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Abstract 
 

Replacing fossil-based feedstocks with biomass to produce renewable fuels and 

chemicals is one of the major sustainability challenges facing human society. In 

this context, catalytic upgrading of non-food bio-derived polyols, including 

glycerol, erythritol, xylitol, sorbitol and mannitol, on heterogeneous catalysts 

attracts increasing attentions, because it will provide alternative routes for the 

production of fuels and chemicals. However, several issues are plaguing current 

technologies: (a) high oxygen contents in these C3~6 polyols demand several 

difficult steps of deoxygenation, which require elevated reaction temperature (T 

= 220~300 
o
C) and high operating pressure of hydrogen; (b) conversion under 

such harsh conditions involving multi-phase, multi-step and multi-component 

reactions results in low selectivity towards desired products, loss of large 

quantities of carbon to less valuable wastes and (c) fast deactivation of catalysts 

due to poor intrinsic activity and stability.  

The present work successfully demonstrates that, by rational design of multi-

functional metal-based catalytic systems, conversion of various biopolyols to 

valuable megaton everyday chemicals, such as 1,2-propanediol, ethylene glycol, 

lactic acid and alcohols, can occur in one pot process under significantly milder 

reaction conditions with improved efficiency.   

Detailed investigation on C-C/C-O cleavage revealed possible reaction pathways 

and mechanism of polyols on metal based catalysts. Therefore design of multi-
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functional metal catalysts was achieved. It was for the first time to demonstrate 

that Cu catalysts exhibited an excellent C-C and C-O cleavage activity by 

immobilizing active sites for retro-aldol, dehydration and hydrogenolysis on one 

single catalyst, leading to >98% yield towards liquid products. Studies on 

reaction parameters and surface characterization enabled the establishment of 

activity-performance correlation for polyol conversion.  

Further, by rational combining hydrogen generation and hydrogenolysis 

functionality to one metal catalyst, conversion of biopolyols occurred at only 

115~160 
o
C even without adding external hydrogen, with 95%+ overall atom 

efficiency. Detailed kinetic modeling revealed that the reaction potential for 

hydrogen generation and hydrogenolysis is much lower on Pt/C catalyst. This is 

a significant advancement compared with conventional technologies. In 

collaboration with material scientists, mono and bimetallic Cu-based catalysts 

with predominant active [111] surface plane were also designed via lattice match 

engineering. The Cu nanocatalysts exhibited more than five-fold enhancement in 

activity compared to traditional ones and selectivity promoted dehydrogenation 

thus lactic acid was favorably formed in our system.  

The methodologies and achieved results in this work will provide insights on the 

further studies on rational design of biomass conversion as well as other 

chemical processes. 
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Chapter 1 Catalytic Conversion of Biomass-Derived Polyols to 

High Value Chemicals: Challenges and Opportunities 

1. Biomass as a renewable resource for fuels and chemicals  

Although the world oil production is expected to increase
1
 continuously, 

according to recent reports, the percentage increase in production rates of crude 

oil (CO in Figure 1) and natural gas liquid (NGL in Figure 1) has passed the 

peak (4.97% in 2004
2
) and predicted to decrease in the follow decades. Three 

important issues are associated with the large-scale utilization of fossil fuels: 

availability, global warming and uneven geographical distribution of reserves.
3
  

 

Figure 1. World production of crude oil (CO) and natural gas liquid (NGL)
2
 

In order to solve the issues brought by the depletion of the fossil fuels resources, 

people are trying to find alternative energy resources. Potential alternatives 

should have the following properties: (a) sufficient volumes to replace 
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petroleum/coals in current energy production system, (b) well distributed or 

widely available around the world, (c) renewable and not contributing to the 

accumulation of greenhouse gases in the atmosphere.
4
 In this respect, biomass 

is the only feedstock that meets the requirements for local/worldwide demands 

for fuels and chemicals. Therefore, conversion of biomass based feedstocks to 

value-added products will undoubtedly alleviate our dependence on 

conventional fossil sources.  

 
Figure 2. U.S. Energy composition in 2008 

Biomass represents an important section in energy security for the United 

States,
5
 as seen from Figure 2. Biomass such as lignocellulosic materials consist 

of large fraction of cellulose and hemicellulose (75~90w%) and lignin 

(10~25w%).
6
 Considering the fact that large amounts of cellulosic biomass are 

available for saccharification to fermentable sugars, there is a strong motivation 

to develop commercial processes that generate various products with high 

volumes and low prices. Currently, the only successful way of using cellulosic 

biomass is enzymatic hydrolysis to make the feedstock more compatible with 
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enzymatic catalysts, which could produce bio-based ethanol (EtOH), for 

example.
7
 The estimated cost is shown in Figure 3 [from National Renewable 

Energy Laboratory (NERL)].
8
 The major cost for the conversion of cellulosic 

biomass is the use of enzyme catalysts, which consist of almost 40% of the 

costs and result in complex downstream separation processes. 

 

Figure 3. Cost components in production of fuel EtOH from corn and corn stover
8
 

At present, approximately 17% of high volume products derived from 

petroleum are classified as chemicals, which provide basic raw materials for the 

need of almost the whole human society, such as food additives, containers, 

detergents and various other everyday products.
6
 If these chemicals can be 

produced from renewable carbon sources, it would significantly reduce the 

dependence on petroleum and also have a positive environmental impact. The 

biocatalysts have been extensively used for chemical production. However, 

similar to the case of fuel production, these routes for biomass conversion 

encounter issues such as low productivity, high sensitivity to process 
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parameters (e.g. temperature, pH values), expensive feedstock treatment and 

compatibility with various biomass resources. Typical examples such as sugars-

to-1,3-PDO,
9-11

 sugars-to-lactic acid,
12

 and inulin-to-difructose anhydride have 

been discussed in previous reports.
6
  

 

Figure 4. Catalytic conversion of biomass to fuels and chemicals 

Obviously, catalytic conversion of non-food cellulosic and hemi-cellulosic 

biomass feedstocks to high value chemicals attracts attention due to their wide 

availability in farmlands and non-competitiveness with human food demands. 

However, designing active, selective and cost effective catalysts for converting 

the biomass feedstocks is challenging. While conventional technologies for 

converting crude oils focus on functionalization of hydrocarbons, which have 

high C/H ratios, biomass already consists of functionalized molecules with high 

oxygen contents.
13-15

 In other words, petroleum refining is focused on C-H 
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bond activation while biomass upgrading technologies involve 

hydrodeoxygenation reactions, or the activation of both C-C and C-O bonds are 

critical. Therefore, the conventional catalysts (e.g. zeolites, metal-based 

catalysts) may not be directly applicable for biomass feedstocks.  

Figure 4 illustrates the importance of the activation of C-C and C-O bonding 

during the biomass upgrading processes for chemical production.
3,4,16

 It is clear 

that conversion of cellulose to sugars involves hydrolysis (C-O activation), 

dehydration (DHD) of sugars and subsequent hydrogenolysis (HDO) 

demanding C-O activation on catalyst surfaces. Production of gasoline (C8~12) 

and diesel (C18) range compounds further require C-C bond coupling in the 

presence of hydrogen. Similarly, synthesis of high value/volume chemicals 

such as glycols, alcohols and amines also demand good C-O activation catalysts 

during hydrotreatment processes. Therefore, development of active catalysts for 

C-C and C-O activation is of great importance in biomass conversion. It is 

clearly seen in Figure 4 that HDO of biomass feedstocks (highlighted in blue) is 

the key reaction for the production of both renewable fuels and chemicals. Up 

to date, extensive research efforts were focused on the catalytic HDO of 

biomass feedstocks to fuel range compounds. Although only a relatively small 

fraction of crude biomass will be converted to chemicals, production of 

renewable chemicals would make significant profits, compared with what is 

derived from fuels. This will compensate a large percentage of the cost in bio-

refinery and enhance the economic sustainability of biomass conversion 
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technologies. However, unlike fuels production from petroleum and biomass, 

which convert feed ñoilò to a preferred range of compounds (e.g. high octane 

number C8~12 molecules) rather than to a specific product, conversion of the 

crude feedstocks to chemicals demands high selectivity to specific products in 

order to meet the environmental and economical requirements. Due to the 

complex structure of cellulosic molecules and simultaneous parallel and 

consecutive reactions involved in biomass conversion, selective activation of 

preferred C-C and C-O bonding is a major challenge for chemical production.  

Bio-derived polyols, such as glycerol (C3), xylitol (C5), mannitol (C6) and 

sorbitol (C6) are part of the list of top twelve platform chemicals from biomass 

feedstocks by Department of Energy (DOE).
17

 These polyols have similar 

chemical structures as each carbon is attached with one hydroxyl group (-OH), 

which can be easily derived from abundantly available sugar feedstocks (see 

Figure 4). Catalytic HDO of these polyols to high value chemicals, including 

glycols, carboxylic acids and alcohols provides alternative routes to 

conventional petrochemical based pathways.  

2. Catalytic conversion of bio-derived polyols to chemicals 

2.1 HDO of glycerol in the presence of external hydrogen 

Glycerol, or 1,2,3-propanetriol, is an important by-product from bio-diesel 

production (10w%).
18

 Glycerol is also the smallest polyol readily available 

from biomass feedstocks. It has been widely used as food additives, cosmetic 



31 
 

chemicals and various other industrial intermediates. As the demand of 

biodiesel continues to increase, corresponding amounts of glycerol will be 

available in the market as a byproduct. European total glycerol production was 

860,000 million tons in 2011.
19

 For United States, almost 371,000 million tons 

of glycerol was produced in 2011. A projection estimates by Procter & Gamble 

shows that glycerol production expands at a rate of 5% per year globally over 

an annual production of 1,900,000 million tons.
18,20

  

 

Figure 5. Applications of 1,2-PDO, 1,3-PDO and EG 

Researchers previously found that HDO of glycerol, in which one -OH group is 

knocked off, produce 1,2-propanediol (1,2-PDO), 1,3-propanediol (1,3-PDO), 

propanols (PrOH) or ethylene glycol (EG) in a single step.
21-25

 These chemicals 

have wide ranging applications as anti-freeze chemicals and drug materials 

(shown in Figure 5). 1,2-PDO is conventionally produced via propylene 

epoxidation-hydration route, which demands multiple energy intensive steps.
26-

28
 1,3-PDO is mainly used as a key raw material in the production of 
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polytrimethylene terephthalate, a new class of polyester. Direct HDO of 

glycerol to 1,2-PDO and 1,3-PDO has great potential as an alternative 

technology to replace the bio-catalytic route and fossil fuel based feedstocks.    

2.1.1 Catalyst & processes 

Table 1. Catalysts for HDO of glycerol to 1,2-PDO (leading results in literature) 

# Catalyst Promoter 
TOF 

(h-1) 

T 

(oC) 

P 

(MPa) 

X 

(%) 

S1,2-PDO 

(%) 
Key points Ref 

1 Ru/C Amberlyst 804 180 8.0 50 70.2 DHD 21,29-31 

2 Ru/Al2O3 Re 21.5 160 8.0 53.4 50 DHD 32 

3 RuRe/SiO2 Re 20.5 160 8.0 52 45 
Bimetal RuRe 

DHD 
33 

4 RuRe/ZrO2 Re 23.7 160 8.0 57 47 
Bimetal RuRe 

DHD 
34 

5 CuO/ZnO Zn2+ ~0.9 200 5.0 75 94 DHD 35-38 

6 Cu/MgO Mg2+ 1.0 180 3.0 72 98 DH and DHD 39 

7 Cu/MgAlO Mg2+ 2.7 180 3.0 80 98 DH 40-42 

8 Cu/SiO2 - 2.6 200 9.0 73 94 Precipitation 43,44 

9 Cu/Al2O3 - 9.2 200 1.5 42 93 - 23,45-48 

 

Several types of supported metal catalysts have been investigated for HDO of 

glycerol and some important developments have been reviewed recently. The 

general order of catalyst activity for glycerol conversion is Pt > Ru > Rh > Ir > 

Ni > Co > Cu, while the selectivity for 1,2-PDO is Cu >> Ni > Ru, Rh, Ir >> 

Pt.
49

 Archer Daniel Midland (ADM) announced their glycerol processing plant 

for the production of glycols (1,2-PDO and EG).
50

 But the overall selectivity 

towards 1,2-PDO and EG reported is very low (S < 43%).
51

 Ru catalysts are 

known for high HDO activity, as described in several patents.
52

 The major 
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problem with Ru catalysts is the low selectivity for 1,2-PDO and EG but high 

selectivity for methane formation (S > 40%).  

Extensive research efforts have been made to enhance the overall selectivity of 

1,2-PDO on Ru catalysts at lower temperatures (130~180 
o
C).

21,53
 Ru/C catalyst 

displayed turnover frequency (TOF) in the range of 17~46 h
-1

 with selectivity 

of 1,2-PDO from 16~40% in the presence of acidic promoters (e.g. 

Amberlyst).
21,29,30

 Various solid acid promoters were also tested by researchers 

but the maximum selectivity to 1,2-PDO was below 71% (see Table 1).
54

 Since 

solid acids display strong promotional effects on the glycerol conversion, one 

would expect supporting Ru nanoparticles (NPs) on solid acid supports would 

combine the advantages of both DHD and HDO functions. However, the 

experimental evidence showed that performance of Ru catalysts on TiO2, Al2O3 

and ZrO2 (S < 58%) supports were not as good as Ru/C+solid acids 

admixtures.
21,29,32-34,53,55

 

Further efforts focused on adding a second metal, such as Pt and Re, to 

monometallic Ru catalysts with the goal of promoting the selectivity.
53

 The 

presence of Re in Ru system was found to promote the dispersion of Ru 

element on the solid supports, which partly explains the overall activity 

increase of Ru catalysts in the presence of Re.
33,34,53,55

 Methane selectivity was 

also reduced from almost 50% to 35%.
56

 Bimetallic RuPt/C catalysts and 

compared the performance with monometallic Ru/C catalysts.
57

 However, 

methane formation (S ~20%) was still the major side reaction on Ru catalysts.
57
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Table 2. Effects of metal-support interaction on HDO of glycerol to 1,2-PDO 

# Catalyst Promoter 
T 

(oC) 

P 

(MPa) 

X 

(%) 

S1,2-

PDO 

(%) 

Active form Key points Ref 

1 Cu/Al2O3 Al 3+ 220 5.0 92 93 CuAl2O4 Cu2+(934.2eV)a 58 

2 Cu/Al2O3 Al 3+ 220 2.4 13 80 Cu0
 

Cu0 (86%) 

Cu+ (14%) 
23 

3 Cu/Al2O3 Na+ 220 5.2 63 88 Cu+ 
Strong acidic sites 

(>30%)b 
59 

4 Cu/MgAlO OH- 200 4.0 70 92 N.R. 
MgAlO 

reconstructed 
60,61 

5 Cu/MgO Mg2+ 200 4.0 49 92 Cu2+ Cu2+(934.4eV)a 39 

6 
Cu-ZnO-

ZnAl2O4 
ZnAl2O4 180 4.0 86 92 Cu0/ZnAl2O4  

Zn donate 

electrons to Cu 
62 

7 Cu/ZnMgAlO ZnO 180 2.0 78 99 Cu0  
Strong Cu0-ZnO 

interactiona,b 
63 

8 CuCr2O4 Cr3+ 130 2.0 52 99 CuCr2O4 DHD 64-66 

9 CuFe2O4 Fe2O3 190 4.1 43 83 CuFe2O4 
Strong Cu2+-Fe2O3 

interaction 
67 

10 CuB/SiO2 B2O3 200 5.0 100 98 Cu0 
B promotes Cu 

dispersionb 
68 

11 CuRh/MgAlO Rh3+ 180 2.0 95 99 RhCu 
Hydrogen 

spillover on Rh 
69 

12 CuRu/CNT Cu 200 4.0 100 86 RuCu Ru(shell)Cu(core)a 70 

13 
Ru-

CaZnMg/Al2O3 
CaZnMg 180 2.5 58 86 RuO2 - 71 

a. characterized by X-ray photoelectron spectroscopy (XPS); b. characterized by 

temperature programmed reduction/desorption/oxidation (TPR, TPD and TPO). 

