/MIL-53 fEALF b HIHT8E I S8 2 (r), HEEMA IR O ) 3R % 1%
PESo). — RIS, M AL MIL-53 1EAEUENT ro HH, 5E ZJCh A& @ I MIL-53 1E AR, So im TAUCE 5
— A7 4R I MIL-53 34k, 7830 DR B 5 = 1 Ru-B/MIL-53(ALCr )AL E, ro T Sy 23519 9.2 mmol/(mineg)
71%. FRAZRFE, M3k 2 2 &N 521 Ru-B/MIL-53(Al;Cr))F1 Ru-B/MIL-53(Cr)fE AL A 1 B kAT
TXEAF A, B Ru-B 9KRi T IOML 2R PR SO SSMBR, EaTE s R KT /534, Ru-B ki
TR/, S ECEnAs), B4R 8RR E . /NG Ru-B FAANMI S5 TE 2 a7, 1 HARA R+ 21
CUA IR (3R . B IR N 45 AT A4k, 78 180 CHF1 5.0 MPa H, JE/IF, BL 100 uL ZEEHE NEMRTIR, 76
Ru-B/MIL-53(ALCr) ) #AEFI_E 53K 15 2 29% 145 3R
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Study on Ru—B/MIL-53(Al.Cr,) Catalysts for Partial Hydrogenation of
Benzene to Cyclohexene

Dou, Rongfei” Tan, Xiaohe” Fan, Yiqiu“ Pei, Yan’ Qiao, Minghua*“
Fan, Kangnian“ Sun, Bin” Zong, Baoning*”’
(“ Department of Chemistry and Shanghai Key Laboratory of Molecular Catalysis and Innovative Materials,
Fudan University, Shanghai 200433)

(® State Key Laboratory of Catalytic Materials and Reaction Engineering, Research Institute of Petroleum Processing,
SINOPEC, Beijing 100083)

Abstract Metal-organic frameworks (MOFs) have attracted enormous research interests not only because of their merits
such as high specific surface area, high porosity, and regular pore channels, but also due to their peculiarities of extremely
abundant chemical and structural diversity and tunability. In this work, we synthesized MIL-53(Al) and MIL-53(Cr) contain-
ing one coordination metal and the novel MIL-53(Al,Cr)(x=1, 2, 3, and 4) MOFs containing two coordination metals as the
supports for the Ru-B/MIL-53 catalysts, which were prepared by the facile impregnation-chemical reduction method. In the
challenging partial hydrogenation of benzene to cyclohexene, it is revealed that the Al/Cr ratio had pronounced influences on
both the initial hydrogenation rate (ry) and the initial selectivity to cyclohexene (Sy). In general, MIL-53 containing a higher
fraction of Al affords a higher 7y, while MIL-53 containing both Al and Cr is conducive to a higher S, than either MIL-53(Al)
or MIL-53(Cr) containing only one coordination metal. On the Ru-B/MIL-53(AL;Cr) catalyst exhibiting the highest selectiv-
ity to cyclohexene, the 7y and S, were 9.2 mmol/(mineg) and 71%, respectively. The best Ru-B/MIL-53(Al;Cr;) catalyst and
the Ru-B/MIL-53(Cr) catalyst displaying the lowest selectivity to cyclohexene were comparatively characterized to have an
insight into the difference in their catalytic performance. It is found that while both catalysts had similar Ru/B molar ratio,
electronic property, and microstructure, the Ru-B/MIL-53(Al;Cr;) catalyst had higher active surface area (S,.), smaller and
more highly dispersed Ru-B nanoparticles (NPs), and stronger metal-support interaction than the Ru-B/MIL-53(Cr) catalyst.
The smaller Ru-B NPs could not only provide more active sites for the hydrogenation of benzene, but also be beneficial to the

*

E-mail: mhqiao@fudan.edu.cn, zongbn.ripp@sinopec.com

Received February 1, 2016; published May 9, 2016.

Project supported by the National Key Basic Research Program of China (No. 2012CB224804), the National Natural Science Foundation of China (No.
21373055), Science and Technology Commission of Shanghai Municipality (No. 08DZ2270500), Beijing Synchrotron Radiation Facility, and the China Pe-
troleum & Chemical Corporation (S411063).

