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Selective Hydrogenolysis of Glycerol to Propylene Glycol on MgO-Al,O,
Dispersed Cu Catalysts

Wang, Shuai Li, Yang Liu, Haichao*
(Beijing National Laboratory for Molecular Sciences, State Key Laboratory for Structural Chemistry of Unstable and Stable
Species, College of Chemistry and Molecular Engineering, Green Chemistry Center, Peking University, Beijing 100871)

Abstract Cu/MgO-Al,O; (Mg/Al atomic ratio=1/1, 3/1, 4/1), Cu/MgO and Cu/AL,O5 catalysts with high Cu dispersions
were prepared by an impregnation method using ethanol as solvent instead of water. Compared to water, ethanol as solvent
was favorable not only for obtaining the high dispersions of the Cu clusters on the basic oxide supports, but also for retaining
the basicity and structures of the supports during the catalyst preparation. The density of the basic sites for the dispersed Cu
catalysts increased with increasing the MgO contents in the basic supports. These catalysts catalyzed glycerol hydrogenolysis
to propylene glycol with a high selectivity (>90%), and showed slight deactivation in dioxane at 200 ‘C and 6.0 MPa H,.
Their reaction rates normalized by per exposed Cu atom increased with increasing the ratios of the basic sites to Cu atoms on
the catalyst surfaces. The intrinsic hydrogenolysis activity of the Cu atoms were probed by N,O chemisorption-H, tempera-
ture programmed reduction, which did not change essentially with the Cu loadings (2—6 wt%) and the Mg/Al atomic ratios
of the MgO-Al,0O; supports. Meanwhile, the basic sites alone on the supports were inactive for the glycerol conversion.
Taken together, we propose a synergetic effect that the basic sites at the interfaces between the Cu sites and the supports as-
sist the cleavage of a-C—H bonds of glycerol on the Cu surfaces leading to the faster dehydrogenation of glycerol to
glyceraldehyde, a kinetically-relevant step in glycerol hydrogenolysis to propylene glycol. These active basic sites appear to
be the Bronsted OH ™ sites, i.e. the hydroxyl groups bonded to the surface Mg®"cations on MgO-Al,O5. The understanding
on such synergy between the basic sites and Cu sites in glycerol hydrogenolysis provides a basis for the rational design of
superior hydrogenolysis catalysts and selective removal of oxygen from biomass-derived feedstocks.

Keywords glycerol; selective hydrogenolysis; propylene glycol; Cu/MgO-AlL,Os; support effect
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Scheme 1 Reaction pathway of selective hydrogenolysis of glycerol to
propylene glycol on Cu-based catalysts
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Cu/MgO-ALO; AL IR 7 2 5L
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Table 1 Bulk Mg/Al atomic ratios, surface areas and densities of basic
sites for MgO-A1,O5 composite oxides, MgO and Al,O;

Bulk Mg/Al Surface Density of basic
Support s a b 201 o 2
atomic ratio area’/(m™*g ') sites”/(umolem °)
AlLOs — 320 0.2
MgO-ALO
A 1 384 12
(/1)
MgO-ALO
GRS ¥ 350 26
@3/1)
MgO-ALO
£ 40 309 3.1
(4/1)
MgO — 163 5.8
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“Bulk Mg/Al atomic ratios were obtained from inductively coupled plasma
analysis; ” surface areas were determined by N, physisorption;  densities of
basic sites were determined by CO, temperature programmed desorption.
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ALO; EARMYREEA I, FoA 175 E B4 Jm 4 7E X
LER R R3S L. KIS R S H T e
i S 3 R 28 T vk 2 —. SR 4B e A A
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FELL Cu®' b 4 R YR I RO R ] B X L,
Cu/MgO-ALO; MR T £ B (1) £ B v ke i3t
A7 8 AR KB, SEIL 4R Cu e 23044
FM R B L. Wi 1 PR, 7E4 )8 Cu FiaEh 2~
6 wt%RIEH P, Cu/MgO-ALOs (3/N)HEALFI X AT
SR S T T A MgO FREAERT S U6 (20=36.9°, 42.9°,
62.3°), MHAEE Cu XN ATYE. XERE)E Cu
1 MgO-ALO; (3/1)#AA F &\ HeRE. 52 M,
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Figure 1 X-ray diffraction patterns for Cu/MgO-Al,O; (3/1) catalysts
with 2~6 wt% Cu loadings prepared by impregnation method in ethanol
or water as noted in the parentheses