Despite of good activity on noble metal catalysts, the relatively high costs 

motivate researchers to explore more inexpensive catalysts, such as Cu, for 

glycerol conversion. Overall, Cu catalysts exhibited much lower activity for 

HDO of glycerol (TOF = 0.9~18 h
-1

 at 200 
o
C) but the selectivity to 1,2-PDO (S 

= 84~98%) is much higher than Ru based catalysts.
49

 Acidic supports and 

promoters such as ZnO promoted DHD of glycerol to acetol, which is then 

converted to 1,2-PDO in the presence of hydrogen.
37,38,62

 As seen from Table 1, 

basic supports (promoters) such as hydrotalcite (MgxAl yOz)
40-42

 and MgO
39,72

 

were found to outperform acidic promoters in terms of selectivity to 1,2-PDO (> 
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90%). In addition, Cu/SiO2 catalysts prepared via precipitation method showed 

much higher activity and stability (200 h) for HDO of glycerol, in comparison 

catalysts prepared by impregnation approach.
24,43,68,73-76

 Major research efforts 

were focused primarily on the effects of supports on reaction pathways. 

Increasing experimental studies (from year 2011~2014) were focused on 

improving the performances of Cu catalysts, particularly on understanding Cu-

support interaction (Table 2). Various bi-functional materials, including hybrid 

structures such as CuAl2O4, CuCr2O4 and CuFe2O4, and oxides such as B2O3 

and ZnAl2O4 showed significant enhancement on Cu catalyst performances.  

2.1.2 Reaction pathways and mechanisms 

 

Scheme 1. General reaction pathways for HDO of glycerol 

Several reports described possible reaction pathways of HDO of glycerol, the 

overall scheme for which is summarized in Scheme 1.
30,37,56,60,77

  It is generally 
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believed that glycerol conversion is initiated with DH or DHD on catalyst 

surfaces. The two possible pathways give glyceraldehyde (GLA) and acetol 

(DHD) as the key intermediates, respectively, which are transformed 

instantaneously to alcoholic products in the presence of external hydrogen.  

Specifically, acetol can be hydrogenated to 1,2-PDO over metal catalysts, while 

1,3-PDO can be generated if DHD occurs associated with middle carbon in 

glycerol molecule.
25

 GLA could undergo either retro-aldol (C-C cleavage) or 

further DHD under reaction conditions. Retro-aldol leads to the formation of 

EG and methanol (MeOH) while pyruvaldehyde (PAD) formed during DHD 

will be converted to lactate via benzilic rearrangement.
78,79

 MeOH can be easily 

further hydrogenated to methane in the presence of metal catalysts. Direct C-C 

cleavage (not retro-aldol) will take place under relatively harsh reaction 

conditions, giving CO2 via reforming coupled with WGS reactions.
13,15

 Possible 

reaction mechanism based on previous literature is summarized in Scheme 

2.
30,37,60

 As discussed in the previous section, acidic and basic promoters are 

found to facilitate the formation of 1,2-PDO. As seen in routes II and III, 

glycerol conversion follows E1 mechanism if acidic promoters are present with 

metal catalysts,
31,54,55

 followed by two possible paths, one yielding 1,2-PDO (III, 

easy) another 1,3-PDO (II, difficult).
25

 E1 mechanism involves protonation of a 

-OH group, which releases water (DHD). The resulting carbo-cation is 

neutralized in polar protic solvents and then hydrogenated to 1,2-PDO or 1,3-

PDO. E2 mechanism (IV) is believed to be the main source for 1,2-PDO 
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formation in the presence of basic promoters.
80

 As seen from the catalyst 

performances, experimental evidence demonstrated that E2 steps are more 

favorable for the formation of 1,2-PDO compared with E1 mechanism. 

 
Scheme 2. Reaction mechanism of HDO of glycerol in the presence of metal catalysts 

Density functional theory (DFT) calculations confirm the reaction steps (routes 

II and III in Scheme 2) experimental findings for acid-base catalyzed glycerol 

conversion on supported Ni, Rh and Pd catalysts.
81

 The most stable forms of 

intermediates on various catalysts are however different, in which C=C and 

C=O could be present in the intermediates. Despite of detailed mechanistic 

description of 1,2-PDO formation in glycerol conversion, one major question 

on how to improve catalyst activity while avoiding excessive C-C cleavage is 

still an unsolved issue for design of metal catalysts.  

2.1.3 Kinetic modeling 

Kinetic models on HDO of glycerol are summarized in Table 3. Shanksô 

group
82

 proposed the reaction network for the formation of glycols (1,2-PDO 

and EG) and degradation products in HDO of glycerol over Ru/C catalysts in 
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the presence of CaO and CaCO3. In this model, degradation products (methane) 

came from direct HDO of glycerol and decomposition of EG and 1,2-PDO on 

Ru/C catalysts. GLA from DH of glycerol contributed significantly to the 

formation of degradation products. Therefore, the overall formation rates of EG 

and 1,2-PDO were the combination of HDO and decomposition reactions. The 

total carbon balance in their system was however poor (< 63%), the global 

reaction network was thus not clear. Updated kinetic models in the same system 

reveal that the presence of sulfur actually influenced the rates of decomposition 

reactions.
83

 With sulfur/Ru ratios increasing from 0 to 0.4, the activation energy 

for glycerol decomposition was enhanced from 44 to 88 kJ/mol. Torres et al.
56

 

proposed a similar reaction network based on comprehensive characterization 

of both liquid and gas phase products, finding the activation energies of 

degradation reactions on RuRe/C catalysts approximately around 84 kJ/mol.  

A different reaction mechanism was proposed by Zhou and co-workers based 

on experimental data in a continuous reactor.
77

 It was believed that hydrogen is 

dissociatively adsorbed on one type of active site while the substrate and 

products on another site. The activation energies for DHD and HDO were 

reported as 86 kJ/mol and 58 kJ/mol respectively. A simplified model 

describing the adsorption of glycerol, GLA and acetol on the same site was 

proposed by Xi and co-workers.
84

 With negligible adsorption of a base 

promoter (NaOH) and 1,2-PDO, this model fitted the experimental data quite 

well in the range of 180~200 
o
C. An empirical kinetic model was discussed for 
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Pd-CuCr2O4 catalyst.
85

 The addition of Pd to CuCr2O4 facilitated the conversion 

of glycerol. Pd was believed to accelerate hydrogen spillover on Cu catalyst 

surface thus HDO rates were increased by almost two folds. A similar reaction 

model was also discussed by Vasiliadou
24

 for on Cu/SiO2 catalysts. 

Table 3. Kinetic Models for HDO of Glycerol  

Catalyst 
Reactor 

type 
Glycerol Reaction Rate Law Mechanism 
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See appendix III for notation 

An alternative model was derived and discussed by Liuôs group.
86

 Several 

elementary steps, including DH, DHD, HDO and decarbonylation (C-C 

cleavage) were taken into account to explain the formation of methane, EG on 

Ru/ZrO2 surface. The apparent activation energy on Ru catalyst was about 72 

kJ/mol, lower than the results obtained by other researchers. It was found that, 

reaction rates of C-O cleavage (DH, DHD and HDO reactions) was more 



40 
 

significant than C-C cleavage reactions as temperature increases, while further 

increase in temperature resulted in dramatic enhancement in C-C cleavage.  

2.2 Conversion of sugar polyols in the presence of external hydrogen 

Xylitol, sorbitol and mannitol are polyols obtained from hydrogenation of 

sugars.
87

 Xylitol, the primary product of xylose hydrogenation, is one of the 

best artificial sweeteners because it is able to reduce side effects and has low 

cariogenicity compared to sucrose. Sorbitol is the product from glucose 

hydrogenation having wide ranging applications in sweeteners, laxatives and 

medical treatment. Mannitol is obtained from the reduction of fructose, which 

also has extensive applications in food and medicines.
88-91

  

 
Scheme 3. Catalytic conversion of sorbitol to fuels and chemicals 

Catalytic conversion of xylitol, sorbitol and mannitol is of increasing interest 

because these can be converted to various products such as furfurals, furans, 

alcohols and hydrocarbons as fuel compounds,
92,93

 as well as other high value 

chemicals such as 1,2-PDO, EG and glycerol (Scheme 3).
88,90,94

 Up to date, 
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extensive research efforts were focused on fuel range products from xylitol and 

sorbitol. Pt-based catalysts on acidic silica-alumina (SiAl) and zirconium 

phosphate (ZrP) supports were evaluated for catalytic upgrading of these C5~6 

polyols at 230 
o
C and 3.0 MPa hydrogen pressure.

93,95
 Pt/SiAl catalysts 

displayed only about 10% selectivity to liquid hydrocarbons, contributing to 

~90% selectivity to gas phase products.
96

 Tetrahydrofurfuryl alcohol was 

observed as the major product from gasoline range compounds on ZrP support, 

with the overall yield of gasoline of about 66% (research octane number, RON 

= 80).
97

 In comparison, PtRe/C catalysts displayed much lower yield of 

gasoline products (Y = 40%) but improved RON = 89 under similar reaction 

conditions.
95

 Recently Ni/ZSM-5+MCM-41 showed good C6 alkane selectivity 

(S = 90%).
98

  

2.2.1 Catalyst & performance  

There existed limited research results on the conversion of sugar polyols to 

valuable chemicals such as 1,2-PDO and EG. Only a few Ru, Ni and Cu 

catalysts have been reported in the past two decades. A summary of literature is 

presented in Table 4. Sohounloue and co-workers reported Ru/SiO2 catalyst for 

HDO of sorbitol with a combined EG and 1,2-PDO selectivity of 46% 

(Entry#1).
94

 But, SiO2 supports were found to leach in the presence of Ca(OH)2 

used as a base promoter. Tronconiôs group found that Ru/C+NaOH catalyst led 

to the formation of both glycols (S = 54.3%) and LA (S = 6.9%) in conversion 

of sorbitol in a continuous reactor (Entry#2).
99

 Zhao and co-workers (Entry#3) 
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carried out sorbitol conversion over supported Ru catalysts on carbon nanoýber 

(CNF) and graphite-based composite materials and reported 68% conversion 

with ~51.3% selectivity of glycols (EG and PDO) at 220 
o
C and 8 MPa (PH2).  

Table 4. Aqueous phase HDO of sorbitol over metal based catalysts 

# Catalyst Promoter 
PH2  

(MPa) 

T  

(oC) 

TOFa  

(h-1) 

Selectivity (%) 
Ref 

Glycolsb LA Alcsc Gasd 

1 Ru/SiO2 Ca(OH)2 8.0 210 78.3 46 N.R.f N.R. N.R. 94 

2 Ru/C NaOH 13.0 250 16.6 54.3 6.9 N.R. N.R. 99 

3 Ru/CNF NaOH 8.0 220 183.1 51.3 N.R. N.R. N.R. 88 

4 NiCe/Al2O3 Ca(OH)2 7.0 240 46.7 55.3 N.R. 11.1 11.1 100 

5 Ni/C NaOCH3 14.0 215 46.7 33 N.R. N.R. N.R. 101 

6 NiPt/NaY Ca(OH)2 6.0 220 N.A.e 76 N.R. N.R. N.R. 89 

7 CuO-ZnO ZnO 13.0 240 0.8 < 10f N.R. N.R. N.R. 102 

a. defined as mol/mol/h or h-1 in literature; b. Glycols: 1,2-PDO and EG; c. Alcs: C1~3 linear alcohols; d. 

Gas: CH4 and CO2; d. N.A.: TOF cannot be calculated due to lack of experimental details; e. 

deoxyhexitols are the major products (S =35~67%); f. N.R.: not reported in the manuscripts. 

Clark and co-workers reported that HDO of sorbitol over kieselguhr supported 

Ni catalysts and NaOCH3 as a liquid phase promoter with yields of EG, 1,2-

PDO and glycerol as 16%, 17% and 40%, respectively at 215 
o
C and 14 MPa 

(hydrogen pressure, PH2).
103

 Ye et al.
100

 found that when adding trace amount of 

Ce
4+

 to Ni/Al2O3+CaO catalytic system, the activity of Ni catalysts was 

enhanced by almost three folds with 55.3% selectivity to glycols (Entry#4) at 

240 
o
C and 7 MPa (PH2). But side reactions including methanation and water 

gas shift reaction (WGS) were also significant (methane and CO2 selectivity = 

10~22%) at the same time. Banu et al.
89

 found that the activity of Ni/NaY 

catalyst was enhanced in the presence of CaO as a basic promoter with a 
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combined selectivity to EG and 1,2-PDO of 76% at 220 
o
C and 6 MPa (PH2), 

the use of alkalis and zeolites, however led to the catalyst sintering (Entry#6).  

Sun et al.
90

 tested different carbon supported catalysts (Pt, Pd, Ru, Rh, etc) for 

xylitol hydrogenolysis and found that with Ru/C+Ca(OH)2 (Entry#1 in Table 5), 

catalyst, EG, 1,2-PDO and lactic acid (LA) were the main products with 32%, 

25% and 17% selectivity respectively at relatively mild conditions (200 
o
C and 

7 MPa). Isomerization of xylitol (to threitol and arabitol) and methanation were 

the major side reactions on Ru/C catalysts. Ru showed superior performance 

compared to other noble metal catalysts.  

Table 5. Aqueous phase HDO of xylitol  with Ca(OH)2 as the base promoter 

# Catalysts 
PH2  

(MPa) 

T  

(
o
C) 

TOF  

(h
-1
) 

Selectivity (%) 

Ref 

EG 1,2-PDO LA Others
c
 

1 Ru/C 7.0 200 184.4 32.4 24.9 16.8 14.2 
90

 

2 Ru/MgxAl yOz 7.0 200 145.2 19.5 7.9 36.5 17.3 
90

 

3 Pd/C 7.0 200 63.0 30.0 29.0 28.4 5.3 
90

 

4 Rh/C 7.0 200 61.2 26.4 30.0 23.3 11.8 
90

 

5 Pt/C 7.0 200 754.5 25.0 23.3 15.5 20.8 
90

 

6 NiRe/C
a
 8.0 200 N.A.

b
 37 28 10 21 

101
 

a. KOH [not Ca(OH)2] as the base promoter; b. N.A.: TOF cannot be calculated due to lack of 

experimental details; c. Others including small amounts of glycerol, C1~2 carboxylic acids and 

linear alcohols. 

2.2.2 Reaction pathways and mechanisms 

Conversion of xylitol and sorbitol to EG and 1,2-PDO involves simultaneous 

C-C and C-O cleavage as the key intermediate steps though the detailed 

mechanism of these steps is still debated. Sohounloue and co-workers proposed 



44 
 

retro-aldol (C-C cleavage) mechanism for HDO of xylitol and sorbitol in the 

presence of Ru/SiO2 and Raney Ni catalysts, the activity of which can be 

enhanced in strong basic medium (pH>12).
94

 Montassier et al.
104

 conducted 

detailed work in the activity of Ru/C and proposed that the main reaction 

causing C-C bond cleavage in sorbitol conversion was a retro-Michael rather 

than retro-aldol reaction. 
105, 106

  

 
Scheme 4. Possible products from sorbitol conversion 

 

Figure 6. Activation of sorbitol molecule on metal catalyst surface
107

 

The possible products from sorbitol conversion are shown in Scheme 4. With 

regard to the primary product of C-C cleavage, experimental results showed 

that glycerol might be the key intermediate for secondary products such as EG 



45 
 

and 1,2-PDO, as known from HDO of glycerol. However, the comprehensive 

understanding of reaction pathways is still challenging, because, as seen from 

previous reports (as shown in Tables 4 and 5), there was lack of complete 

material balance (65~82%) in current reaction systems.
88,94,100,101

 More 

importantly, the molecular structure of xylitol and sorbitol is much more 

complex compared with glycerol. DFT calculation for xylitol and sorbitol, C-C 

cleavage at any position (shown in Figure 6) was all possible.
88,94,100

 

2.2.3 Kinetic modeling 

 

Scheme 5. Reaction network of sorbitol conversion on Ru/C catalyst 

Tronconiôs group proposed a Langmuir-Hinshelwood rate model to describe the 

sorbitol conversion on Ru/C catalyst in the presence of NaOH.
99

 A tentative 

reaction network for glycerol, EG, 1,2-PDO and LA was proposed and 

experimental data were fitted to determine rate parameters (as shown in Scheme 

5). However, the major co-products such as MeOH (C1), EtOH (C2) and 

possibly gas phase products were not reported. The lack of complete material 

balance (< 78%) brought significant challenges to the fundamental 
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understanding of the C-C cleavage on Ru catalysts. Further, the reaction steps 

proposed for LA-to-1,2-PDO are not possible as LA cannot be further 

converted to 1,2-PDO in alkaline medium.
57

 Further, the underlying mechanism 

for C-C and C-O cleavage of sorbitol and xylitol on metal catalysts is still not 

clear.  