T H 52 15 5% 2 s B Al 70 R LRI H (No. 2012CB224804), [E % AR 34 (No. 21373055), Lilg i RHZERHE H4:(No. 08DZ2270500), bt =ife
JIT R A A S e S T AR R A AR T R UR A (S411063) B B

Acta Chim. Sinica 2016, 74, 503—512 © 2016 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences http://sioc-journal.cn 503



¥ F R

formation of cyclohexene. By further optimization of the reaction conditions, at 180 ‘C, H, pressure of 5.0 MPa, and using
100 pL of ethanolamine as the modifier, a cyclohexene yield of 29% was obtained over the Ru-B/MIL-53(Al;Cr) catalyst.
Keywords dual metal-organic framework; ruthenium; benzene; cyclohexene; partial hydrogenation
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(ADFI MIL-53(Cr) AT 5 M AR X AT 5 i B AR T, 15 B
EATR ARG, 5 Sy &R, SISk
MIL-53(AN)AT MIL-53(Cr) il 4% 777, JA TR 4R
g —w RS, #4188 & W R AL 48 1)
MIL-53(ALCr) (x=1, 2, 3, HRL. WK 1 Far i,
MIL-33ALCr) T A S S A8 R & BN
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Figure 1 XRD patterns of the MIL-53 supports
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PR BE 10 A X Bk A 45 R RO RR A 4 PR &Y, A5 B
tH H,BDC 7T FIRFIERISEAR L, A T B A%,
YLHH MIL-53(ALCr)H &8 515 H,BDC Z [A]7R
AR FCALVE .
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IKEFR A B WL R B, X LR RIE 100 CRIIA
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Figure 2 FT-IR spectra of the MIL-53 supports
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Figure 3 TGA curves of the MIL-53 supports
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Table 1 The metal composition of the MIL-53 supports

Nominal Al/Cr Practical Al/Cr Deviation”
Sample . Wresidu/%0 .

molar ratio molar ratio 1%
MIL-53(Cr) 0:1 30.3 0:1 —
MIL-53(Al,Cry) 1:1 26.7 0.66 : 1 —343
MIL-53(A1,Cr)) 201 243 1.73 1 1 —13.5
MIL-53(Al;Cry) 301 23.1 3.05:1 +1.7
MIL-53(Al4Cr)) 4.1 22.5 43301 +8.3
MIL-53(Al) 1:0 206 1:0 —

 (Alpracticat— AlNominal)/AlNominal-
22 EEomEfEwitae

F 2 HIH T LA IR MIL-53 1E i % i 97 2 Y
Ru-B #4077 SRR A 329 1 s B3 B AR )R B R
IIMELGE R, 2 AR, MIL-53 FARE % & 8 254+
XS IR I N AT . R AT, S AL
WS o FIRF N Ru-B/MIL-53(Al)>Ru-B/MIL-53
(Al,Cr)>Ru-B/MIL-53(Al;Cr;)>Ru-B/MIL-53(AL,Cr/)
>Ru-B/MIL-53(Cr) >Ru-B/MIL-53(Al,Cr,); &M S,
BB FE A Ru-B/MIL-53(Al;Cr;)>Ru-B/MIL-53(AL,Cry)
>Ru-B/MIL-53(Al,Cr;)>Ru-B/MIL-53(Al,Cr;)=
Ru-B/MIL-53(Al)>Ru-B/MIL-53(Cr). fE%& Al & &1

Table 2 Results of the partial hydrogenation of benzene over the Ru-B/MIL-53 catalysts®

Entry Catalyst Conv./% Scue' /% Youe'/% t/min So/% ro"/[mmol/(mineg)]
1 Ru-B/MIL-53(Cr) 61 24 14 70 62 6.7
2 Ru-B/MIL-53(Al,Cr) 51 32 16 70 65 5.4
3 Ru-B/MIL-53(Al,Cry) 55 37 20 50 70 8.1
4 Ru-B/MIL-53(ALCr) 63 34 21 50 71 9.2
5 Ru-B/MIL-53(A1,Cry) 69 29 20 40 69 11
6 Ru-B/MIL-53(Al) 62 30 18 15 65 30

