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Abstract: The catalytic performances of various metal halide as catalysts were studied using the synthesis
of 1,1-diethoxyethane (DEE) by one-step liquid phase oxidation of ethanol. It was found that RuCl; is the
best catalyst for this reaction. Subsequently, the effects of synthetic conditions on the catalytic performance
were also discussed. When 50 mL ethanol (0.86 mol) were used as reactant, the optimized reaction conditions
were obtained as follows: reaction temperature 120 °C, oxygen pressure 2 MPa, reaction time 3 h, RuCl,
amount 0.004% (benchmarked against the molar of ethanol, the same below), stirring rate 600 r/min. Under
the optimized conditions, the conversion of ethanol reached 38.2% and the selectivity of DEE reached
78.9%. Ru*"not only has good catalytic activity for the oxidation of ethanol to aldehyde, but also RuCl; is a
Lewis acid, which can catalyze the condensation of ethanol and acetaldehyde. At last, the reusability of
RuCl; was investigated. RuCl; catalyst still had high catalytic activity after being reused for 20 times.
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% 45 1,1-diethoxyethane, DEE ) 5% 5|51, DEE
S B L, I HEA R R ABBEERE, T
R AR Ny B B 5 AN I oy, T R R AL Ak
FNO FIHERL, e Skeld, A ke
RN 7, Btk 41, DEE ifs & —Rh# Al
PAE R E A SR R, TR &
YA TR R Tl S5 HLA R0,
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PNV HE &= o SRR | SE 7% Kt i
%, Har, Tolb b Ha A DEE 4 7= 7k L
HSOWmE RN, BIZT2AERBEE S, &&
JE o e R A (] 2] oA O 2R L B R AR A B DEE
HAH SEHRE 8570 . Tanaka TUSZESR H Si0, 43 9l 17 2%
Ta,Os fl Nb,Os 1E ML FIIIIE T LBE Hi RS
B, DEE, ZEFHALFNN 6.9%, Lin'" V058 T
Ru0,/Si0; 1 RuO,/Sn0, 7 300~400 K b E LS
MM AR 1L,1-—HEEH B (DMM) Al
DEE. il RuOy/SnO, ftfiEfbH, LB 40 kPa,
393 K i}, ZEERHE#H 15%, DEE £
81%, Thavornprasert 2% Ff] Mo, VsW 2Cu; »Sby sOx
YE R FEAL B A 2%, 497 K B, DEE Y&
F N 14% ., Bueno™ %5 K Al Pd(OAc),-Cu(OAc),-
p-TsOH 1 Jy 4 AL I AL A AL WA 2 1, FEPRALS 1
T, B4R 30%, DEE IS EEYE N 92%.,
iR IR R K ZAATE SRR AR AR . EALFTE
PEARE . R P 22 55 ) it

AR AT AT ST KB, RuCLP . CuCl/1,2-
AC ZH =527 CuBr " F1 CuBry-N-Z, LN I 5
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Ak, TR R RS e AL, DA SR C B AR
— A fbH i DEE,

1 SWHES

1.1 KFE5H

CuCl, CuCl,, CuBr, FeCl;, MnCl,, MnBr,,
CeCly. CoCl,, NiCl,. NiBr,. SnCl,. SnCl,. %
(EtOH ). ZTR L Hg( EA ) P T FE . R ZTig( MA ),
ZBE (ETH)., &R (AA), AR, J A IGHERML
A R/AF; PdBry. RuCly, CuBr,, DEE, %
FH e (DEM), & (A), AR, FilERHIT 41k
BHE AR A RA R EHAR, S48 99.9%, TUEf
T B FRA Al

GS-0.1 BN m R N 48, miiE Ak T LA
FRAHE]; A RAEAS (101 ), KIEFEFARRAA;
HP6890/5973 o JFiIk FHAX . 7820A T AH (LAY,
X EHZHERRHEARAF; GC-14B RIS AL,
H A B 84 7] 5 SC-3000B AR a4y, 2 P )1Y
SR A R A Ao
1.2 EAeFIHEREIEH

¥ 50 mL ZBER—E B4 8 i Ak P i A B = R
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1.3 FFHEENH