2.3 Conversion of polyols in the presence of hydrogen formed in situ 

2.3.1 Glycerol to 1,2-PDO: catalysts and surface reactions 

At present, hydrogen required for industrial hydrogenation processes comes 

from fossil fuel-based sources (e.g. petroleum, coal, etc). The cost of hydrogen 

is an important aspect in developing competitive processes, particularly, in the 

manufacture of low value/high volume commodity products or those cases 

where hydrogen is consumed for unwanted side reactions. Hydrogen cost is 

even more important in biomass conversion processes such as HDO of oxygen 

rich feedstocks (polyols, polyhydroxy carboxylic acids, etc) as a large amount 

is consumed in deoxygenation to undesired products. The development of 

alternative HDO processes without the need of external hydrogen or using in 

situ formed hydrogen may therefore have a significant economic and 

environmental impact. 

It is well known that aqueous phase reforming of polyols leads to the formation 

of hydrogen in the presence of various metal-based catalysts, such as Pt,
108,109

 

Ru,
110

 Ni,
111

 Cu.
112

  These metal catalysts are also known as potentially good 
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candidates for HDO of polyols to 1,2-PDO and EG.
88,89,100,113-120

 One would 

expect that hydrogen generation and HDO could occur simultaneously on the 

catalyst surface or in a one pot process. Scheme 6 shows the stoichiometry of 

tandem reforming/HDO of glycerol, where the maximum theoretical selectivity 

of 1,2-PDO can be 87.5%. This value is even higher than most of the existing 

experimental results of glycerol conversion in the presence of external 

hydrogen, which indicates the strong economical and environmental 

favorability of the in situ process. Summary of leading experimental results on 

glycerol conversion using hydrogen formed in situ is presented in Table 6.  

  (a) Reforming:                           C3H8O3+ 3H2O­3CO2+ 7H2 

  (b) DHD:                                  7C3H8O3
­7C3H6O2 + 7H2O 

  (c) HDO:                                  7C3H6O2 + 7H2
­7C3H8O2 

          Overall:                              8C3H8O3
­7C3H8O2+ 3CO2+ 4H2O 

Scheme 6. Stoichiometry of tandem reforming/HDO of glycerol 

 
Scheme 7. Glycerol to 1,2-PDO via reforming/DHD/HDO route

121
 

DôHondt and co-workers
121

 first reported tandem reforming/DHD/HDO of 

glycerol in the presence of Pt/NaY catalysts with 64% selectivity to 1,2-PDO  

at 85% conversion. Roy et al.
122

 later investigated the feasibility of using an 

admixture of two supported metal catalysts for the tandem reforming/HDO of 
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glycerol. They reported that Pt/Al2O3+Ru/Al2O3 admixture displayed 

significantly higher conversion (X = 50.1%) and selectivity to 1,2-PDO (S = 

47.2%) than the two catalysts (X < 20%) when tested individually. But methane 

selectivity was about 20% under the experimental conditions (T = 180~240 
o
C).  

 

Scheme 8. Glycerol to 1,2-PDO on Pt and Ru catalyst admixtures
122

 

Further efforts by were carried out on modifying Pt/TiO2 catalysts by adding a 

second component such as Sn
123

 or Ni
14

 as promoters aiming at minimizing the 

significance of methanation reactions. Barbelli & Nichio
123

 found that the 

reaction rate of glycerol was enhanced significantly from 15 to 907 h
-1

 at 200 

o
C by adding Sn as the promoter, leading to a higher 1,2-PDO selectivity (S = 

32%, X = 54%) on Pt/TiO2 catalysts. Martin
14

 later found that the addition of 

Ni to Pt/Al2O3 catalysts seemed to increase the overall activity of Pt catalysts, 

but selectivity to 1,2-PDO (S = 47~52%) was still poor. Inexpensive Cu/Al2O3 

catalysts were also investigated by Mane & Rode for glycerol conversion,
124

 

because Cu catalysts usually exhibit low methanation activities. It was found 

that CuAl2O4 species in Cu/Al2O3 catalysts promoted DHD, thus acetol was 

formed as the major component (S = 32~100%). But as conversion of glycerol 
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increased from 59% to 90%, the maximum selectivity towards 1,2-PDO was 

only 55% with significant amounts of CO2 (S > 20%) generated at 220 
o
C. This 

is possibly due to the WGS reaction occurring dominantly on Cu/Al2O3 

compared with in situ HDO of glycerol.   

 

Scheme 9. The role of Sn in tandem reforming/HDO on Pt/TiO2 catalyst
123

  

 

Scheme 10. DH/HDO on Rh/C catalyst
125 

Although the presence of acidic sites promote DHD of glycerol to acetol, 

reforming of glycerol and formed alcoholic products (e.g. 1,2-PDO, EG, 

MeOH)
126

 is also enhanced on acidic surfaces.
80

 The selectivity to liquid 

products is thus relatively low. Experimental studies showed that alkaline 

medium restrained the unwanted methanation reaction to a large extent.
41,57,127
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Thus further efforts were carried out to understand the role of base (promoters) 

during in situ HDO of glycerol. King and co-wokers
80

 observed that the 

addition of trace amounts of KOH to Pt/C catalysts led to significant 

enhancement in hydrogen production rate, while the selectivity to glycols and 

alcohols was enhanced from 45% to approximately 70% at 225 
o
C. Meanwhile, 

the formation methane and ethane was almost reduced (S < 5%). This implied 

that the presence of basic species prevented the methanation of intermediates 

and favors the in situ HDO reactions.   

 

Scheme 11. Glycerol conversion to LA on Cu-based catalysts  

A recent study combing DFT with experimental results on Rh/C and Ir/C 

catalysts revealed that both DHD and DH route are possible for glycerol 

conversion in the presence of NaOH.
125,128,129

 LA was detected as one of the 

main products (S = 30~55%). 1,2-PDO selectivity was also enhanced with the 

addition of NaOH (S > 40% in most cases). Another study showed that LA was 

the major products on Cu catalysts in alkaline medium (Scheme 11),
79

 implying 

that DH reaction was the dominant reactions. A recent DFT study of glycerol 
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DH proposed that it was possibly initiated with C-H rather than O-H rupture on 

metal surface.
130

 Two metallic sites, according DFT calculations,
123,124

 should 

be available for stable dehydrogenated species (Scheme 12), indicating that the 

extraction of second hydrogen atom from adjacent C or O atoms is actually the 

ñdifficult stepò during DH.
131,132

 This study provides insightful information 

about reaction mechanism of DH.
121,122,125

 

 

Scheme 12. Proposed glycerol conversion route on Pt [111] surface  

Catalytic transfer hydrogenation (CTH) reaction was also investigated by 

various researchers. CTH can be of industrial importance because the storage of 

hydrogen generators (donors) such as EtOH, 2-PrOH and formic acid is 

relatively cheaper than those for molecular hydrogen.
14

 Musolino & Pietropaolo 

proposed an in situ HDO of glycerol to 1,2-PDO by using the hydrogen 

generated from 2-PrOH on Pd/Fe2O3 catalysts.
14

 The selectivity to 1,2-PDO 

was 94%. However, the selectivity of corresponding ketones or aldehydes 

during DH of H-donors as well as the overall liquid/gas products ratio was not 

mentioned in these reports. Therefore the overall efficiency of the proposed 

CTH process is still unknown. 
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Table 6. HDO of glycerol using hydrogen formed in situ (leading results in literature) 

# Catalysts Solvent
a
 Promoter 

T  

(
o
C) 

P
b
  

(MPa) 

TOF  

(h
-1
) 

X  

(%) 

S
d
  

(%) 

Re

f 

1 Pt/NaY H2O Na
+
 230 4.2 71.2 85.4 64.0 

112
 

2 Pd/Fe2O3 
EtOH 

2-PrOH 
Fe2O3 180 0.5 - 100 94 

133
 

3 

Ru/Al2O3, 

Pt/Al2O3 

(admixture) 

H2O - 220 1.4 34.0
c
 50 47 

122
 

4 PtSn/TiO2 H2O Sn 200 0.4 907 54 59 
123

 

5 Cu/Al2O3 H2O - 220 2.0 - 90 22 
124

 

6 
Pt/hydrotal

cite 
H2O Mg

2+
 250 1.0 - 94.5 29 

14
 

7 
PtNi/hydrot

alcite 
H2O Mg

2+
 250 1.0 - 89.8 35.2 

14
 

8 Pt/C H2O KOH 225 2.9 612 90 22 
80

 

9 Rh/C H2O NaOH 180 3.0 20.8 55 6 
125

 

10 
Ir/C, 

Ir/CaCO3 
H2O NaOH 200 3.0 1086 76 ~40 

128
 

11 Cu2O H2O NaOH 220 1.4 2.4 90 5 
79

 

a. solvent is an important hydrogen source; b. N2 or He atmosphere; c. calculated based 

on Ru content; d. Selectivity to 1,2-PDO 

2.3.2 Glycerol to LA: Catalysis and reaction mechanism 

LA is a naturally occurring organic acid.
134

 Owing to its unique structure with 

both carboxylic and hydroxyl groups, LA has been widely used in food, 

pharmaceutical and chemical industries. The main demand for LA is due to the 

use of polylactic acid as a biodegradable material to replace petroleum-based 

products (e.g. polyethylene, polypropylene).
135

 The sustainable market growth 

of LA is strongly expected because it has a significantly low carbon impact on 

the environment.
136

 Presently, LA is mainly synthesized via fermentation of 
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sugars.
135

 The main disadvantages of biological route include limited space-

time yield, tough needs for the control of reaction conditions and complex post-

separation processes (as shown in Scheme 13).  

 

Scheme 13. Flow chart of fermentation of starch sugars for LA production
135 

Experimental results on the synthesis of LA via chemical routes, including 

hydrothermal, HDO, oxidation and DH, have been summarized in Table 7.
16

 

Possible reaction mechanism involved will be discussed in the following 

sections. 

(1) Hydrothermal route. Hydrothermal conversion is one such technology that 

can instantaneously transform glycerol to LA under relatively harsh reaction 

conditions (T > 300 
o
C). Hydrothermal technologies may directly convert crude 

glycerol to various value-added products without a dewatering 

pretreatment.
78,137

 At such high temperatures, alkaline-induced DH of glycerol 

occurs (Scheme 14), accompanied with consecutive DHD to generate 

pyruvaldehye and form LA as the major product via benzilic rearrangement 

(Scheme 14).
78
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Scheme 14. Conversion of glycerol to LA under hydrothermal conditions 

 

Scheme 15. Formation of pyruvate with Ba
2+

 and formation of formic and acetic acids  

Side reactions of LA to formic and acetic acid (C-C cleavage) can also proceed 

under this reaction conditions.
137

 Hydrothermal treatment of glycerol provides 

an efficient approach for LA synthesis, corrosion of reactor materials is 

however the major problem plaguing such technology. 

(2) HDO route. HDO of glycerol (T = 160~240 
o
C, PH2 = 2~8 MPa) to 1,2-

PDO in the presence of metal catalysts (e.g. Ru, Cu, Co, Ni, Pt, Rh, etc) has 

been extensively studied in the past decades.
49

 LA is often found as a co-

product to 1,2-PDO during glycerol HDO when using bases as catalytic 

promoters.
57

 It raises extensive interests because LA actually has oxidized 

carbon but it can be formed during reductive environment. For HDO of glycerol, 

metal (e.g. Ru/C, Pt/C and Cu/hydrotalcites) catalyzed DH is believed to be the 

first step, which seems to be strange. If there is any alkaline species presence in 

the reaction media (aqueous phase), the dehydrogenated intermediate, GLA can 
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undergo DHD easily under reaction conditions (T > 60 
o
C).

138
 The as formed 

PAD goes through benzilic rearrangement (oxidized by OH
-
) to form LA (as 

mentioned in previous sections). It is clear to us that the formation of LA does 

not require externally added hydrogen, however, molecular hydrogen is often 

needed for C-O activation on metal catalysts surface. 

(3) Oxidation route. The synthesis of LA from glycerol can occur at 90 
o
C in 

the presence of Pt/TiO2 catalysts with atmospheric oxygen flow through a glass 

reactor.
139

 Oxygen and OH
-
 are two key components for LA formation.

139,140
 

GLA is an important intermediate for LA formation, which is observed to be 

generated by partial oxidation of glycerol (First step in Scheme 16). The 

computational study shows that OH
-
 is critical for the deprotonation of 

glycerol
140

 and DHD of GLA therefore high LA selectivity is obtained. Another 

effort focusing on oxidation of glucose to LA was also reported by Onda and 

co-workers.
141,142

 The selectivity to LA depended slightly on the types of metal 

catalysts, implying that the conversion of glucose to LA is an OH
-
 catalyzed 

homogeneous reaction.  

 

Scheme 16. Plausible pathways for oxidation of glycerol to LA and glyceric acid 
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(4) DH route. Oxidation of sugar polyols to GLA usually leads to form 

significant amounts of humic substances due to high NaOH/substrate ratios 

(4~20 in molar ratio). The DH chemistry is somewhat similar to hydrothermal 

synthesis but it occurs under milder reaction conditions (T < 250 
o
C) and is a 

metal catalyzed heterogeneous reactions
79

 rather than homogeneous reactions of 

alkali catalysis.
78

 Roy and co-workers
79

 found that DH of glycerol was 

dominant on Cu catalysts in alkaline medium. Both DH and HDO reactions 

were observed on Rh/C and Ir/C catalysts.
125,128,129

 DFT calculation found that 

DHD via E2 route
129

 is equally possible as DH on Rh surface. But DHD 

reaction will not release hydrogen during glycerol conversion. Experimental 

results confirmed that both DH
79

 and HDO
57,125

 rates would increase with more 

alkali addition. The role of alkalis in metal catalyzed DH of polyols is still not 

clear. More experimental evidence is thus needed to support this hypothesis.  
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3. Challenges and opportunities 

3.1 Challenges 

As discussed in this chapter, polyols with wide availability from cellulosic 

biomass attract extensive interests because they can be catalytically converted 

to various high volume industrial products. If chemicals which are 

conventionally derived from petroleum can be synthesis from biomass, it will 

significantly reduce the carbon footprint of bio-refinery. However, several 

problems still remain, which pose significant challenges for the sustainable 

development of biomass conversion technologies: 

(1) Fundamental difference between petrochemical refining and biomass 

upgrading. Although extensive research has been focused on converting 

petroleum-based feedstocks, due to the fundamental difference in molecular 

structures between petroleum hydrocarbons and oxygen-rich biomass 

carbohydrates, the reaction mechanism of several industrial important reactions 

such as DH, DHD, HDO and oxidation is still not clear in biomass conversion. 

For example, DH of hydrocarbons only involves carbon and hydrogen while 

that of polyols includes the breakage of C-H and O-H bonds possibly at the 

same time. (2) Low activity and selectivity to targeted products. 

Conventional catalysts such as zeolites and meta-based catalysts, which show 

good performances in petroleum refining, are not displaying low activity and 

selectivity for biomass conversion. More importantly, unlike fuel production, 
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which demands high selectivity towards a range of compounds with good 

ignition properties, synthesis of value-added chemicals demands both high 

activity and good selectivity. But several parallel and consecutive reactions 

such as reforming, WGS, DH, HDO and DHD occur at the same time, thus CO, 

CO2, hydrogen and methane would be produced on catalyst surfaces. Therefore, 

selectivity towards targeted products such as 1,2-PDO, EG and alcohols is poor 

in existing catalytic systems. (3) Lack of rational design of cost-effective 

catalytic systems. High performance catalysts with (a) low energy input, (b) 

high activity/selectivity and (c) low costs are essential for breakthrough in 

biomass conversion technologies. Although we are able to improve industrial 

catalysts mostly via tuning element compositions, synthesizing novel supports, 

or optimizing preparation methods, those efforts still cannot lead us to an 

innovative catalysts with uniform compositions and fundamental understanding 

of structure-performance correlation. Advances in nanoscience enable us to 

fabricate nanoparticles with controlled sizes in 1~10 nm regime, and various 

shapes such as tetrahedral, octahedral and cubes, etc. Fundamental 

understanding on structure-activity relations on the atomic levels (e.g. surface 

facets and C-O/C-H bond activation) are needed, but to date limited progress 

has been made in biomass area possibly due to the complicated reaction 

behaviors involved in biomass conversions. (4) Kinetic modeling of 

multiphase reactions. Biomass conversion often involves gas-liquid-solid 

multiphase reactions. Current research efforts are however, primarily focused 

on evaluating catalyst and revealing reaction pathways. Detailed multiphase 
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kinetic modeling will  undoubtedly provide insightful information about 

optimizing design of catalysts and process development.  