“190 mg of catalyst, 10.0 mL of benzene, 20.0 mL of water, 100 UL of ethanolamine, 140 °C, H, pressure of 5.0 MPa, and stirring rate of 1200 r/min; *Ycpg: the yield

of cyclohexene; Conv.: conversion of benzene; Scug: selectivity of cyclohexene; ro: weight specific activity. These values were recorded at the maximum yield of

cyclohexene.
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Figure 4 XRD patterns of the catalysts

K 7a A Ru-B/MIL-53(Cr)f1 Ru-B/MIL-53(Al;Cry)
AL Ru 3d XPS 3. ) Ru 3d;, 185 C 1s I
B, WOXHEAUH Ru 3ds, BERAAE AT Ru BN,
FH AT %, Ru 3ds, IS5 A REAL T 280.1 eV, 68 Ru LA
& RSP ® 7b N Ru-B/MIL-53(Cr)f1 Ru-B/
MIL-53(ALCr)HEAF S Ru §EARFER Ru K 12 XANES
i, TLLE B K AR REEFIIRYS S Ru fEARFE
FAAL, 72 Ru DA&x @ &S AEAE IR JIFEIE.

Ru-B/MIL-53(Cr)# Ru-B/MIL-53(Al;Cr,)fE 4k 71 (1)
TEM & F 7~ T & 8. Ru-B/MIL-53(Cr)f4L 71 _E ) Ru-B
WP B2 RERBIE, kAN 5.0 nm (B 8a).
Ru-B/MIL-53(ALCr) AT 1K Ru-B K035 5] b 4y
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Table 3 Physicochemical properties of the Ru-B/MIL-53(Cr) and Ru-B/MIL-53(AL;Cr;) catalysts

Catalyst Wra /W% Composition” Sper/(m’s g D) me/(cm3 g D) dyore/NM Spa/(m?e g b
Ru-B/MIL-53(Cr) 11.8 RugosB39s 989 0.44 1.0 9.0
Ru-B/MIL-53(Al;Cry) 11.7 Rug 3Bsss 678 0.43 1.1 14

“Ru loading determined by ICP-AES, relative to the support;  Composition of Ru-B in molar ratio determined by ICP-AES; ¢ Active surface area of Ru determined

by CO chemisorption.

506  http://sioc-journal.cn

© 2016 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

Acta Chim. Sinica 2016, 74, 503—512



1 2

Ru-B/MIL-53(Cr)

Intensity/a.u.

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

-1
Wavenumber/cm

Ru-B/MIL-53(Al.Cr,)

Intensity/a.u.

X T ! T . T i T g T . T L T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm”

Bl5 (LRI FTIR %
Figure 5 FT-IR spectra of the catalysts
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F4 A K Ru FEFFFET Ru K 4 EXAFS $UR £ &8 20450 24

Table 4 Structural parameters derived from the Ru K-edge EXAFS data of the catalysts and the Ru foil

Sample Pair N Ry/A or/A os/A R“/A AEy/eV

Ru foil Ru-Ru 11.8 — 0.076 — 2.68 —2.1
Ru-B/MIL-53(Cr) Ru-Ru 5.4 2.65 0.049 0.068 2.72 —10.0
Ru-B 2.1 2.17 0.055 0.013 2.18 10.0

Ru-B/MIL-53(Al;Cry) Ru-Ru 5.5 2.64 0.049 0.073 2.71 —10.0
Ru-B 2.1 2.19 0.055 0.019 2.21 10.0

“The average distance R; is the summation of Ry and os.

mmas A Ni-Ni [-FEA BE B KT Ni fE 145 1A
B2 e IS EE Ru-B ELfz, BALS NS T£
4, X Ru Ml B Z [MAF1EE SR .
2.4 fEEFIRSRR BRI