KHWAREIEIH—A7E 7820A 15 GC-14B Y
AR TS AN B X SR ) A AT E R AT o
7820A RIS g R IV TR 2%, i DB-624
RIEANE OB A . AR R R Bk
TE 40 °C FAR-EFE 4 min, 285 L) 50 °C/min F+ % 220 °C,
IFAE 220 °C N34 7.4 min; TCD K #8516 EE 250 °C;
SALERE 200 °C; 4l 50 ¢ 15 FEJiE 0.8
mL/min, GC-14B #5415 K ] FID #:igs,
DB-FFAP (60 mx0.32 mmx 0.50 um ) %5404 (4,3
HUFAE , (A5 R AR Y FHE . B 587 50 °CF %
5 min, #RJ5 VA 40 °C/min F+ % 230 °C, Ff-7E 230 °C
T ORFF 12 min; TCD Kl #5E R 260 °C; ALE R
& 240 °C,
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2 HRSE

21 EExLWELERE

£ 1 h— RN &8 W ALPIE AL — 2k
AN 4 B DEE B tEfexT . Hod,
5 HIWEAE 77 DEE, A /DR, 2R,
fig . &2 . DEM., PIRZES . LEEERI=Y), TH.
DL @ i Ak AR (BR PdBry Al RuCls LAY
4 Jm K AL B BE SR 43 B0 M 1.17%, PdBr, Fil RuCl, F4
JEEIRAYHUN 0.004% , UL LB FEME ), 7E LB 50 mL
(0.86 mol ), A< JEJJ 2 MPa. JZ W i J& 130 °C . 2
NEFA] 4 h, B 500 r/min BUSEPETS, BT
AN AT ) A A PR BE

F 1 aJm e m AL

Table 1 Catalytic activities of various metal halides for DEE

synthesis
w OB BEPEE/% DEE
M1 gy LS

5
7l /% MA EA DEE DEM ETH A AA j

CuCl 75 39 15 541 31 08 15 351 4.1
CuCl, 57 63 41 398 195 00 21 82 23
CuBr, 24.1 33.0 489 06 90 34 00 51 0.1
CuBr 21.2 282 406 54 198 03 12 45 1.1
FeCl; 14.1 204 3.0 4.0 546 152 23 05 0.6
MnCl, 6.8 41.1 1.7 404 123 0.0 33 12 27
MnBr, 83 385 371 41 0.1 11.1 88 03 03
CeCl; 8.6 508 13 1.5 287 156 21 0.0 0.1
CoCl, 20 1.7 19 906 00 00 58 00 1.8
NiCl, 7.6 202 10.6 292 194 160 14 32 22
NiBr, 17.2 548 266 1.7 97 04 08 6.0 03
SnCl, 3.4 244 68 268 253 87 46 34 09
SnCl,. 13.8 3.2 29.7 326 84 08 0.0 253 45
PdBr, 30.6 11.2 142 109 156 32 9.7 352 33
RuCl; 354 163 64 547 11.7 00 69 4.0 194

e 1 W, T Cu Bypifeh, 4RHEL
PIBAEALTI , BERE LR {1, {0 DEE ¥4
PR, XN 4 Jm S AR B R 4 S X
M BT . %ETF CuCl Fl CuCly, 48 ] CuCl, fHfi
bR, ZBESAL A BT N M, MiARE SCHR[27]4

TE NPT AT, CuCl Ak 70 S 76 14 AN = 174 JRL 1R vl
R THASELE O, WA TEARE, Cu's
] Cu* & EFEAS , T CuCly i 8K . XFF FeCls,
NiCl,. MnCl,. CeCl; I CoCl, fEfEALFII, 2 Mk
LR EACHN 14.1%, A X LR 48 Syt AR
A R Mt 2 BE S AL [ N o 2438 PdBr, . CuBr, .,
CuBr. MnBr,. NiBr, bR}, ZBEMFELR B
FLTE, A7 R R A R RN O TR
CR. MR RuCls L FIRT, DEE W%,
KE] 19.4%, LEEESEAMN AR LR,
IR ERR M B R AR E A S, RO, &
FR Z.Fg . R Z.F5 . DEM ¢ DEE % . 5 C#k[26,29]
RIEZE FAH L, RuCls Fil CuBr, S F L A — 25 &4k
A DMM E B 0 AL AR, (H2{X RuCly
X F AR — L E b G . DEE EA7 8 i i1k
PERE. PIEZELL RuCls VR AL £ i — 20
A4k5 i DEE v .
22 RMEHMEE
221  BE B E SR AR 09 %k
PUEEJR734580.004% RuCly AL, 75 2% 50 mL
AR TT 3.0 MPa B[] 4 h BiEPEEE 500 r/min
KT, EAREET IRNIRERR N, SR UE 1,