3.2 Opportunities 

The goal of this work is to understand the possible reaction pathways of 

various sugar polyols including sorbitol, mannitol, xylitol, erythritol and 

glycerol and rational design of active, selective and stable metal based catalysts 

for the synthesis of high value chemicals. In order to achieve this goal, four 

major tasks have been carried out and discussed in this dissertation. 

(1) Product distribution and possible reaction pathways of polyols 

conversion on metal-based catalysts. Investigate the activity and selectivity of 

metal-based catalysts, for HDO of C3~6 polyols. Based on the 

concentration~time profiles, experimental work aiming at revealing reaction 

mechanism including C-C and C-O cleavage, corresponding reaction pathways 

and product distribution will be conducted and relevant reactions will be 

modeled quantitatively. 

(2) Reaction mechanism of HDO of polyols on multifunctional 

DH/DHD/HDO catalysts. On the basis of reaction pathways and product 

distribution, a rational design of cost-effective Cu-based catalytic system will 

be carried our systematically and experimental parameters including 

metal/promoter ratio, temperature, pressure and substrate concentration are 

studied in details. More importantly, various catalysts characterization 
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technique will be used to reveal the surface chemistry of Cu sites and to 

establish the structure-performance correlations. 

(3) Tandem DH/HDO of polyols under very mild conditions. Combining 

hydrogen generation with HDO on one metal catalyst including Ni, Co, Rh, Pd, 

Ru and Pt supported on carbon will be evaluated for one pot conversion of 

polyols under very mild reaction conditions (T = 130~160 
o
C, PN2 = 0.3~1.4 

MPa). Detailed kinetic modeling aiming at revealing the possible surface 

reaction mechanism will be carried out on Pt/C catalysts. 

(4) Rational design of nanocatalysts for converting polyols to high value 

chemicals. The synthesis of super active Cu nanocatalysts with controlled 

structures is systematically carried out. The DH, HDO and WGS reactions will 

be correlated with various Cu surface planes. The well-defined Cu-based 

catalysts display five-fold enhancement in activity compared with conventional 

Cu catalysts. 
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Chapter 2 Hydrogenolysis of Sugar Polyols to Value-Added 

Chemicals on Supported Ru Catalysts: Reaction Pathways and 

Kinetic Studies  

 

1. Introduction  

Sugar polyols such as sorbitol, mannitol and xylitol produced from C5~6 sugars 

are recognized as important renewable feedstocks for conversion to value-

added chemicals, such as 1,2-propanediol (1,2-PDO) and ethylene glycol (EG), 

which were conventionally derived from petroleum-based feed stocks. The 

relevant literature on the type of catalysts used, reaction pathways and kinetics 

has been reviewed in Chapter 1. It is clearly seen that there is lack of complete 

understanding on the possible reaction products, as well as the plausible 

reaction mechanism involved in the conversion of sugar polyols. Therefore, in 

this chapter, experimental study on hydrogenolysis (HDO) of polyols (sorbitol 

and xylitol) using supported mono and bimetallic catalysts in aqueous medium 

is presented. The goal of this chapter is to obtain a comprehensive 

characterization of the possible reaction products and investigate the possible 

reaction pathways and mechanism of sugar polyols on metal based catalysts. 

The performance of different catalysts, role of supports, and solid acid and base 

promoters on catalytic activity and selectivity was studied in a batch slurry 

reactor. Based on the evaluation of different catalysts, studies with intermediate 
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products as substrates and kinetic modeling, a reaction pathway and possible 

mechanism of sorbitol and xylitol conversion are discussed. 

2. Experimental section 

2.1 Catalyst preparation 

 

Figure 1. Outline of preparation of supported Ru and RuRe catalysts by co-

precipitation method 

Mono and bimetallic catalysts were prepared using a co-precipitation method 

shown in Figure 1. For Ru-based mono (Ru) and bimetallic (RuRe) catalysts, 

the detailed synthetic procedures of catalyst preparation is described as follows: 

5.0 g of activated carbon (100 mesh, Sigma) was charged to 700 mL of 

deionized water and the slurry was heated to 95 
o
C in a round-bottom flask with 

magnetic stirring for 2 h to make sure carbon particles were well dispersed in 
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the aqueous medium. Then, required amounts of the noble metal salts [e.g., 

RuCl3.xH2O (99.98% trace metal basis, Sigma) and perrhenic acid (65w% in 

water, Sigma)] solution were first mixed with about 20 mL of deionized water 

in a beaker, and added to the slurry dropwise. The beaker was then washed at 

least three times using deionized water and the resultant slurry stirred for 

another 3 hours. A dilute NH3.H2O solution (Fisher, about 10 mL/ 5 g catalysts) 

was added dropwise to the slurry obtained from previous step until a pH value 

of 10, and suspension stirred for another 3 hours. The mixture was then filtered 

and the solids pre-catalyst washed with 2000 mL of deionized water at 90 
o
C to 

remove chloride ions. The solid sample was then dried overnight in a vacuum 

oven at 120 
o
C.  

 

Figure 2. The temperature profile during catalyst activation and schematic of 

activation apparatus 

The as-prepared catalysts were activated at 300 
o
C for 5 h in a tube furnace 

under the flow of hydrogen (99.95%, Linweld, flow rate: 20 cm
3
/min/g catalyst) 

before testing for catalytic hydrogenolysis (HDO) in a slurry reactor. In the 
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activation procedure, the catalyst sample was placed in the tube, followed by 

purging with nitrogen (99.995%, Linweld, flow rate: 20 cm
3
/min/g catalyst) at 

room temperature for 30 min, and heated at a rate of 5 
o
C/min to 150 

o
C. Then, 

the nitrogen flow was switched off and hydrogen was introduced to the tube. 

Next, the sample was heated at a rate of 5 
o
C/min to 300 

o
C and activated for 5 

h under the flow of hydrogen. Finally, the system was cooled to 150 
o
C and 

then flushed with nitrogen gas again. This process is shown schematically in 

Figure 2. The samples were taken out of the tube furnace at room temperature 

and stored in a brown container. Several catalyst samples containing 0.25w%, 

0.5w%, 1w%, 2w% Ru on carbon and Ru(1w%)-Re(1w%)/C were prepared 

following the above procedure.  

The same preparation procedure was followed for the synthesis of other 

metallic catalysts consisting of  Rh(1w%)/C, Pt(1w%)/C, and Ir(1w%)/C. 

RhCl3.xH2O (99.9%, trace metal basis, Sigma), H2PtCl6.xH2O (99.9%, trace 

metal basis, Sigma) and IrCl3.xH2O (99.9%, trace metal basis, Sigma) were 

used as metal precursors. 

2.2 Catalyst performance evaluation  

2.2.1 Evaluation of metal catalysts 

Evaluation of metal catalysts for HDO of polyols was carried out in a high-

pressure, high-temperature 300 mL reactor supplied by Parr Instrument Co. 

About 3.0 g of polyol substrate [e.g. sorbitol (98%, sigma), xylitol (99%, 
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sigma), glycerol (99.5%, sigma), ethylene glycol (99.8%, sigma)] were charged 

into a 100 mL graduated cylinder. Then deionized water was added to the 

cylinder under vigorous stirring at 800 rpm until the solution was homogeneous. 

The final volume of the aqueous solution was 91 mL. A sample of the prepared 

solution (about 1 mL) was taken out and injected into high performance liquid 

chromatograph (HPLC) to determine the initial concentration of the polyol 

substrate. 0.4 g of solid catalyst [e.g. Ru(1w%)/C] was introduced to the reactor. 

For studies on promoter effect, 0.4 g of solid promoters [e.g. MgO (99% trace 

metals basis, 325 mesh, Sigma), CeO2 (99.9%, Fisher) or Hɓ zeolite (CP811C-

300, Zeolyst)] were then charged in the reactor before introducing the substrate 

solution. Then the prepared 90 mL aqueous solution was slowly added to the 

reactor.  

 

Figure 3. Experimental setup of 300 mL Parr reactor setup (left) and monitoring 

system (right)  

Next the reactor head was then connected with the body. The pressure 

transducer, temperature sensor, gas inlet was connected in order before the 

reactor was heated. The reactor was purged thrice each with nitrogen at 1.0 
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MPa. Then hydrogen was charged to the reactor to purge nitrogen for three 

times at 2.0 MPa. Then hydrogen was released and the reactor was set at 

normal pressure. The reactor was then heated up to desired temperature. During 

the reactor heating process, the stirring rate was set at <50 rpm to ensure 

negligible reactions during the heating period. When the reactor reached the 

desired temperature, the stirring speed was increased to > 1000 rpm to avoid 

external mass transfer limitations, which signified as the start of HDO 

experiment. The temperature and pressure profiles were recorded every 2 

seconds by a monitoring system (as shown in Figure 3).  

2.2.2 Experiments for kinetic study  

 

Figure 4. The multiple-slurry-reactor system (left) with control system (right)  

Experiments for kinetic modeling of HDO of sorbitol were carried out in a 

high-pressure, high-temperature multiple-slurry-reactors system supplied by 

Parr Instrument Co (shown in Figure 4). PTFE liners were used in each reactor 

in order to avoid the catalytic effect of reactor wall materials at elevated 

temperatures (> 140 
o
C) in the presence of base promoters. For a typical test, 
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about 1.5 g of sorbitol was dissolved in 15 mL of water in a graduated cylinder, 

by stirring at 200 rpm until a homogeneous solution A was formed.  If NaOH, 

KOH and Ba(OH)2 were used as the base promoter, sorbitol and base promoter 

were mixed together to obtain a 15 mL aqueous solution. Known amounts of 

solid catalyst sample (0.1 g), such as Ru/C catalyst, were charged into the PTFE 

liner along with MgO or Ca(OH)2 as the base promoter. Solution A was then 

added to PTFE liner already containing solid catalyst and promoter and the 

suspension stirred at 200 rpm at room temperature for 2 min. The PTFE linear 

was placed into the slurry reactor, which was then sealed and purged three 

times with nitrogen. The stirring speed was set at 100 rpm in order to flush the 

air in the reactor void space and any dissolved air from the solution. Then the 

reactor was purged with hydrogen at 2.0 MPa, the gas phase released to normal 

pressure and the heating process was started. Once the desired reaction 

temperature was reached, hydrogen pressure was increased to a required value. 

Agitation speed was set at 800 rpm to start the reaction.  

2.3 Analytical methods 

After a certain period of time, the reaction was stopped by switching off the 

agitation and heating duty. Then the reactor contents were cooled to room 

temperature and the final pressure of the reactor was noted. Then, the reactor 

was depressurized by releasing the gas-phase products to ýll two external 

sampling loops for ofþine gas chromatographic (GC) analysis (Shimadzu, 

Model GC-2014). The sample in one loop was used for analysis of C2~C5 
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alkanes which were separated in RT-QPLOT column (15 m long, inner 

diameter of ID = 0.53 mm) and analyzed using þame ionization detector (FID). 

The sample in a second loop was used for analysis of methane, ethane, CO, and 

CO2  which were separated using a 60/80 Carboxen 1000 packed column (4.57 

m long, ID = 3.175 mm) and analyzed using a thermal conductivity detector 

(TCD) device. Detailed operation procedures for GC analysis are described in 

Appendix I.   

 

Figure 5. Instruments of gas chromatography (left) and liquid chromatography (right) 

Table 1. HPLC conditions 

Parameter 
Value 

Method 1 Method 2 

Oven temperature (
o
C) 60.0 60.0 

Mobile phase (N) 0.005 0.005 

Total mobile phase flow rate (mL/min) 0.50 0.20 

Detector RID RID 

Cell temperature (
o
C) 40.0 40.0 

 

The liquid samples were analyzed using an HPLC (a Rezex ROA-Organic Acid 

H
+
 column, 0.005 N aqueous H2SO4 as mobile phase and an RI detector). These 
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analytical results were combined to obtain a quantitative assessment of each 

product in the gas and liquid phase, and for calculation of conversion and 

selectivity. An example of HPLC result is shown in Scheme 1.  

 

Scheme 1. A typical liquid chromatography result from sorbitol conversion 

Definitions. Conversion rate (CR) is defined as the amount of substrate 

converted (mol) in the presence of certain amount of bulk metal (e.g. g atom Ru) 

after a fixed reaction time (h), expressed as mol/g atom/h. Turnover frequency 

(TOF) is defined as amount of substrate converted (mol) in the presence of 

certain amounts of surface metal atoms (mol) during reaction (h), expressed as 

mol/mol/h. Both CR and TOF are calculated for conditions such that the 

conversion level is in the range of 5~27%. Conversion is defined as the ratio of 

moles of substrate converted to the moles of substrate charged initially. 

Selectivity is defined as the ratio of the moles of carbon in specific product to 

the moles of carbon equivalent to converted substrate. Yield of a specific 

product is defined as conversion multiplied by selectivity of a specific product. 
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Error analysis. Experimental error includes the uncertainty from repeated 

experimental data under identical reaction conditions as well as the error in 

HPLC analysis. Some of the key experiments, including substrate/product 

concentration of sorbitol hydrogenolysis at relatively low conversion levels (X 

< 35%) and that at relatively higher conversion levels (X = 55~87%). The 

(experimental) error (from repeated experiments) for low conversion level is in 

the range of 3.5~14.2%, while this value is approximately 4.2~10.2% at X = 

55~87% (see Figures 15~17). The relatively error from HPLC analysis 

(repeated injection of one sample) is as low as < 0.08% in all cases. The 

concentration data measured from repeated experiments were input to software 

when parameter estimation was conducted. Therefore the uncertainty value for 

estimated parameters such as reaction rate constants already takes into account 

the all types of experimental error. The detailed procedures for error analysis 

are shown in Appendix I.    

2.4 Catalyst characterization 

2.4.1 Transmission electron microscopy (TEM) 

 

Figure 6. TEM instrument and work station 
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Samples were prepared by suspending the solid catalyst in ethanol (EtOH) and 

agitating in an ultrasonic bath for 15 minutes. 10 ɛL of catalyst sample was 

placed onto a copper mesh grid with lacey carbon film (purchased from Ted 

Pella Inc.). The wet grid was allowed to air-dry for several minutes prior to 

being examined under TEM. The catalyst particle size and morphology were 

examined by bright-field and dark-field TEM using an FEI Technai G2 

transmission electron microscope at an electron acceleration voltage of 200 kV 

(shown in Figure 6). The equipment is located in Microscopy and Analytical 

Imaging Laboratory (www.mai.ku.edu) on the campus of University of Kansas. 

High resolution images were captured using a standardized, normative electron 

dose and a constant defocus value from the carbon-coated surfaces. Energy 

dispersive X-ray spectroscopy (EDX) was carried out using an EDAX detector. 

2.4.2 Inductively coupled plasma (ICP) 

The supported metal catalysts were characterized by ICP for bulk metal content. 

The procedure is briefly described here: 0.1 g of solid catalyst was digested 

using a mixture containing 2.0 g of hydrofluoric acid (47~51%, Fisher), 1 g of 

sulfuric acid (98%, Sigma) and 7.0 g of H2O. The slurry was sealed in a steel 

autoclave and kept in a drying oven at 120 
o
C for 10 h. The resultant sample 

was then diluted further and stored for two days. The same procedure was 

repeated in order to extract all metal components on solid supports before ICP 

measurement. Then the extractant solution was then diluted to a certain volume. 