M 3R R AL B AT &0, Ru-B/MIL-53(Cr)fll Ru-B/
MIL-53(ALCr AT L) Ru fi#&E . Ru-B &&41%
K Ru Mifb2emassesn, B g AFEREE . K
BEFMAEmSSEW. HERE S ME RN,
Ru-B/MIL-53(Al;Cry ) A7 BRI v S B DU SENE S,
MRE Youe ¥E T Ru-B/MIL-53(CryfiEAL 7). 48 — %
() 7o A1 Sgy, AT LABAF Ru-B/MIL-53(Cr)f1 Ru-B/MIL-53
(ALCr) AL _E 2K TOF 53 5N 6.8 s Al6.1 s, -+
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BRI, VLA B EATEE ro MR A IR O IE P H s
PIAREAFEATE, 5 WO A 5. BhrEE)
AHIE—%. Ru-B/MIL-53(ALCr )AL F1 1) Ru-B 44k
i/ B B i, Rede b 2 i L, TE
I MBI N A FE =N rP TGA 4R FEW,
Ru-B/MIL-53(ALCr ) EAAFIF 1) Ru-B 5 A4k ] (11 H
5T Ru-B/MIL-53(Cr)ffE4L 7, iX 7] G2 A & 3R H 11
Ru-B GKRLFRLAR /N 2 BB e IR AR IR, 59— 7 T,
Ronchin ZEB4) N, 7EZE 3 N &R N R AEAE /3 35 A
(Horiuti-Polanyi HLEE)FI BN EAE I Qe 2% 4%
B, FoA 782850 I R E s i 420 In &k 42
o, R AT DABUREIR B 7E (AL R 2R T, T HLRRE A

Acta Chim. Sinica 2016, 74, 503—512



% F F R MR
RS LEERZIMNERT Ru-B/MIL-53(ALCr ) 40 7712573 i S e 4k 1
RN
Table 5 Effect of the dosage of ethanolamine on the catalytic perfor-
. mance of the Ru-B/MIL-53(Al;Cr;) catalyst in the partial hydrogenation
g of benzene
ko)
§ Ru foil Dosage/uL  Conv.’/% Seue’/Y% Yeue'/% #'/min
% 80 49 31 15 30
= 90 57 35 20 40
T Ru-B/MIL-53(Cr)
b 100 63 34 21 50
110 58 37 21 80
Ru-B/MIL-53(AlCr,) 120 64 1 20 100
T T T T T

0 1 2 3 4 5 6
RIA
B9 ML Ru SEFRREE ML AR 5 1) Ru K34 ) 437 B 2
Figure 9 Radial distribution functions (RDFs) after Fourier transfor-
mation of the Ru K-edge EXAFS data of the catalysts and the Ru foil

B 10 AEAGTIRI Ru SEARFE R SEE6 1) B0 (o) A& i 2(—)
Figure 10 Experimental k*y(k) data (o) and the fitted curves (—) of the
catalysts and the Ru foil

T —AESF, WHE SN . e B4
INEAE A BT R AR, T 2 DAK o (1 71 200 B
ML R, N T A =ANE D TR EARLT, X
FLELRAE A —/> Ru-B gKRLF FAG 58 2 AHAL & A7
Z 5\ HFI R N HR. BORH] Ru-B 9Kk F A LA
HEEE 22 R AR BTG AL, A R T 38 Ok i A . Rk,
7£ Ru-B #i42/MF) Ru-B/MIL-53(ALCr) AL L, R
J5 e BEPERE Ru-B/MIL-53(Cr)fEAL 7 v .
25 REIEHHHL
251 LB REMENTR

® 5 G OB EX Ru-B/MIL-53(AlCr)
AL E2RER A A R s R R, BEE 2
P A5 R 3 N, RINEUE % R, HIF AR R
Fhn, RGN T . 3OS RAE LB RN
100 WL B AT I8 21 d5 = fH 21%.
252 RELRE 67 H

11 27 SR EST Ru-B/MIL-53(AL;Cr) ik
) 2R AL B, £ 11a H, BEE RN
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“Reaction conditions: 190 mg of catalyst, 10.0 mL of benzene, 20.0 mL of
water, 140 ‘C, H, pressure of 5.0 MPa, and stirring rate of 1200 r/min; b val-

ues recorded at the maximum yield of cyclohexene.