K2 LEEEBFKE R BEETI T 2~6 wit% Cu/MgO-ALO; (3/1)
PEAL T LR TAR A 42 I8 Cu 2 HRE

Table 2 Surface areas and Cu dispersions for 2~6 wt% Cu/MgO-Al,0;
(3/1) catalysts prepared by impregnation in ethanol or water

Culoading  Solvent  Surface area’/(m’g ') Cu dispersion”
2 wt% C,HsOH 297 0.84
3 wt% C,HsOH 297 0.83
4 wt% C,HsOH 295 0.83
6 wt% C,HsOH 281 0.83
4 wt% H,O 213 0.14

“Surface areas were determined by N, physisorption; * Cu dispersions were
obtained from N,O chemisorption-H, temperature programmed reduction
method.
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Figure 2 N,O chemisorption-H, temperature programmed reduction
profiles for Cu/MgO-AlL,O; (3/1) catalysts with 2~6 wt% Cu loadings

prepared by impregnation method in ethanol or water as noted in the
parentheses
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Figure 3 Fractional Cu dispersions and average reduction temperatures
in N,O chemisorption-H, temperature programmed reduction measure-
ments for 4 wt% Cu/MgO-AlL,0; (Mg/Al atomic ratio=1/1, 3/1, 4/1), 4
wt% Cu/MgO and 4 wt% Cu/ALO; catalysts prepared by impregnation
method in ethanol
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Table 3 Reaction rates and selectivities in glycerol hydrogenolysis on 4 2
wt% Cu/MgO-AlL,O; (Mg/Al atomic ratio=1/1, 3/1, 4/1), 4 wt% Cu/MgO L:) Propy]ene g]yco] -80
and 4 wt% Cu/ALO; catalysts at ca. 25% glycerol conversion § 3.0k
s 3.
Glycerol conversion Selectivity/% é
Catalyst rate (mol/mol surface propylene Ethylene g 60 o
Others” = S
Cu-s) glycol glycol g &
CW/ALO; 0.1 90.1 75 24 2 20F  Reaction rate E
= )
Cu/MgO-ALO g

AR 1.6 93.7 53 10 £ q40 @

(/1) Z

>
Cu/MgO-ALO g
(;1) g 22 932 5117 S 1ok

S .
Cu/MgO-ALO; 3 Ethylene glycol &0

2.2 93.2 5.2 1.6 2 =
4/1) 1G]
Cu/MgO 2.4 90.2 6.9 3.0 A —A——k &
0.0 1 1 1 0

Cu/AlL,O3+ 2 4

R 90.0 70 31 0 . 6 8
MgO-ALO; (3/1)° Cu loading (wt%)

“Reaction conditions: 50 mL 20 wt% glycerol solution of dioxane, 200 C, 6.0
MPa H,, 3 h, ca. 25% glycerol conversion obtained by varying the amount of
Cu catalysts; b other products mainly include 1-propanol, methanol, CH,, CO,
and acetol; “a physical mixture of 4 wt% Cu/Al,O; catalysts and MgO-Al,O5
(3/1), the content of MgO-AlL,O; (3/1) in the mixture is equivalent to that of 4
wt% Cu/MgO-Al,O; (3/1) catalyst used in the reaction.