The ICP measurement was conducted in JY-2000 ICP instrument (HORIBA, 
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Jobin Yvon Inc., flow rates of plasma gas: 12 L/min, aux: 0 L/min and gainage: 

0.2 L/min). The measured value of metal content (ppm) in the solution was 

divided by dilution ratio to calculate the actual metal content on carbon 

supports. The specific metal content for Ru(0.25w%)/C, Ru(0.5w%)/C, 

Ru(1w%)/C and Ru(2.5w%)/C catalysts are 0.21w%, 0.49w%, 0.98w% and 

2.42w%, respectively. The metal content for Ru(1w%)Re(1w%)/C catalyst is 

Ru(0.97w%) and Re(1.08w%). A typical example of ICP calibration is shown 

in Appendix I.  

3. Catalyst performances and reaction pathways 

3.1 Catalyst performance evaluation 

 

Figure 7. Conversion and liquid product carbon selectivities for sorbitol HDO  

Experimental conditions: metal/carbon+MgO admixture: 3 g of sorbitol in 90 mL 

of aqueous solution, 0.4 g of solid catalysts, 0.4 g of MgO, 230 
o
C, 7.6 MPa (PH2), 10 h. 

Liquid Products: methanol (MeOH), ethanol (EtOH), ethylene glycol (EG), C3, and C4 

products. C3 products: propanediol, glycerol, lactic acid; C4 products: meso-erythritol, 

1,2-butanediol (1,2-BDO). 
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A variety of monometallic catalysts consisting of Ru, Rh, Pt, and Ir were 

prepared and tested for HDO of sorbitol in the presence of MgO as a solid basic 

promoter. In all the experiments, the carbon balance closure was found to be 

within a range of 85~95% for the catalysts tested. It is clearly seen from Figure 

7 that Ru showed higher activity and selectivity for sorbitol HDO compared to 

other metals. After 6 h of reaction, approximately 82% of sorbitol was 

converted with a total liquid products selectivity of about 82%. Furthermore, 

the Ru/C catalyst displayed slightly higher selectivity to C3 products including 

1,2-PDO, glycerol and lactic acid (LA) compared to the Pt/C catalyst, whereas 

the Rh/C showed relatively higher selectivity for meso-erythritol and 1,2-

butanediol (1,2-BDO). Therefore Ru/C catalyst was chosen for further 

evaluation. 

 

(a)                                                                         (b) 

Figure 8. Conversion and selectivity of sorbitol conversion, (a) effect of Ru loading (3 

g of sorbitol in 90 mL of aqueous solution, Ru/C catalyst: 0.4 g, MgO: 0.4 g, T: 230 
o
C, 

hydrogen pressure: 7.6 MPa, 0.5~1.0 h, sorbitol conversion ~20%) and (b) comparison 

of Ru/C and RuRe/C catalysts (X: conversion, T: 230 
o
C, hydrogen pressure: 7.6 MPa, 

6 h, other conditions same as (a). C2: EG and EtOH, C3: 1,2-PDO, glycerol, LA; C4: 

meso-erythritol, 1,2-BDO; C5+C6 polyols: xylitol, 1,2,3-hexanetriol). 
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Effect of metal loading on sorbitol conversion was studied over monometallic 

Ru/C catalysts. As seen in Figure 8 (a), a CR of 214 mol/g atom/h is observed 

for Ru loadings up to 1w%, which decreases by 10% at a higher Ru loading 

(2w%). The maximum CR observed is greater than that reported (182 mol/g 

atom/h) with a liquid base at the same temperature.
88

  

Bimetallic Ru(1w%)-Re(1w%)/C was further prepared and compared with 

mono Ru(1w%)/C catalyst. It is found that, the addition of Re increases the 

sorbitol conversion rate (256 mol/g atom/h) over the monometallic Ru catalyst 

[shown in Figure 8 (b) for sorbitol]. The presence of Re is also found to 

increase the selectivity of C3 and C4 diols. Thus, it is clear that bimetallic RuRe 

catalyst displays relatively better performance compared with monometallic Pt, 

Rh, Ir and Ru catalysts. RuRe/C catalyst was thus chosen for further studies as 

its performance was better than other catalysts. 

3.2 Characterization 

TEM Characterization of Ru/C and RuRe/C is shown in Figure 9. It is found 

that monometallic Ru particles display a size distribution of 9.6~12.4 nm on 

carbon support as seen in Figure 9 (a) and 9 (b). In sharp contrast, bimetallic 

RuRe particles show slightly smaller size and narrow distribution (in the range 

of 7.2~10.1 nm). From Figures 9 (d) and 9 (e), the average particle size of Ru in 

bimetallic RuRe particles is ~8.5 nm. Surface mapping of Ru and Re elements 

[Figure 7(f)] further confirmed the existence of bimetallic nanoparticles on the 
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surface of carbon supported catalysts. It is clear that Ru shows better dispersion 

in the presence of Re than monometallic Ru particles [Figure 9 (c)].  

In addition, lattice parameters measured from high resolution TEM images 

[Figure 9 (b) and 9 (e)] show that RuRe particles have 0.22 and 0.34 nm 

distance between lattices, which is the characteristic value for Ru [101] surface 

plane. These results agree well with the previous findings by X-ray diffraction 

(XRD) analysis.
91

 Therefore, it is clearly shown that the addition of Re to Ru 

enhances the dispersion of Ru on carbon surface, which is believed to promote 

the overall activity of Ru catalysts for sorbitol conversion.  

 

Figure 9. TEM data of monometallic Ru/C (a~c) and bimetallic RuRe/C catalysts (d~f) 

and EDX mapping of Ru and Re element 



77 
 

3.3 Role of acidic/basic promoters  

 

Figure 10. Effects of acid and solid base promoters in sorbitol conversion 

(experimental conditions same as Figure 7, except that reaction time is 12 h, sorbitol 

conversion is 100% for this figure) 

The effects of acid and base promoters on the HDO of sorbitol were also 

investigated. It is clear from the results in Figure 10 that acid and base 

promoters have a strong influence on product distribution. The results are 

shown in Figure 10 for conditions where complete sorbitol conversion is 

obtained. It was observed that significant amounts of gas phase alkanes (mainly 

methane) were formed with the addition of Hb zeolite as a solid acid promoter, 

while the addition of a solid base (MgO or CeO2) reduced the gas phase 

products selectivity from 25 to 11%.  

The product distribution during sorbitol conversion on acidic promoters agrees 

well with previous findings. Kusserow
145

 and Montassier
104

 reported that 

unsaturated polyols (with similar structures as sugars) underwent dehydration 
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(DHD) in acidic medium (e.g. Ru/C+a sulfate promoter) and resulted in the 

formation of furfurals (such as 5-hydroxymethylfurfural), which might undergo 

facile HDO reactions to form hydrocarbons, instead of products from C3-C3 

cleavage. Further, Huber and Dumesic found that sorbitol underwent HDO at a 

higher temperature (250 
o
C) over an acidic support with random C-C bond 

cleavage resulting in the formation of significant amounts of methane, ethane, 

and propane (combined selectivity > 54%).
92

  

Although the preliminary results shown in Figure 10 indicate that lower C2~4 

products in liquid phase are dominant during sorbitol conversion in the 

presence of basic MgO and CeO2 promoters. However, the possible positions of 

C-C cleavage and HDO reaction pathways in the presence of solid base 

promoters were not yet clearly understood. The promoting effect of a base on 

C-O cleavage was not reported previously for HDO of glycerol and EG as 

well.
57,82

 Therefore, several possible intermediate products (glycerol and EG) 

were therefore tested as starting substrates to understand the effect of solid base 

promoters on the catalyst activity and product distribution (Figure 11). 

Specifically, a better understanding of the role of solid base in (a) C-O and C-C 

breakage and (b) methanation reactions, over bimetallic catalysts was sought.  

It was noted that a liquid base such as NaOH enhanced the conversion of 

polyols over Ru or Ni monometallic catalysts.
88,94

 In contrast, it was found that 

the addition of MgO as a solid base promoter did not enhance the activity of the 

RuRe bimetallic catalyst (Figure 11).  
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Figure 11. Product distribution of glycerol and ethylene glycol conversion 

with/without MgO (3 g of glycerol/EG in 90 mL of aqueous solution, other conditions 

same as Figure 7. X: conversion; Total gas: methane, ethane; 2-PrOH: 2-propanol) 

Also seen from Figure 11, the selectivity of C2~C3 alcohols increased 

significantly in the presence of a base promoter (from 60% to 82% and from 30% 

to 60% for glycerol and EG conversion, respectively). In contrast, the 

methanation selectivity was restrained when a base promoter (MgO) was added, 

from almost 40% to 18% and 70% to 50% during glycerol and EG conversion, 

respectively. These results are different from Davdaôs report, where they found 

that during aqueous phase reforming of polyols on Pt catalysts, the selectivity to 

hydrogen decreased with increasing carbon number (from glycerol to sorbitol), 

but the selectivity to gaseous alkanes (methane, ethane, etc.) increased as 

carbon chain increases.
146

 In sharp contrast, our results clearly show that the 

reforming potential of EG is more restrained than for glycerol in the presence of 

a base, producing EtOH as the major liquid product. Our experiments support 

two important conclusions: (a) C-C cleavage trend over Ru is different from 
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that in the presence of OH
-
; (b) C-C cleavage is restrained for lower carbon 

number polyols in the presence of MgO. 

 

Scheme 2. Proposed reaction network for HDO of sorbitol  

Based on the product distribution obtained in our experimental findings on 

sorbitol conversion as well as the preliminary results from previous 

reports,
88,89,94,104

 a detailed reaction pathway is proposed as shown in Scheme 2. 

According to the proposed scheme, the conversion of sorbitol initiates with the 

base promoted dehydrogenation (DH) and C=O bond formation. Then, the 

unsaturated intermediate undergoes C-C cleavage via retro-aldolization. The 

possible C-C cleavage positions include C1-C5 (then C2-C3), C2-C4, and C3-C3. 

Prediction of thermodynamic properties on reaction energies of C2-C4 and C3-

C3 cleavage reveals that both reaction pathways are highly possible during 
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sorbitol conversion.
147

 The resulting small molecules undergo further 

hydrogenation, thus leading to glycerol, xylitol, and traces of erythritol in the 

final products. These intermediate polyols are further hydrodeoxygenated to 

1,2-BDO, 1,2-PDO, EG, and EtOH as the major products. Glycerol can also 

undergo DH and benzilic rearrangement to form LA under our reaction 

conditions.
79

 In our system, it is also found that DHD is also important in 

facilitating C-O bond cleavage followed by hydrogenation. The observation of 

1,2-BDO (approximately 10% in selectivity) in the product mixture, not 

mentioned in the previous reports, seems to support our hypothesis. 

 

Scheme 3. Possible reaction pathway for DHD of glyceraldehyde (GLA) over MgO 

Furthermore, a number of publications previously assumed that glycerol 

undergoes retro-aldol reaction leading to the formation of MeOH and C2 

alcohols,
56,57,82

 but in our work it is found that the majority of the liquid 

products consist of 1,2-PDO and LA, with only less than 10% of C1~C2 

alcohols, even in the presence of a base. This indicates that the solid base 

provides a favorable environment for the formation of aldehydes/ketones and 

hydrogenation of these unsaturated compounds, rather than C-C cleavage and 

generating gases products. King and coworkers found that alkali promoters with 

PtRe/C catalysts enhanced glycerol conversion and also the fraction of carbon 

in liquid (C2~C3 alcohols) suggesting the suppression of reforming activity.
80
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The observed increases in the selectivities of liquid products from glycerol 

conversion indicate that hydrogen is more efficiently utilized in a basic medium 

(as suggested from Scheme 3) for the formation of alcoholic products (e.g. 1,2-

PDO) than in neutral and acidic environments. In summary, the role of the solid 

base promoter can be summarized as follows: (a) the base promoter activates 

polyols in retro-aldol condensation; (b) the base promoter affects the relative 

activities of the following three steps in the order: hydrogenation å DHD > 

retro-aldol condensation >> methanation. 

3.4 Effects of reaction temperature  

As shown in Scheme 2, conversion of sorbitol initiates with DH and results in 

C1-C5, C2-C4, and C3-C3 products as intermediates. In order to understand the 

temperature effects on the C-C bond cleavage in xylitol and sorbitol conversion, 

and resulting product distributions, several experiments were carried out at low 

conversion levels (~25%). As shown in Figure 12, low temperatures favor C3 

products compared to other products. At 210 
o
C, the C3 selectivity from xylitol 

and sorbitol was about 15% higher than the results at 230
 o
C and 245 

o
C, while 

the C1 and C2 selectivity increased with increasing reaction temperatures. 

Therefore, it is plausible that at relatively low temperatures, C3-C3 cleavage is 

favored, whereas C1-C5 and subsequent C2-C3 cleavage dominate at high 

temperatures. It is important to recognize that C3-C3 bond breaking will result 

in glyceraldehyde (GLA) formation as intermediate products, which can be 

hydrogenated to glycerol
89

 over the RuRe catalyst in the presence of hydrogen, 
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while C1-C5 breakage [confirmed by the formation of traces of CO (<1%) in 

selectivity] probably leads to the formation of MeOH and xylitol. Xylitol is 

found to easily undergo further C2-C3 cleavage under similar reaction 

conditions (Figure 12). Once C3 or C2 compounds are formed, the presence of 

Re enhances the C-O cleavage reactions, consistent with the reaction pathways 

in glycerol and EG conversion (shown in Figure 11). 

 

(a) 

 

(b) 

Figure 12. Temperature effect on (a) xylitol and (b) sorbitol conversion on RuRe/C 

catalyst (reaction time: 0.5~1.5 h, sorbitol conversion ~25%, other reaction conditions 

same as Figure 7) 
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The recyclability of the catalysts was also studied (at 210 
o
C, hydrogen pressure 

7.6 MPa, and 1 h). The CR of the fresh RuRe/C catalyst was found as 256 

mol/g atom/h, whereas those of the 1
st
 and 2

nd
 recycle were 213 and 210 mol/g 

atom/h, respectively. The selectivity of C3 products was 47.2%, 46%, and 46%, 

respectively. These results show that RuRe/C catalysts are stable and recyclable 

under the reaction conditions. 

4. Kinetic modeling of HDO of sorbitol on RuRe/C catalyst 

4.1 Comparison with previous work 

 

Figure 13. Comparison of various metal catalysts for sorbitol conversion 

(*: not reported by authors) 
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A further comparison with previous reports was also carried out at 230 
o
C. As 

shown in Figure 13, the TOFs for Ru/C (NaOH as the promoter), Ru/CNF 

[Ca(OH)2], RuRe/C (MgO) and RuRe/C [Ca(OH)2] are 16.6, 527.8, 480.0 and 

2006.4 mol/mol/h, respectively. Obviously, our RuRe/C catalysts show superior 

performances compared with previously reported catalysts in terms of 

conversion and selectivity under the same reaction conditions. 

RuRe/C+Ca(OH)2 system (Entry#4 in Figure 13) exhibits best performance in 

both activity and selectivity, thus been chosen for kinetic study of HDO of 

sorbitol.  

4.2 Reaction profiles 

 

Figure 14. Temperature effect on sorbitol conversion and selectivity to major products 

at PH2 = 3.5 MPa. Reaction conditions: sorbitol concentration: 0.272 kmol/m
3
; solvent, 

H2O; catalyst loading, 6.7 kg/m
3
; Ca(OH)2 loading, 10.0 kg/m

3
; initial liquid volume, 

15 mL; reaction time, 1 h. 

Temperature effects on the conversion as well as selectivity of sorbitol were 

also investigated. As seen from Figure 14, conversion increased from <20% to 
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almost 70% when temperature increased from 200 
o
C to 230 

o
C. An increase in 

temperature resulted in decreasing selectivity to LA (from 42% to 35%), while 

that to 1,2-PDO, EG and alcohols increased marginally with increasing 

temperature. This implies that higher reaction temperatures favor 

hydrodeoxygenation reactions and lead to further conversion of 1,2-PDO and 

EG to 2-PrOH and EtOH, which also agrees well with the previous work.
91

  

 

Figure 15. Concentration~time profiles at 200 
o
C and PH2: 2.0 MPa.  

[Reaction conditions: sorbitol concentration: 0.272 kmol/m
3
; solvent: H2O; catalyst 

loading: 6.7 kg/m
3
; Ca(OH)2 loading: 10.0 kg/m

3
; initial liquid volume, 15 mL. 