FEEH 140 CHERN 170 C, HKINEERIN. (HIkLLi
FE 180 C, RMEFIEAANE, JWEFE 190 C, K
N AW A, 7ER 11b Y, B RONIRE 140 C
Fei#E] 180 C, M OMIEFEMEMA AR, HHEAERE
190 C, ¥ CORmIEFENE K2 EC. BB Ok £
B, Ru-B/MIL-53(ALCry )M A7 ) fi A3 S S LR
180 C, ML I RIS EE AL 29%, BERA TR HiiE
] Ru-B/MIL-53(ANHEALFITEAR AL [ BL 2614 T 4 A
THE BT, X H R MOF #4851 3 Ru fi#
FFEZ S B ) e . A SR I3 O3 R i
TSR PR IE ) 45 PO (H S SRR I A A
FMAEAE— s Z P @ gk R MOF A8
QAR G5 0HE T2 20 IS i K & 1 751 1) 37
1%, A S MOF MOEHMAZ T Ru JE 407 2K 7 0
ST RE.
2.6 Ru-B/MIL-53(Al;Cr L5 BbFa E 14

Kl 12 451 T Ru-B/MIL-53(ALCr) AL FIZE AL 5
1) CRERAB R B R T I F e e 22 45 L. TEfEAL )
BT, ¥R RE AT SR E O, RE
T FIEWAFE BB T T — kb, MEFRRIL, 7EAH
&) 1) SN IS A] Y, Ru-B/MIL-53(AlCry )AL 77 2 it
FEH IR AR EE AR AR, 3 U BARTE SR
TIRER S TG — RIS BRI, (EAEEE = IRE AT
A4k, HEMEEALFIK TEM £4E 58 Ru-B FRE
KRB, SR TZEH BRI Miaet. 8
TIRERBIEBMEN T, ATRES Y CREREBIFIAE
AT R A T AN B o

3 g

ACH % T BN EH ol L4 8 MIL-
53(ALCr) (x=1, 2, 3, H# KL, RAEF R 1E
JRIE & T ARG MR FER) Ru-B/MIL-53 EREE S
AL, TE 2R &3 i R B, Ru-B/
MIL-53(ALCr) AT R 1 e s B3R Ol i BRI 1S
K, UK RIFMRE M. EiZEHF L, Ru-B 99Kk 1

http://sioc-journal.cn 509



=

100 @

Benzene conversion/%

Time/min

704 b 40
X 604
S 501 -\\ 135 2
> 404 S 3
S 30 <—I o 30 2
= 204 < —=—140 C >
o ©
%) 1l °
i 102 150°cl o5 &
S 4] 160°C >
3 3l —170%c[20 &
< ©
€ 2] p - —4—1so°c_15 &
3 1 ——190°C

10

0 L) L) L) L) L) L) L) L) L
10 20 30 40 50 60 70 80 90 100
Benzene conversion/%

B 11 RBERER Ru-B/MIL-53(ALCT)HEATIZR A I Ak g
IS, (a) 2R AL NE I RIS 0] 19384k, (b) ¥ Ol et S 4522
HIEEAL Z 1AL

Figure 11 Effect of reaction temperature on the catalytic performance
of the Ru-B/MIL-53(Al;Cr,) catalyst in the partial hydrogenation of ben-
zene. (a) Plots of conversion of benzene versus reaction time, (b) plots of
selectivity and yield of cyclohexene versus conversion of benzene
Reaction conditions: 190 mg of catalyst, 10.0 mL of benzene, 20.0 mL of
H,0, 100 puL of ethanolamine, H, pressure of 5.0 MPa, and stirring rate of
1200 r/min

90 B Conversion
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X ]
3
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o
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Figure 12 The stability of the Ru-B/MIL-53(Al;Cr) catalyst

Reaction conditions: 190 mg of catalyst, 10.0 mL of benzene, 20.0 mL of
H,0, 100 pL of ethanolamine, 180 ‘C, H, pressure of 5.0 MPa, stirring
rate of 1200 r/min, and reaction time of 35 min
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B/ R, 5 MIL-53(ALCry) #5447 14 HAE
e, WmMEREME . EMRAAKRMNEET,
Ru-B/MIL-53(ALCr) AL T E R R 208 29%,
& HHTHRIE ) MOF # k2 Ru A6 1 SE,
7R T MOF FEHHAE A 43 IS AT EAAR 1) R 47t

FUR 3.