100 ——Select. DEE —v- Select. DEM|
—o—Select AA < Select MA
80 L —— Select.A ——Select.EA

-+ Conv.EtOH

60 -

401

20

Conversion & selectivity/%

0Lk

1 1 1
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6/°C

BT S i R X A 1 B 1 52
Fig. 1 Effect of reaction temperature on the catalytic performance
AL AT, SRR EE D 100 °CHY, L EEfe
1EHRALN 22.3%, DEE #eHEtEh 82.9%. K% ¥
T CRERALRAR R . il 120 °CHY,
LWL RIA T 33.8%, DEE #EHEMEN 74.1%, i
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—H RS VIR E, CEERNEER B e, H
DEE RY3EFMEI T, R 2R 16 iy vt
b BCRTRE R PR A £ AR AR BN R 4 S N
ARSI B TR N, PR M — S R N T S iR
JE, ATDAPR S R S M, (R R p R T, (R
JE o v 2 it s 7 36 [ 2R A 7 AV S N A In o A
it — 2 E AL R R, M B 2 R 1) e B T
=, MR DEE M BevE TR, Pt a 59 5 vy i
B H 120 °C.,
222 RAE AR M6 A

Tffy RE 3 B S N IR R 120 °C . 7E L5 50 mL.,
K EE] 4 h. FEJRA3%K 0.004% RuCly 54k
500 r/min 510, HE T EAE SN LR ARE L
4 h DEE 9 s N A AL TG P s . 25 53 LT 2,

100 -+ Select DEE — Select. DEM
§ ——Select AA < Select MA
280+ ——Select. A —»Select.EA
B —+—Conv.EtOH
Q
3 60
3
_5 40 +
5 20
@]

0 L e de— T E—
1.5 2.0 2.5 3.0 3.5 4.0
Pressure/MPa

B2 SR T AR RE R R

Fig. 2 Effect of O, pressure on the catalytic performance

HE 2 AT, Y58 SR T 1.5 MPa 2% 2.5 MPa
W, CEERHALFRMN 25.4%HM%) T 38.8%, DEE
B BEREPE R BUEHING TR S, ST
% 3.5 MPa i}, ZBEEMFALRINTCIA A8 fk, g2
B2 4.0 MPa, L BERIEALZRIEME] 44.9%,
SR1M DEE BYIEEEENZ T T [ 2 58.6%. XK N
AR, CEEPEMRN O, iz, JEm
% R B AL R 528 R RuP 2 )5, Ru*”
N EAE A RPN O S B AL PG IR . H
RMEAENTER, CEGERERL, 2RE52
% 2 Ee Y VB VESE N, DEE RYYEREVEA TR, 45
LAk, HIEEAE L e S N IE M, AR
J13k 2.0 MPa % M3 B .

2.2.3 RSB IE) AR AL AR 6 vh

B E 18 LR N IR B 120 °C S48 S 1 2.0 MPa,
TELME 50 mL ., JEEJR 3% 0.004% RuCls 5 3 i
500 r/min Z57F T, 5T OB )% £ A A Ak
4 % DEE 1% s REAE AL TG PE R R . f I 3 T, 24
SRR 1.5 h i, SEERRALR 23.1%. Bl I
N IR, L BEfE% 5 DEE EHMH& M

Fto M BIEHE R 3 h B, ZEEEEEERN 37.7%,
DEE BN 74.9% MURSEIEA W B[R] 28 5.5 h
A, OB B 5% AL R SRS S i #a #4, H#57=%) DEE
I BEPE BRI o 3 ] BB PR S g B[] g 3
Al N2 ], DEE #4340, i 808w
[ ;=8 LW — A AL O TR . ik, ffb)a i
N EFE A 3 ho

100
i _/.——-/._—.\.\'—'\_
60 - —=Select.DEE < Select. MA

—o—Select.AA —— Select.EA

Conversion & selectivity/%

—— Select.A —¢- Conv.EtOH
40 + —v Select. DEM
20
0 +—4—t—p—t—p—t—gp—
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t/h

B3 5 R e ) %o A A e B 5

Fig. 3 Effect of reaction time on the catalytic performance
224 ARAH R B AR 69 % vh