WAL, BT Cu R AR AT IR
BE4 8 Cu M Sk i R AR AR, B hn4x ) Cu gk Al
ARFERAL R Cu J5F35PE T B IR i R AT Y3 45 i Ah 71
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HE AT b PR 0 R 4 i O B ) 58 BH i e A
H .
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B4 w4 25%H LR T, CuMgO-ALO; (3/DELHIT4)E Cu
B o U N3 B 1,2-TA RN & R PR (R
Figure 4 Effects of Cu loadings of Cu/MgO-Al,0; (3/1) catalysts on
reaction rates and selectivities to propylene glycol and ethylene glycol in
glycerol hydrogenolysis at ca. 25% conversion

Reaction condition: 50 mL 20 wt% glycerol solution of dioxane, 200 C, 6.0
MPa H,, 3 h, ca. 25% glycerol conversion obtained by varying the amount of
Cu-based catalysts

Glycerol conversion rate (mol/mol surface Cu-s)

0.0 1 1 1
0.0 1.0 2.0 3.0 4.0

Basic sites per surface Cu atom

B 5 A4 25%H LR T, CuMgO-ALO; (Mg/Al JFTHt=1/1,
3/1, 4/1), CuMgO LUK Cw/ALO; IR Ak A7 5815 G Cu J5L
FRY B 5 T ol S A 5 23 36 ) SR BB

Figure 5 Relationship between reaction rates and basic sites per surface
Cu atom on Cu/MgO-ALO; (Mg/Al atomic ratio=1/1, 3/1, 4/1), Cu/MgO
and Cu/Al,O; catalysts in glycerol hydrogenolysis at ca. 25% conversion
Reaction condition: 50 mL 20 wt% glycerol solution of dioxane 200 C, 6.0
MPa H,, 3 h, ca. 25% glycerol conversion obtained by varying the amount of
Cu-based catalysts; (A) data from Table 3 for the Cu catalysts with different
basic sites and (@) data from Figure 4 for Cu catalysts with different Cu load-
ings
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Figure 6 Glycerol conversions and propylene glycol selectivities of the
four recycling runs on 4 wt% Cu/MgO-ALO; (3/1) catalyst in glycerol
hydrogenolysis in dioxane at 200 C

Reaction condition: 50 mL 20 wt% glycerol solution of dioxane, 200 C, 6.0

MPa H,, 4 h, ca. 25% glycerol conversion obtained by varying the amount of 4
wt% Cu/MgO-AlL,O5 (3/1) catalyst

Cu/MgO-ALO; AL IR T B F2 e P 13 <6 e Cu kit
T IR T IR ) REL AN S 2 PR
S, Hh > T E Cu 2RI ik 2 W B o i S A 2 s
T B RE Cu B3 I AR B R AR
PP A AR o 2 C—H SE51L. R4k
MIRFEHE o i C—H HAEEE Cu RINALERIIF 52
PERCH A 2> T H,.

3 4t

TATME T L BRI &
Cu/MgO-ALO; HEAF AT R 4 1 H- il 0 S N3G 2
1,2-P9 “EEE PRI R E M. X Cu/MgO-ALOs fiE 4k 5
TRl mhO 5 B J o W IV T I F S 3 B, 76 H ol &
SN S g Cu AR T A5 Mg i (Bl e
A LU B H 2 1 o A7 C—H BEAE SR JE Cu 22110 1R KT 2,
T B e i O S S . TRk, 2 AL AR 2 T
Bl 0 5 4 i H O 1R LA G A 350 1 T ool S v
HIRHEAE .

1902 http://sioc-journal.cn

© 2012 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

HO
HO HO.
L H
H H H O .
0
5° - H 5
OH OH
MgZl 2 Mg2*
I = 9\(25/

EX 2 CwMgO-ALO; fEALAIH AR TR L B M 7E< 8 Cu
Gl R = W E 3 O s ] i

Scheme 2 Proposed reaction mechanism of glycerol dehydrogenation to
glyceraldehyde on Cu/MgO-Al,O; catalysts with the assistance of basic
hydroxyl groups on the supports
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