4 LIERSY
4.1 SHLEE

HE AL 7 38 R P PR BRSBTS
B (ICP-AES, Z£[E Thermo Elemental /A ] IRIS Intrepid)
Wi %€ . Brunauer-Emmett-Teller 3 AR (Sper) M L1
X H N, ¥ O M fE £ Quantachrome 72 )
AUTOSORB-1MP Y430 B4y EI . (A0 7 (v v
PEZR AR (Sro) K CO kR B 7E 26 [E Micromeritics
2750 BUALZEMR A . XS 2R R AT (XRD)7E4E
Bruker A& AXS D8 Advance BATHAY _EIE. X 5
2R BT RE S (XPS) 7E 35 [E Perkin-Elmer 24 7 PHIS000C
RIRE A LR AR, ALAIMITESH . Ru-B 4Kb T 1IkiAE
L X B FATHF(SAED) R H H A JEOL A#] JEM2011
B 5 BT WA (TEM) LR Ru K 2% 5 X 522 i
T (XAS)TE AL 5 [F) 548 5t o (BSRF) 9 TW 1B 2 3l
5E.

4.2 fERMEEETEN

TR 2R 50 0 I & B TE G R Gl 0 3 1 v R
MiZE(CGF-50 mL, 8% K RAEMFHA R A ") AT,
A 50 mL. EZEF I 190 mg fi#4k57), 10 mL %5, 20
mL /K. %5, H Hy, (99.5%, RIS ARG RA
F)EH 10 IRUUBRRZENZS. 78A 3.0 MPa H,, JHE
BRMNIEEE, E/HE 5.0 MPa, JFEHEEEKE A
1200 t/min, VAHBRYHORN, FIBIFETHE. RIS FE
e RTEURE, 7E GC122 BYVSAR IS (L T i A%
I B . s T 4R PEG-20M 7
K, HS AN #H(TCD), H, #<, ¥iiE 30 mL/min, &
AL RIS A A AR IR I 130 °C, MRER 100
mA.

HKIEALZE (Conv.) s M O #E M (Scur) S 3 O 1S
2R (Yeup) 7 HIARYE LU A 05

Conv.=([C¢HgJo—[CsHs])/[CsHglo X 100%

Scrue=[CsH10]/([CsHeJo—[CeHe],) X 100%

Yeup=[C¢H0]/[CsHelo X 100%

R, AR 0 R ¢ 2 BTN T SN TR 0 R
NI R]R ¢ B 2R B O I B . AL S M F WG
SN T R () S BE WAT R (TOF) R KR, ry IR HNAZE K
W TR 2k, oy 5 AMEZR ORI (]9 0 ISP A3 3, 3R
7N IR ST U BT BT ] A Jof R A ) B AR R I
B4 mmol/(geqemin). TOF A ro MLV HL L
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MR Sg VHEAGH], AN s B OIBYILRIEFENES)
T I AN HERR CU G B PRI F] R 28 2 S RIS [A) 2 0 B 7
@JBS],

43 ELFIHE

MIL-53(Al,Cry): ¥ 5.63 g AI(NO3);*9H,0. 6.00 g
Cr(NO;);*9H,0. 3.74 g %7K — HR(CsHsO4, H,BDC)
0.75 g HF A197.2 mL 7KAR N 2145 & VU 38 £ 0 A AT 7K
grh, B TTEA 30 min, i AINO,);*9H,0 i
Cr(NO;);*9H,0 FE 4 i, 48 HoBDC (EIF R 138 5) 4y
B SEE, 7E 220 CRAK#K 72 h REREE R,
I, FEBE KR, 60 CF TR, BRI AL
N MIL-53(AL,Cr))-as. Kl DMF ¥ 7l #3%: B g 3¢
MIL-53(Al,Cry)-as fLH AR M) H,BDC. 4462 5 4n
T # 1.00 g MIL-53(Al,Cr)-as 73 B({E 25 mL DMF 1,
F 150 CFEFIFABL 15 h, 254 E0, HhiE, 60 CF
T, DB 150 CRERE 12 h, FHEER 5 C/
min, B#]#5 MIL-53(Al,Cr,).