Experiments at 1 h and 7 h were repeated, the maximum error is 3.5% and 4.2% 

respectively.] 

 

Figure 16. Concentration~time profiles at 200 
o
C and PH2: 5.0 MPa 
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(Reaction conditions same as Figure 15. Experiments at 1 h and 2 h were repeated, the 

maximum error is 10.9% and 8.2% respectively.) 

 

Figure 17. Concentration~time profiles at 215 
o
C and PH2: 2.0 MPa 

(Reaction conditions same as Figure 15. Experiments at 0.5, 1 h and 2 h were repeated, 

the maximum error is 14.2%, 8.8% and 10.2% respectively.) 

Typical concentration~time profiles of sorbitol conversion in the presence of 

RuRe/C catalyst are shown in Figures 15~17. It is seen that in sorbitol 

conversion, the concentration of LA, 1,2-PDO, EG increased with increasing 

conversion of sorbitol. As reaction temperature increased (from 200 
o
C to 215 

o
C), the hydrodeoxygenation rate increased significantly, evident from the 

increase in glycerol, 1,2-PDO and EG concentration in the final product (from 

0.20 kmol/m
3
 to 0.25 kmol/m

3
 at the conversion level of 65~75%). It is also 

found that the concentration of 2-PrOH and EtOH increased (from 0.002 

kmol/m
3
 to 0.01 kmol/m

3
) as hydrogen pressure increased, a clear evidence of 

further conversion of 1,2-PDO and EG under relatively higher hydrogen 

pressure, which is shown in Figures 15 and 16. Furthermore, it is seen that 

increasing hydrogen pressure (from 2.0 MPa to 5.0 MPa) resulted in the 

increase in the overall hydrogenation rate (Figure 18).  
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Effect of RuRe/C catalyst loading was also investigated (Figure 19). It is found 

that selectivity to LA decreased (from 46% to 40%) with increasing amounts of 

RuRe/C loading, while the combined selectivity to 1,2-PDO, EG and alcohols 

obviously increased by approximately 8% with increasing amount of RuRe/C 

catalyst. 

 

Figure 18. Hydrogen pressure effect on hydrogenation rate at 200 
o
C 

(Reaction conditions same as Figure 15, conversion < 20%) 

 

Figure 19. Catalyst concentration effect on hydrogenation rate at 200 
o
C  

(Reaction conditions same as Figure 15, conversion < 20%) 
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The reaction models are proposed in Scheme 4 based on the qualitative 

description of reaction pathways in Scheme 2. Clearly, several reaction 

pathways can lead to the formation of C2 and C3 products. With regard to the 

fact that C3 (1,2-PDO, LA and glycerol) are the major liquid products detected 

in the liquid phase, another reaction route, C3-C3 cleavage, seems to be 

dominant in sorbitol conversion. The formation of another unsaturated C6, hex-

2-ketose will lead to C3-C3 cleavage according to retro-aldolization mechanism. 

GLA and dihydroxyacetone (DHA) will form as a result. As observed 

previously, GLA and DHA are not stable at all under our reaction conditions 

and can be quickly converted to LA via DHD route, or 1,2-PDO via HDO 

pathway.
91

 It is necessary to point out that glycerol is also detected (S < 10%) 

in final product mixture. Another possible route of sorbitol conversion is 

starting from hex-3-ketose, which lead to C1-C5 cleavage or decarboxylation of 

sorbitol. But it hardly happens according to our preliminary observation in 

product distribution (shown in Table 4-2-1 of Appendix IV), thus not added in 

the proposed reaction model (Scheme 4). Additionally, it is observed that the 

activity of methanation is almost completely restrained in RuRe/C+Ca(OH)2 

system thus will not be taken into account for kinetic modeling.
91

 

The initial rates of HDO of sorbitol were calculated for a wide range of 

experimental conditions (as seen in Table 2) from the production rates of 

various hydrodeoxygenated products in order to ensure that the batch data were 

obtained in the kinetic regime. Those data were used to evaluate the 
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significance of mass transfer effect, including gas-liquid, liquid-solid and 

intraparticle resistance, based on the criteria proposed by Ramachandran and 

Chaudhari.
148

 The mass transfer coefficient, diffusion properties and hydrogen 

solubility data were used as obtained previously. It is found that the external 

and internal mass transfer effect was negligible in our experiments (detailed 

calculation shown in Appendix I).  

 

Scheme 4. Proposed reactions for sorbitol conversion 

4.3 Proposed reaction models 

Table 2. Experimental parameters in kinetic modeling of sorbitol conversion 

Sorbitol concentration (kmol/m
3
) 0.272 

Catalyst concentration (kg/m
3
) 3.33~13.3 
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T (
o
C) 200~230 

Hydrogen pressure (MPa) 2.0~6.5 

Solvent Water 

Volume of initial liquid mixture (m
3
) 15¦10

-6
 

Reaction time (h) 0.25~6.0 

 

Table 3. Reaction rate terms presented in Scheme 4 

SorH CCkwr ÖÖÖ=
211

 
SorCkwr ÖÖ= 22  

SorH CCkwr ÖÖÖ=
233  PDOH CCkwr -ÖÖÖ= 2,144 2

 

SorH CCkwr ÖÖÖ=
255  EGH CCkwr ÖÖÖ=

266
 

EGCkwr ÖÖ= 77  glyH CCkwr ÖÖÖ=
288

 

w is catalyst charged (kg/m
3
) 

Table 4. Material balance in a batch slurry reactor 

5321 rrrr
dt

dCSor ----=  
5

2,1
r

dt

dC BDO
=

-
 

812 rr
dt

dCgly
-Ö=  12 r

dt

dCLA Ö=  

43

2,1
2 rr

dt

dC PDO
-Ö=

-
 8765 rrrr

dt

dCEG +--=  

8r
dt

dCEG =  6r
dt

dCEtOH =  

4
Pr2 r

dt

dC OH =-  7r
dt

dC acidGlo =-  

Initially Csor is 0.272 kmol/m
3
 at time=0
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Sorbitol conversion experiments were carried out at different catalyst loadings, 

hydrogen pressure and temperatures (Table 2), in which all liquid products 

were analyzed and concentration profiles were plotted as a function of time. In 

these batch experimental studies, the reaction rate of each component (Table 3) 

in the isothermal and constant-volume reactors are described by the material 

balance presented in Table 4. The hydrogen pressure was nearly constant during 

an experiment as the amount of hydrogen charged was in large stoichiometric 

excess compared to the sorbitol substrate used.  

Table 5. Henryôs constant for hydrogen in water
56

 

Henryôs constant, H  [atm/(kmol/m
3
)] 

200 
o
C 215 

o
C 230 

o
C 

0.577 0.502 0.429 

 

ATHENA Visual Studio (www.athenavisual.com) was used for parameter 

estimation and optimization of reaction rate constants. Results from ATHENA 

software were plotted to simulate concentration~time profiles. Hydrogen 

solubility data, presented as Henryôs constants, are shown in Table 5 after 

appropriate correlation of relevant data from previous literature.
149
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4.4 Parameter estimation 

 

Figure 20. Concentration~time profiles and fitted values at 200 
o
C and PH2: 2.0 MPa. 

(Other reaction conditions same as Figure 15) 

 

Figure 21. Concentration~time profiles and fitted values at 200 
o
C and PH2: 3.5 MPa. 

(Other reaction conditions same as Figure 15) 
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Figure 22. Concentration~time profiles and fitted values at 200 
o
C and PH2: 5.0 MPa. 

(Other reaction conditions same as Figure 15) 

 

Figure 23. Concentration~time profiles and fitted values at 215 
o
C and PH2: 3.5 MPa. 

(Other reaction conditions same as Figure 15) 

 

Figure 24. Concentration~time profiles and fitted values at 215 
o
C and PH2: 2.0 MPa. 

(Other reaction conditions same as Figure 15) 
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Figure 25. Concentration~time profiles and fitted values at 230 
o
C and PH2: 3.5 MPa. 

(Reaction conditions same as Figure 15) 

4.5 Results and discussion 

Table 6. Reaction constants and activation energies 

ik  
Temperature (

o
C) 

aE (kJ/mol) 
200 215 230 

1k (¦10
4
) 3.22¤0.22 4.60¤0.40 5.75¤0.22 38.33¤0.33 

2k (¦10
4
) 2.53¤0.02 5.02¤0.25 10.5¤1.63 93.39¤2.34 

3k (¦10
4
) 2.44¤0.18 4.92¤0.16 9.72¤0.38 75.98¤0.68 

4k (¦10
5
) 0.77¤0.12 2.56¤0.36 5.12¤0.57 125.98¤1.33 

5k (¦10
5
) 2.37¤0.16 5.16¤0.28 9.98¤0.49 94.78¤0.73 

6k (¦10
4
) 0.51¤0.04 1.55¤0.39 10.10¤3.11 195.81¤6.28 

7k (¦10
4
) 0.74¤0.21 1.24¤0.08 3.54¤2.62 103.26¤13.32 

8k (¦10
2
) 0.87¤0.09 1.25¤0.44 2.71¤0.49 74.64¤1.99 

 

Typical experimental and simulated results for concentration~time profiles 

under different temperatures and hydrogen partial pressures are shown in 

Figures 20~25. The corresponding optimized reaction rate constants as well as 

activation energies are presented in Table 6. It is found that the activation 

energy for sorbitol reaction is in the range of 38~93 kJ/mol, which agrees well 

with value predicted by Tronconi.
99

 Besides, an Arrhenius plot is also shown in 

Figure 26. The parity plot in Figure 27 clearly shows the goodness of fit for our 

experimental data under different reaction conditions. It is found that predicted 

values fit very well with our experimental results except for MeOH 

concentration at relatively high temperatures (see Figures 23~25). It is highly 
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possible that the presence of certain amount of MeOH in gaseous phase under 

the reaction conditions will affect the prediction of its reaction rates. 

 

Figure 26. Arrhenius plots of reaction rate constants 

Important findings:  

(1) C-C cleavage of sorbitol at different positions. It is found that the reaction 

barrier for r1 is only 38.33 kJ/mol in the catalytic system, while that for r5 is 

94.78 kJ/mol, indicating that C3-C3 cleavage reactions occur relatively more 

easily compared with C2-C4 on RuRe/C catalyst surface. As discussed in the 

reaction Scheme 2, C3-C3 cleavage is initiated with the formation of hex-2-

ketose on catalyst surface while C2-C4 cleavage is initiated with the formation 

of hex-aldose. This means that the formation of ketose is more favorable than 

aldose, which seems to be unlikely because DH of primary carbon is obviously 

much easier than secondary position. Therefore it is highly possible that fast 
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isomerization of aldose to ketose occurs in our catalytic system, after which C3-

C3 cleavage occurs.  

(2) Formation of EtOH and 2-PrOH.  A very interesting finding is the 

activation energy of r4 and r6 (Scheme 4). The value of corresponding 

activation energy for these two reactions is 126 kJ/mol and 196 kJ/mol 

respectively on RuRe/C catalyst. The reaction barrier for 1,2-PDO 

hydrogenation is slightly higher than EG conversion. But it is important to 

mention that these two values are much higher compared with predicted results 

from glycerol conversion (as shown in Table 7).
56

 It was found that 1,2-PDO 

and EG are easily hydrogenated to 2-PrOH and EtOH on RuRe/C catalyst, 

which are further converted to gaseous alkanes such as propane, ethane and 

methane via hydrogenation and C-C cleavage. Therefore the gas phase 

selectivity was about 36% under relatively harsh reaction conditions. It is 

however not true in our case with Ca(OH)2 as the base promoter. First of all the 

gas phase product selectivity is negligible in our system. The high values of the 

activation energy for these two reactions indicate that HDO of 1,2-PDO and EG 

to alcohols is not favored in the presence of Ca(OH)2. Therefore consecutive 

methanation and C-C cleavage to form gaseous products are also restrained on 

RuRe/C catalyst. This experimental finding confirms the role of Ca(OH)2 in 

selective HDO of sorbitol to valuable liquid products rather than less valuable 

gaseous products. The addition of solid base promoters improves the overall 

performances of RuRe/C in sorbitol conversion. 
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Table 7. Comparison of RuRe/C and RuRe/C+Ca(OH)2 in HDO of 1,2-PDO and EG  

 
1,2-PDO to 2-PrOH 

 RuRe/C RuRe/C+Ca(OH)2 

k (200 
o
C) 3.17¦10

-2
 7.67¦10

-6
 

Ea (kJ/mol) 25.11 125.98 

 
EG to EtOH 

 RuRe/C RuRe/C+Ca(OH)2 

k (200 
o
C) 0.103 5.14¦10

-5
 

Ea (kJ/mol) 34.78 159.8 

 

 

Figure 27. Parity plots of experimental vs fitted values 

 (3) C-C cleavage of glycerol. It has already been demonstrated that the 

presence of a solid base [e.g. MgO, Ca(OH)2] restrains the C-C cleavage of 

glycerol to some extent compared with the case without a solid base. And HDO 

rate of glycerol is enhanced thus the selectivity towards 1,2-PDO is higher in 

the presence of a solid base. It is found that activation energy for C-C cleavage 
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of glycerol is actually not lowered by the addition of Ca(OH)2. But considering 

the fact that the activation energy for the formation of glycerol is very low, it is 

highly possible that the high reactivity of glycerol precursor (e.g. GLA) and its 

formation at significant rates on catalyst surface contribute to the overall 

reaction rate of C-C cleavage ( 8k / 1k å 50) on RuRe/C catalyst. 

5. Conclusion 

The HDO of xylitol and sorbitol in aqueous phase was studied on admixtures of 

carbon supported Ru, Rh, Pt, and Ir catalysts. All catalysts were active for the 

formation of liquid products (MeOH, EtOH, EG, 1,2-PDO, glycerol, LA, 

erythritol, and 1,2-BDO) following an increasing order of activity of Ir/C < 

Pt/C < Rh/C < Ru/C. Furthermore, the addition of a second metal (Re) not only 

increases the activity of Ru catalysts but also enhances the selectivity of C2 and 

C3 polyols.  

A detailed kinetic modeling of sorbitol HDO using RuRe/C catalyst was studied 

in multiphase slurry reactors. It is found that RuRe/C+Ca(OH)2 system shows 

the best performance in sorbitol HDO compared with the presence of other base 

promoters. It is also observed that sorbitol conversion occurs with complicated 

parallel and consecutive reactions, which leads to the formation of 1,2-BDO, 

1,2-PDO, LA, EG, alcohols and other acids. Experimental data under different 

reaction conditions including temperatures, hydrogen pressures, catalyst 

concentrations were obtained and relevant kinetic parameters were estimated 



100 
 

and optimized. The reaction parameters of HDO were determined in kinetic 

regime and mass transfer effect was found to be insignificant according to our 

calculation. The proposed RuRe+Ca(OH)2 system shows high selectivity to 

deoxygenated products and generate negligible gaseous products based on our 

experimental data. The kinetic data will be further used for the optimization of 

catalyst design and process development.  
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Chapter 3 Hydrogenolysis of Sugar-Derived Polyols to 

Renewable Glycols and Alcohols on Bi-functional Supported Cu 

Catalysts 

 

1. Introduction  

It has been demonstrated that noble metal-based catalysts such as Ru and Pt are 

active for catalytic conversion of sugar-derived polyols to glycols. The high 

cost and low selectivity to glycols still remain a major drawback of these 

catalysts. The sustainable development of biomass conversion technologies 

demands rational design of active, selective and cost-effective catalysts. 

Therefore, in this chapter, results on a new family of bi-functional Cu based 

catalysts supported on CaO-Al 2O3 will be proposed. It is shown that the 

proposed Cu based catalysts are very selective in the hydrogenolysis (HDO) of 

xylitol, sorbitol and mannitol in aqueous phase. While conventional Cu 

catalysts only display limited activity for C-O cleavages even at harsh reaction 

conditions (T > 200 
o
C, PH2 > 4 MPa), it is shown for the first time that the new 

Cu catalysts show high activity for both C-C and C-O bond cleavage of polyols. 