1 LR fb 25 R py Feml -, 228 RuCly #E4E5
i, 741 50 mL, fEFEEEE 500 t/min 508 T,
5T RuCly AL H 1 A8 1 X6 2 B A 48 Ak B B
DEE 1)z N ARG P2 . g 2 Al &8
RuCl; X AL F PR RE S K, 4 RuCly
7 JFURE B IR BE JR A0 BUUR 0.002% 0, L BERY 54k
RH 28.9%, DEE [k FEMEN 68.6%, it —4ik
= RuCls M &, TG ERbEZ . Y
RuCl; FIEE R4 0.004%3 5 3] 0.04% M), 2 1
HE AL H 37.7% T E] 56.9%. {HBE#E RuCl; i
38N, DEE RYBESEPER 74.9%F% £ 29.1%, F3
X—HEA A, % RuCl, AR,
B AL SR B 3G, AR A A PERS in, W
HAMERCOR, RS OEHEER LR NE,
M ECH #5774 DEE WS FE L. L8 B RO
B )AL % 5 DEE BICR, DL EURMM A, ek
HU RuCly I BEZR 4380 0.004%

# 2 RuCly HEALTI A RE 1 R R

Table 2  Effect of RuCl; amount on the catalytic performance

e TR/ %
et SP —
ft*/% MA EA DEE DEM A  AA

0.002 28.9 0.7 1.6  68.6 04 273 1.4
0.004 37.7 2.0 2.5 749 1.0 17.4 2.2
0.006 38.6 33 35 715 1.3 16.5 3.9
0.008 39.7 3.5 3.5 68.9 1.3 19.6 3.2
0.02 50.5 5.9 9.7 415 8.1 23.8 109
0.04 56.9 41 17.8 29.1 133 189 16.8
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CEEWAR AL A K DEE 19 5 WA AL 1 M i s 45
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X
>80
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Fig. 4 Effect of stirring rate on the catalytic performance

M 4 aT 0L, S BCREE R RN, Ll b
R Y5 DEE Wit AR fb—3k, ¥eTakE, stk
bS5 B BE S 600 r/min, & BB REE B T%
JRFEAT, A E N 5 A R A sz Ak, T
BE T ORI R L) M DEE B 58k .
2.2.6 RuCly1EALH 7 % 5K

TEBRIE 120 °C . ES)E S 2 MPa, Wit
] 3h, 8 50 mL. RuCl; BE/R 734K 0.004% . $iFE
HEE 600 r/min FIAPE T, B IR fi Ak 500 T Ak
LA E AL A B DEE BV, %% T ML) i
TR, SR S,

100

0 a, A rra et

—sSelect DEE —« Select MA

60 - —o—Select AA  —— Select. EA
—+—Select. A -+ Conv.EtOH
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or H*"“\o—o—O—o—o—H—o-H_,_,_,_H
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Fig. 5 Stability tests of RuCl; catalyst
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BRI 25 W5 -1 O B RN 46 A 2B 8 DEE, [l
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B R A RS AR SO A B CHL A COL BEiJS CO &
A K IS A i S W AR G CO, I H, Z R AT RE & A=
R KW 4 A i CH, A CO,B# 31, CH,. CO ., CO,
HH, WA, CO 5 CO, IRETE Ru Hib&
YISV E IR . 5 Hy 2RI A A i
FERHT BRICZ AN, CO, INVEARE LA A AR,
Pt — A P R TP R, PPk R S TR
VERT 2050 5 46 & A % DEM 8 H iR 2 16 o

RuCl;
CH;CH,OH <—————> CH,CH,OCH.CH;
R ETH
Oz< >
CH;
Ru?* +CH;CH;OH +CH;CH;OH N
A CH;CHO ————> CH:CH;OCHOH — > CH:CH,OCHOCH;CH;
RuCl; RuCls
DEE
0,
l +CH;CH,OH
CH#CO HCOOH T» HCOOCH;CH;
3
AA CH;COOH i +HO MA
3 rRuct/ @ +CHCHOH
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= é RuCly
Q DEM

[0
COtH: RuCly T
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Kl 6 LMBEAE RuCls AL L 50 S A SO Dy R s T 14
Fig. 6 Schematic diagram of partial oxidation of ethanol
with RuCl; as catalyst
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DEE J Wi #& Z#E4F GC-MS 41 i 36y b 40 T %
S 28 R R I A L R RT g A B IS, 2k
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