MIL-53(Al,Cry): ¥ 10.40 g AI(NO;);*9H,0+ 5.00 g
Cr(NO;);*9H,0. 4.38 g H,BDC. 0.625 g HF #1103 mL
KRN BN VYR LI AT KRGS v, b T RS
30 min, {# AI(NOs);*9H,0 Fl1 Cr(NO;);*9H,0 5¢ ¥ i,
I HoBDC {EWR 951508, %3, 18 220 CRK
W72 h RIEAHMERIR, HIE, HEE PR,
60 CF T, 153 Mk R 0 it — 2 b #1253 [
MIL-53(Al,Cry). FffhicfE MIL-53(ALCr)).

MIL-53(Al;Cry): ## 11.30 g AI(NO;);*9H,0. 4.00 g
Cr(NO;);*9H,0. 4.15 g H,BDC. 0.50 g HF £ 93.6 mL
IR BN VY 3 L) A AT 7K G, b T RS
30 min, {# AI(NOs);*9H,0 1 Cr(NO;);*9H,0 5¢ =¥ fift,
J#f# H,BDC TEVER 515081, % &, 78 220 'CFK
72 h RIEAEEEE, WiE, HEEFKREE,
60 C TR, 153k oK 0 it — 20 kb 2120 1% [
MIL-53(Al,Cry). #fhidfE MIL-53(ALCr).

MIL-53(A1,Cry): ¥ 13.10 g AI(NO3);*9H,0. 3.50 g
Cr(NO;);*9H,0. 4.36 g H,BDC. 0.438 g HF A1 94.5 mL
KN BN R VU3 208 A Rk B v, e T S
30 min, f# AI(NO;);*9H,0 F1 Cr(NO;);*9H,0 58 & VA ik,
JHd H,BDC TEVER 550188, %8, 78 220 'C K
72 h RIEWEEENE, MWiE, HEEFKREE,
60 C TR, 153 Mk K 0 3t — 20 kb B 20 1% [+
MIL-53(Al,Cry). ¥ ic/E MIL-53(ALCr)).

MIL-53(ADY: #1 20.80 g AI(NO3)3*9H,O. 4.61 g
H,BDC 1 80 mL 7KAK AN ENA VYS9 P9 AT R 7K 4
Erf, BERE AR 30 min, ff AI(NO;);°9H,0 5E ViR,
J#f# H,BDC TEVEM 55081, %8, 78 220 'CFK
72 h RIEAEEEE, g, HEEFKREE,
60 C FHHId R, 3310 E Gk K H DMF %7 #40%Fx
ZARIN H,BDC, SR MIL-53(Al1,Cr)). &), #h
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JE, 60 CTH T, 5P 280 CREBE 12 h, T+
IiE A 5 °C/min, BI#I5 MIL-53(Al).

MIL-53(Cr)%: % 10.00 g Cr(NOs);*9H,O. 4.15 g
H,BDC. 1.25 g HF 1 126 mL /KM XN 5 VY 2 45
WA KB ER, B TES 30 mn, [
Cr(NO;);*9H,0 5E 4 i, 8 HoBDC fEIE R 135 5) 4y
B SE, 78220 CR/K#T2 he AEIE =R, g
EETF KBS, 60 C T HEIH. BATfFREEm AR
H DMF 7 #vEkR 2L R R B H H,BDC, B[
MIL-53(AlL,Cry). ¥#1, #iE, 60 C T/t i, 753
P 200 CHERE 12 h, FHRIEZ 5 C/min, RIS
MIL-53(Cr).

KRR R0 % 71308 Ru-B RS E
SEALF]. ¥ 0.50 mL 0.40 molsL ™" ) RuCls 7K VA in
#] 170 mg Fi& MIL-53 #4 kb, B 0.40 mL 7K. i
30 min J5, (7] RS RN 0.80 mL 1.0 mol/L [#)
KBH, /KB #E47 16 JF(KBHy/Ru RSN 4 1 1),
W JRIEVOKIBHIEAT. fr M B LSRR, HEE
TKBEGMEAT], I AgNO; W IIA 3 &
B 7oNIE, B Ru-B/MIL-53 JE b & &AL 7).
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