The surface morphology (lattice spacing, phase diagram), activity, selectivity 

and structure-performance correlations of the proposed catalysts will be 

discussed. Particularly, the following aspects will be addressed: 
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(1) Development of reliable synthetic procedures for Cu catalysts on MgO-

Al 2O3, ZnO-Al 2O3 and CaO-Al 2O3 supports; 

(2) Evaluation of these Cu-based catalysts in HDO of xylitol, sorbitol and 

mannitol to 1,2-propanediol (1,2-PDO), ethylene glycol (EG) and C1~3 alcohols; 

(3) Understanding the interaction between the cations in solid supports (i.e. H
+
, 

Mg
2+

, Zn
2+

 and Ca
2+

) and Cu species;  

(4) Structure-activity correlation based on experimental catalyst performance 

studies and surface characterization using scanning electron microscope (SEM), 

transmission electron microscope (TEM) and temperature programmed 

reduction (TPR) techniques.       

2. Experimental Section 

2.1 Catalysts preparation 

2.1.1 Supported Cu on metal oxides 

Cu-based catalysts on various solid base supports were prepared using 

concurrent precipitation (CP) method according to the following procedure (as 

shown in Figure 1). Required amount of Cu(NO3)2.2.5H2O (purum, Ó 98%, 

Sigma), Ca(NO3)2.4H2O (Ó 99.0%, Sigma) and Al(NO3)3.9H2O (purum, Ó 

98.0%, Sigma) were mixed with deionized water (DI water), denoted as 

solution A. The total concentration of Cu
2+

, Ca
2+

 and Al
3+

 was about 0.2 

kmol/m
3
. Then calculated amount of NaOH (reagent grade, Ó98% pellets, 
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anhydrous, Sigma) and Na2CO3.10H2O (purum, Ó 99.0%, Sigma) were mixed 

with DI water (denoted as solution B). The concentrations of NaOH and 

Na2CO3 were 0.25 kmol/m
3
 and 0.8 kmol/m

3
 respectively. In another 500 mL 

beaker (C), 50 mL of deionized water was introduced under vigorous stirring 

(>800 rpm) at 60 
o
C. In the next step, solutions A and B were added dropwise 

simultaneously (concurrently, as shown in Figure 1) to beaker C (approximately 

2 drops every 3 seconds). Blue slurry mixture was then formed. The pH of the 

solution in the beaker C was kept at 10~11 throughout the preparation process. 

The resulting slurry was stirred at 60 
o
C for 16 h. Then, the mixture was filtered 

and the solids were washed with 2000 mL of DI water at 90 
o
C to remove Na

+
 

ions. The solid cake obtained was then dried overnight in a vacuum oven at 120 

o
C.  

 

Figure 1. Synthetic procedure for Cu/CaO-Al 2O3 catalyst via CP method 
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Figure 2. Calcination of solid catalyst samples in Barnstead/Thermolyne 48000 

furnace (right) and a typical temperature curve during calcination (left) 

The dried solid catalyst sample was charged to a porcelain bowl, which was 

then transferred to a calcination furnace (Barnstead/Thermolyne 48000) with 

flowing air (flow rate: 5 cm
3
/min/g catalyst). The furnace was then heated at a 

rate of 1 
o
C/min to 400 

o
C, for 5 h of dwelling time. Then, the contents in the 

furnace were cooled naturally by flowing air (Figure 2). Calcined Cu catalysts 

as prepared were denoted as CuO/CaO-Al 2O3-1 (Cu loading = 43w%), 

CuO/CaO-Al 2O3-2 (Cu loading = 28w%), CuO/CaO-Al 2O3-3 (Cu loading = 

43w%, ramping rate = 5 
o
C/min instead of 1 

o
C/min). The catalysts were then 

activated by a procedure described in Chapter 2. The reduced Cu catalysts were 

denoted as Cu/CaO-Al 2O3-1 (Cu loading = 43w%), Cu/CaO-Al 2O3-2 (Cu 

loading = 28w%), Cu/CaO-Al 2O3-3 (Cu loading = 43w%, ramping rate = 5 

o
C/min instead of 1 

o
C/min).  

The same procedure was followed for the preparation of Cu/ZnO-Al 2O3, and 

Cu/MgO-Al 2O3catalysts. Zn(NO3)2.6H2O (reagent grade, 98%, Sigma) and 

Mg(NO3)2.6H2O (purum, Ó 99.0%, Fluka) were used for preparation of solution 
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A to replace Ca(NO3)2.3H2O during preparation. These catalyst samples were 

denoted as CuO/MgO-Al 2O3, CuO/ZnO-Al 2O3 for calcined catalysts, while 

Cu/MgO-Al 2O3, Cu/ZnO-Al 2O3 represent the corresponding reduced Cu 

catalysts. 

 

Figure 3. The temperature profile during catalyst activation and schematic of 

activation apparatus 

2.1.2 Cu catalyst on H-ZSM5 

Cu/H-ZSM5 samples were prepared via insipient wetness impregnation (IWI) 

method.
76

 A typical synthetic procedure of IWI approach was described as 

follows: About 5 g of ZSM5 in ammonium form (NH4-ZSM5) was pretreated 

under calcination conditions with a flow of air to remove NH3, the conditions of 

which were identical to those in Figure 2. The ammonium ion was removed 

during calcination thus ZSM5 is now in the form of H-ZSM5. Calculated 

amounts of Cu(NO3)2.2.5H2O (purum, Ó 98%, Sigma) was added to H-ZSM5 

solid in a 50 mL of evaporating flask (Chemglass). Then small amounts of DI 

water were added. The resulting slurry was stirred at ~500 rpm for at least 4 h 
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at room temperature in order to obtain well dispersed solid-liquid slurry. The 

solvent (water) in the slurry was then removed using rotary evaporator at 55 
o
C 

(bath temperature) and 250~70 mmHg vacuum. The solid sample (blue color) 

was well dispersed on the inner wall of an evaporating flask. Next, the sample 

was dried at 120 
o
C in a vacuum oven overnight to further remove the 

remaining water in the sample. Calcination (ramping rate = 1 
o
C/min) and 

activation processes are identical to the procedures described in Figures 2 and 3. 

The sample was denoted as Cu/H-ZSM5.  

2.2 Catalyst activity  tests 

Performance evaluation of Cu catalysts for HDO of sorbitol and xylitol was 

carried out in a 300 mL Parr reactor (Figure 3 of Chapter 2). The procedure was 

already briefly described in ñ2.2 Catalyst performance evaluationò in Chapter 2. 

2.3 Analytical methods 

The analytic procedure and definition of conversion, selectivity, yield, 

conversion rate (CR) are identical to those described in ñ2.3 Analytical methodsò 

in Chapter 2. 

2.4 Catalyst characterization 

2.4.1 Temperature programmed reduction (TPR) 

TPR was carried out in Autochem 2910 Instrument. The equipment flow sheet 

is shown in Figure 4. The TPR procedure is described below: Cu-based 
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catalysts in oxide form (e.g. CuO/CaO-Al 2O3) were used for TPR studies. The 

size of Cu catalysts was in the range of 50~100 mesh. Certain amounts of Cu 

catalyst sample were introduced to the U-shape tube (see Appendix II for 

details). The U-shape tube was then connected with Autochem 2910 Instrument 

and finger-tighten carefully. 

  

(a)                                                              (b) 

Figure 4. Autochem instrument, (a) schematic flow sheet and (b) equipment 

TPR programming: Small amounts of ice and i-propanol (2-PrOH) were placed 

on the cooler to condense the vapor content generated from the solid sample 

during heating. Then the sample temperature was increased from room 

temperature to 300 
o
C at a rate of 5 

o
C/min. The temperature was then 

maintained at 300 
o
C until the baseline of the instrument was stable. After the 

baseline stabilized, the instrument was cooled to room temperature at a rate of 

20 
o
C/min. Carrier gas was then switched to hydrogen-argon (10.3% hydrogen 

in argon). Once the baseline was further stabilized at room temperature, data 

recording was started by thermal conductivity detector (TCD) at a frequency of 
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one second. And temperature was increased at a rate of 10 
o
C/min until 500 

o
C, 

at which the recording was stopped. The carrier gas was then switched to argon 

and the contents cooled to room temperature.   

2.4.2 Transmission electron microscopy (TEM) 

Experimental details and instruments for TEM were similar to Chapter 1. 

2.4.3 Scanning electron microscopy (SEM) 

 

Figure 5. Dual beam SEM 

SEM-EDX Measurement: A Versa 3D dual beam Scanning Electron 

Microscope/ Focused Ion Beam (FEI, Hillsboro, OR, USA) with a silicon drift 

EDX detector (Oxford Instruments, X-Max, UK) was used to measure the 

surface morphology, elemental composition and distribution of metals. All the 

SEM data reported were obtained at an acceleration voltage of 15kV, spot size 

3.0 and the images were collected with an ET (Everhart Thornley) detector. The 

elemental mapping and energy spectrums were acquired with Aztec tools 

(Oxford Instruments, UK). 
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3. Results and Discussion 

3.1 Catalyst evaluation 

Table 1. HDO of sorbitol over different Cu catalysts 

# Catalysts 
Time  

(h) 

X
a 

(%) 

Selectivity (%) 

1,2-PDO LA glycerol EG C4~6
b
 Others

c
 

1 
Cu/MgO-Al 2O3 

6 54.1 29.1 19.0 4.9 12.8 3.2 7.7 

2 12 80.6 31.6 11.5 5.7 10.2 5.5 12.9 

3 
Cu/ZnO-Al 2O3 

6 55.9 38.3 11.0 2.2 12.2 14.4 3.8 

4 12 94.9 35.9 1.1 6.3 11.7 29.0 10.5 

5 
Cu/CaO-Al 2O3-1 

3 57.1 39.0 16.6 14.3 14.3 6.4 6.9 

6 6 98.1 46.1 1.8 11.8 15.4 6.5 14.5 

7 Cu/H-ZSM5d 6 85.7 Anhydroglucitol: ~30% Isosorbide: 46% 

a. Conversion at 9.8 kg/m
3
, Cu/Mg

2+
, Zn

2+
, Ca

2+
 molar ratio: 5.4, sorbitol: 0.18 

kmol/m
3
, T: 230 

o
C, PH2: 7.6 MPa; b. C4~6 tetrols, triols, diols, etc; c. Mainly MeOH 

and EtOH, trace 1-propanol (1-PrOH), 2-PrOH, methane and carbon dioxide, etc. 

The performances of Cu/MgO-Al 2O3, Cu/ZnO-Al 2O3 and Cu/CaO-Al 2O3-1 

catalysts were first evaluated for sorbitol conversion, the results of which are 

shown in Table 1. Entry#1 shows that 54.1% of sorbitol was converted over 

Cu/MgO-Al 2O3 catalyst at T = 230 
o
C and PH2 = 7.6 MPa in 6 h reaction, main 

products being 1,2-PDO (S = 29.1%), lactic acid (LA in Table 1, S = 19.0%), 

glycerol (S = 4.9%) and EG (S = 12.8%). After 12 h reaction (Entry#2), 

approximately 81% conversion of sorbitol was achieved under the same 

conditions. It was also observed that the selectivity of glycols (1,2-PDO and EG) 

was almost unchanged during the conversion. C3 products (1,2-PDO, LA and 
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glycerol) selectivity was found to decrease slightly. The increasing selectivity 

to ethanol (EtOH) and methanol (MeOH) implies further conversion of C3 

products via C-C cleavage and HDO reaction to form C1ï2 products. These 

initial results indicate that Cu catalysts show high potential for C-C bond 

cleavage of polyol molecules, which however was not reported in earlier 

work.
38,39,61,102

  

Compared to Cu/MgO-Al 2O3 catalyst, Cu/ZnO-Al 2O3 displayed slightly higher 

conversion (55.9%) after 6 h reaction (Entry#3). It is worth noting that after 12 

h (Entry#4), 95% conversion was achieved with more C4~6 polyols (including 

tetrols, triols, diols, about 29% in selectivity) compared to Cu/MgO-Al 2O3 

catalyst (< 6% in selectivity). Selectivity to C2~3 products was lower on 

Cu/ZnO-Al 2O3 than Cu/MgO-Al 2O3 catalyst. The difference in the product 

distribution implies that more C-O bond breakage of sorbitol molecules occurs 

over CuZnO-Al 2O3 than Cu/MgO-Al 2O3 under similar reaction conditions. 

Product distribution on Cu/ZnO-Al 2O3 catalyst is consistent with the previous 

report by Blanc and co-workers.
102

 They found that Cu catalyst favored the 

formation of C4~6 tetrols, triols and diols (about 56% in selectivity) rather than 

C-C bond cleavage in sorbitol conversion when ZnO was used as a promoter, 

although complete material balance was not reported in their report.  

The difference of the sorbitol conversion and product selectivity over ZnO-Al -

2O3 and MgO-Al 2O3 supports indicates that the activity and selectivity of Cu 

particles might be influenced by the types of cations (e.g. Zn
2+

, Mg
2+

, Ca
2+

 and 
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H
+
) in catalyst supports. Therefore, other catalysts such as Cu/CaO-Al 2O3-1 and 

Cu/H-ZSM5 were tested and compared. It is observed that Cu/CaO-Al 2O3-1 

catalyst shows significantly higher conversion compared with Cu/ZnO-Al 2O3 

than Cu/MgO-Al 2O3 catalysts. As shown in Entry#5, sorbitol conversion 

reached 57.1% in only 3 h. The combined selectivity to 1,2-PDO, glycerol and 

EG was also higher than the first two catalysts. Furthermore, as the conversion 

increased (Entry#6, 98.1% in 6 h), the total selectivity towards glycerol, glycols 

and linear alcohols was found to increase from 68% to 84%.  

It is also interesting to note that Cu/H-ZSM5 catalyst showed completely 

different product distribution compared to the other three catalysts. Clearly, 

major products formed were anhydroglucitol and isosorbide with approximately 

~30% and 46% selectivity, respectively at a conversion of 85% under similar 

reaction conditions, instead of glycols with short carbon chains. It reflects that 

dehydration (DHD) is favored
96

 but retro-aldolization and HDO are restrained 

over Cu catalysts on acidic support.  

The results over different Cu catalysts show that the interaction with supports 

significantly affected activity of metallic Cu catalysts and reaction pathways 

during HDO of sorbitol. The order of the size (radius) of those cations is 

Ca
2+

>Mg
2+

>Zn
2+

>H
+
,
150

 which is consistent with the results shown here in 

terms of the activity of C-C bond cleavage.  

As mentioned above, Cu/CaO-Al 2O3-1 catalyst, which was not reported in any 

previous literature, showed significantly high conversion and selectivity 
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compared to conventional Cu/MgO-Al 2O3 and Cu/ZnO-Al 2O3 catalysts during 

sorbitol conversion. The presence of Ca
2+

 in the structure of the basic support 

selectively facilitated C-C cleavage of one sorbitol molecule to two C3 

intermediates in the presence of external hydrogen. Those C3 intermediates 

were found to be further converted into 1,2-PDO and EG under our reaction 

conditions. This phenomenon reflects that Cu/CaO-Al 2O3-1 has a high C-O 

cleavage activity even without introducing any liquid base promoters. 

Furthermore, Ye et al. recently investigated HDO of sorbitol on Ni/Al 2O3+CaO 

catalysts.
100

 They found that the addition of Ce
4+

 to Ni/Al2O3+CaO catalytic 

system substantially enhanced the activity of Ni metals, which again supports 

our hypothesis that the presence of cations will tune the activity of metal 

catalysts. However, the selectivity of glycols at the same time dropped 

significantly (approximately 15%) and gaseous products (mainly methane and 

carbon dioxide) were increased by nearly 10% on NiCe/Al 2O3+CaO catalysts. 

This suggests that methanation and water gas shift (WGS) reactions were 

enhanced at the same time in the presence of Ce
4+ 

(CeO2). In contrast, Cu/CaO-

Al 2O3-1 catalyst displayed not only high conversion of sorbitol but also 

significantly low selectivity of gaseous products (selectivity of methane and 

carbon dioxide <1% in all cases). Our results indicate that the presence of Ca
2+

 

in the structure of the basic supports enhanced C-C and C-O cleavage activity 

of Cu metal catalyst rather than promote side reactions such as methanation and 

WGS.  
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Figure 6. Comparison of Cu/CaO-Al 2O3 catalysts with previous work for sorbitol 

conversion
88,89,91,94,100,102,107

 (Conditions: T: 230 
o
C, PH2:   4~8 MPa; *: results not 

reported or cannot be calculated based on given details) 

In addition, the catalytic performance comparison of the Cu catalysts in this 

work with other supported metal catalysts proposed by previous researchers 

was carried out (see Figure 6). Ru/C catalyst and bimetallic RuRe/C studied in 

Chapter 2 shows relatively high catalytic activity compared Ni and Cu based 

catalysts, while the selectivity to glycols is only in the range of 45~53% at 230 

o
C. In comparison, NiPt/NaY catalyst displays improved selectivity to glycols 

(S ~ 82%).
89

 Although NiCe/Al2O3 catalyst exhibits enhanced activity for 

sorbitol conversion, the selectivity to gaseous products (methane and carbon 
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dioxide) is also high on the Ni catalysts (S > 10%).
100

 CuO/ZnO catalyst 

displays poor activity for sorbitol conversion compared with Ru and Ni 

catalysts, with low selectivity to glycols and other lower products.
102

 Our 

proposed Cu/CaO-Al 2O3 catalyst shows improved catalytic activity compared 

with CuO/ZnO catalyst. More importantly, the overall yield of glycols and 

alcohols is much higher compared with other metal catalysts under similar 

reaction conditions (T = 230 
o
C, PH2 = 4~8 MPa). The interaction between 

cations and metal particles and its influence on catalysts activity and selectivity 

has also been investigated further. The detailed reaction mechanism will be also 

discussed in the following sections. 

3.2 Cu loading effect 

 

Figure 7. Effect of Cu loadings on sorbitol conversion 

(Reaction time: 6 h, other conditions same as Table 1) 

In order to understand the effect of Cu content on the activity and selectivity of 

Cu catalysts, several Cu/CaO-Al 2O3-1 catalysts with various Cu loadings were 
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prepared and tested in sorbitol conversion (see Figure 7). Firstly, it is clear that 

CaO-Al 2O3 support with no Cu addition achieved only 6% of sorbitol 

conversion in 6 h, as shown in Figure 7 (with LA as the major products, S > 

76%). When Cu loading is 28w%, approximately 18% of substrate was 

converted under the same reaction conditions, with selectivity of C3 products as 

high as 81%, which was the highest value ever observed compared with 

literature reports.
88-90,94,100,107,151,152

  

Surprisingly the activity of Cu catalyst was increased by almost four fold for 

the catalyst with a Cu loading of 43w% (CR = 1.2 mol/g atom/h, Figure 7), in 

comparison with the one with 28w% loading (CR = 0.24 mol/g atom/h), 

although the selectivity of C3 products decreased to about 64%. This 

observation is different from previous results since higher loading of metal 

content usually leads to a decrease in catalytic activity. These results imply that 

the formulation of Cu on the support and the interaction between Cu and Ca
2+

 

have a strong influence on the activity and reaction pathways of solid base 

supported catalysts. Therefore, TPR, TEM and SEM characterization was 

carried out to provide further insights into the surface chemistry of Cu catalysts 

and understand the metal-support interaction.  
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3.3 Catalyst characterization 

3.3.1 TPR 

 

Figure 8. TPR of CuO/MgO-Al 2O3, CuO/ZnO-Al 2O3 and CuO/CaO-Al 2O3-1 catalysts 

CuO/MgO-Al 2O3, CuO/ZnO-Al 2O3 and CuO/CaO-Al 2O3-1 catalysts were 

characterized by TPR. As shown in Figure 8, the hydrogen reduction peak of 

Cu/MgO-Al 2O3 catalyst showed at 180 
o
C position, which is the normal 

reduction temperature for Cu
II
O species to Cu

0
. Cu/ZnO-Al 2O3 sample showed 

similar reduction behavior with Cu/MgO-Al 2O3 catalyst. This phenomenon 

implies that interaction between Cu
II
O species and MgO-Al 2O3 and ZnO-Al 2O3 

supports is not strong.
153

 TPR profile for CuO/CaO-Al 2O3-1 sample exhibited a 

different reduction behavior. The reduction peak of Cu
II
O species shifted from 

180 
o
C to 225~230 

o
C position. The difference indicates that the interaction 

between Cu species and CaO-Al 2O3 is very strong compared with other two Cu 

catalysts. Considering the fact that CuO/CaO-Al 2O3-1 displayed higher C-C 
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cleavage activity than CuO/MgO-Al 2O3, CuO/ZnO-Al 2O3 catalysts, the support 

interaction is the key to activate metal sites during sorbitol conversion. 

3.3.2 TEM  

 

Figure 9. TEM data of Cu/CaO-Al 2O3-1 catalyst 

 

Figure 10. TEM data of Cu/CaO-Al 2O3-2 catalyst 

The surface morphologies of Cu/CaO-Al 2O3-1, CuO/CaO-Al 2O3-2 and 

CuO/CaO-Al 2O3-3 were investigated by TEM characterization. As shown in 

Figure 9 (a) and (b), Cu/CaO-Al 2O3-1 displays highly crystallized structure, 

unlike the conventional CuO/MgO-Al 2O3 and CuO/ZnO-Al 2O3 catalysts, which 

exhibit Cu particles of 50~200 nm in size.
35,61,63,127

 The Cu/CaO-Al 2O3-1 

catalyst on the other hand does not show any Cu particles with detectable sizes. 
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In other words, Cu element is well dispersed and forms hybrid species with 

CaO-Al 2O3 support. TEM figure of Cu/CaO-Al 2O3-1 is consistent with the shift 

of reduction peak of Cu
II
O species shifts from 180 

o
C to 225~230 

o
C position 

shown in Figure 8, indicating a strong interaction between Cu species and CaO-

Al 2O3 support.  

 

Figure 11. TEM data of Cu/CaO-Al 2O3-3 catalyst 

EDX analysis of bulk composition of CuO/CaO-Al 2O3-1 [Figure 9 (c)] 

confirms that Cu, Ca and Al elements are well distributed in the catalyst sample. 

Similarly, highly crystalline structures were also observed on Cu/CaO-Al 2O3-2 

(Figure 10) sample. Besides, Cu/CaO-Al 2O3-3 (Figure 11) exhibits ordered 

structured lattices as well, but there seems to exist a phase separation, which is 

slightly different from Cu/CaO-Al 2O3-1 sample.    

3.3.3 SEM 

SEM characterization confirms the well distributed Cu, Ca and Al in Cu 

catalysts. Figure 12 presents the distribution of Cu, Ca, Al and O elements on 
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Cu/CaO-Al 2O3-1 catalyst surface. Element analysis on the selected catalyst 

particle shows that all four elements are well dispersed.    

 

Figure 12. SEM images of Cu/CaO-Al 2O3-1 sample 

 

Figure 13. Phase diagram of Cu/CaO-Al 2O3-1 sample 

As shown in TEM images (Figure 9), Cu, Ca, Al and O in Cu/CaO-Al 2O3-1 

form hybrid structures and hence the size of Cu particles is not detectable. The 

hybrid composition is however not known from the elements analysis. Phase 

analysis was therefore further conducted in order to reveal the chemical 
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composition of Cu catalysts. Figure 12 shows that CuAlO is the major phase, 

while Ca is concentrated on surface thus CaCuAlO is dominant at surface of 

Cu/CaO-Al 2O3-1 sample. It was counted for 693 thousand points in the region 

shown Figure 13. The molar ratio of the two phases is about 18/1. Therefore it 

is clear that the highly crystalline structure mainly represents CuAlO and 

CaCuAlO phases. The existence of CuAlO and CaCuAlO phases confirm the 

strong interaction between Cu and metal oxide supports, which is consistent 

with TPR and TEM images.  

 

Figure 14. SEM images of Cu/CaO-Al 2O3-2 sample 

It is known that CuAlO easily forms a CuAl2O4 spinel structure, which is 

believed to be the major active phase for HDO reactions.
23,48,58

 Based on the 

EDX analysis for CuAlO phase, the chemical content for Cu/Al/O molar ratio is 

roughly 0.6/1.1/2.5 (or 1.8/3.3/7.5), which is consistent with the composition of 

spinel CuAl2O4 or its dimer (dicopper aluminum oxide, Cu2Al4O7) structure. 

The chemical composition for CaCuAlO phase is about Ca5Cu3Al6O17. Cu 

species in both phases suggest strong interactions with other elements, therefore 
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reduction of Cu
II
 was shifted to 225~230 

o
C from 180 

o
C, as already shown in 

Figure 8.  

 

Figure 15. Phase diagram of Cu/CaO-Al 2O3-2 sample 

SEM images of Cu/CaO-Al 2O3-2 sample are shown in Figure 14. It is found 

that Ca, Al and O are well distributed throughout the sample region, while Cu 

species displays only a slight phase separation. Compared with Cu/CaO-Al 2O3-

1 sample (Figure 12, Cu loading = 43w%), Cu content in this one is much lower 

(Cu loading = 28w%). The red color region (Figure 14) is not as sharp as in 

Figure 12. The difference in SEM images clearly indicates that the active 

phases in the two samples are distinct from each other. Phase diagram of 

Cu/CaO-Al 2O3-2 sample was thus carried out. As shown in Figure 15, it has 

been counted for more than 708 thousand points for the region shown and 

found that major phases for Cu/CaO-Al 2O3-2 sample are CuO/Cu and 

CaCuAlO. In sharp contrast, CaCuAlO is the dominant phase (98.1%) in this 
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sample compared with Cu/CaO-Al 2O3-1 (CaCuAlO å 6%). CuO/Cu is only < 2% 

in this sample. 

 

Figure 16. SEM images of Cu/CaO-Al 2O3-3 sample 

 

Figure 17. Phase diagram of Cu/CaO-Al 2O3-3 sample 

Figure 16 presents the distribution of Cu, Ca, Al and O elements on Cu/CaO-

Al 2O3-3 catalyst surface. Element analysis on a selected catalyst particle shows 

that all four elements are not well dispersed. It shows a trend of elements 

segregation on the catalyst surface. It is important to point out that the 

composition of Cu/CaO-Al 2O3-3 catalyst is almost identical with Cu/CaO-Al -

2O3-1 catalyst. The pretreatment conditions are however different from each 

other. As mentioned in the experimental section, Cu/CaO-Al 2O3-1 sample 
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underwent a 1 
o
C/min ramping rate during calcination (under flowing air), 

while Cu/CaO-Al 2O3-3 experienced a 5 
o
C/min ramping rate. The uniformity 

and crystallinity of Cu/CaO-Al 2O3-3 is not as good as Cu/CaO-Al 2O3-1 sample. 

Figure 16 shows that Al2O3 is a dominate phase. Therefore it is highly possible 

that fast heating rate results in the phase separation. Phase diagram of Cu/CaO-

Al 2O3-3 sample further confirms our hypothesis.  

3.4 Structure-activity correlation  

Table 2. Product distribution of Cu catalysts in sorbitol conversion 

# Catalysts X(%) 
Selectivity (%) 

1,2-PDO LA+PAD   glycerol EG Others 

1 Cu/CaO-Al 2O3-1 98.1 46.1 1.8 11.8 15.4 21 

2 Cu/CaO-Al 2O3-2 17.9 12.9 64.3 4.3 9.5 - 

3 Cu/CaO-Al 2O3-3 12.1 8.4 75.2 15.1 1.1 - 

Catalyst charge: 9.8 kg/m
3
, sorbitol: 0.18 kmol/m

3
, T: 230 

o
C, PH2: 7 MPa, reaction 

time: 6 h. PAD: pyruvaldehyde. 

The conversion of sorbitol on the three Cu catalysts, Cu/CaO-Al 2O3-1, 

Cu/CaO-Al 2O3-2 and Cu/CaO-Al 2O3-3 was investigated in the 300 mL Parr 

reactor. As shown in Table 2, Cu/CaO-Al 2O3-1 catalyst displayed almost 100% 

conversion of sorbitol in 6 h, while Cu/CaO-Al 2O3-2 and Cu/CaO-Al 2O3-3 only 

showed < 20% conversion under the same reaction conditions. The selectivity 

towards 1,2-PDO, LA+PAD and EG is completely different on the three 

catalysts. It is found that the combined selectivity to 1,2-PDO, glycerol and EG 

was about 73% on Cu/CaO-Al 2O3-1 catalyst, but this value was only 20~32% 
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on other two catalysts. In contrast, the selectivity of LA+PAD was only < 2% 

on the active Cu/CaO-Al 2O3-1 catalyst, the number on the other two catalysts 

was as high as 64~76%. It is believed that C3-C3 cleavage occurs after 

dehydrogenation (DH) of sorbitol leads to the formation glyceraldehyde (GLA) 

and dihydroxyacetone (DHA), which undergoes rearrangement to form LA or 

HDO reactions to generate 1,2-PDO as shown in Scheme 1. Therefore, it can be 

seen that Cu/CaO-Al 2O3-1 are active for DH and HDO reactions while only DH 

occurs on Cu/CaO-Al 2O3-2 and Cu/CaO-Al 2O3-3 catalysts.  

 

Scheme 1. Formation of 1,2-PDO, glycerol and LA from C3 intermediates 

Further, the selectivity towards C3 products (1,2-PDO, LA and glycerol) is 

83~98%, which implies that C3-C3 cleavage is dominant on Cu/CaO-Al 2O3-2 

and Cu/CaO-Al 2O3-3 catalysts. It is already found that Cu/CaO-Al 2O3-2 sample 

has almost one phase, CaCuAlO, while Cu/CaO-Al 2O3-1 shows CaCuAlO and 

CuAlO phases. So it is highly possible that CaCuAlO is the active site for DH 

reactions of sorbitol, while CuAlO (spinel CuAl2O4) species are active for HDO 
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reactions thus 1,2-PDO, glycerol and EG are dominant on Cu/CaO-Al 2O3-1 

catalyst.   

HDO reactions consume C3 intermediates species formed from DH of sorbitol 

on Cu catalysts, which in turn favors the chemical equilibrium towards DH 

reactions. Therefore Cu/CaO-Al 2O3-1 catalyst shows a much higher conversion 

level. But Cu/CaO-Al 2O3-2 and Cu/CaO-Al 2O3-3 catalysts do not have active 

sites for HDO reactions, thus the conversion levels on these catalysts are poor, 

since DH reactions are obviously not favored at higher hydrogen pressure.  

Another important finding is about C-C cleavage of C3 species. As found in 

Table 2, the selectivity to EG (S > 15%) is much higher on Cu/CaO-Al 2O3-1 

catalyst compared with Cu/CaO-Al 2O3-2 (S < 2%). This implies that C-C 

cleavage of C3 species to C2 is also significant on Cu/CaO-Al 2O3-1 catalyst. 

This is because of the existence of spinel structure of CuAl2O4, which is known 

to be active for C-C cleavages at relatively high reaction temperatures.
58

 

From the discussion above, it can be seen that for an optimum activity and 

selectivity of Cu/CaO-Al 2O3 catalyst, it should have both DH (CaCuAlO phase) 

and HDO (spinel CuAl2O4 phase) sites. This is a possible reason that Cu/CaO-

Al 2O3-1 catalyst displayed higher activities for both C-C and C-O cleavage for 

catalytic conversion of sorbitol compared to other catalysts.  
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3.5 Reaction profiles 

Since, Cu/CaO-Al 2O3-1 showed superior performance compared with other 

catalysts, a detailed concentration-time profile was also investigated.  Figure 18 

shows a typical plot of the substrate and different products [including 1,2-PDO, 

EG, glycerol, butylene glycol (1,2-butanediol, 1,2-BDO), etc] concentration vs 

reaction time. Complete conversion of sorbitol was achieved in 6 h at 230 
o
C 

and 4.9 MPa of hydrogen pressure [Figure 18 (a)]. Concentration of 1,2-PDO, 

EG and glycerol increased linearly with reaction time, while that of LA+PAD 

(pyruvaldehyde) first increased and then decreased at prolonged times. It is 

known that LA and PAD can be further hydrogenated to 1,2-PDO in the 

presence of hydrogen,
57

 which explains increase in  1,2-PDO with reaction time.  

The concentration of linear alcohols (others in Figure 18) increased sharply 

with reaction time, which is clearly a result of significant consecutive HDO of 

1,2-PDO and EG to propanols (PrOH) and EtOH. A linear dependence of 

conversion of sorbitol with time and in some cases even until almost 100% 

conversion [Figure 18 (b)] showed a weak dependence of the HDO rates on 

sorbitol concentration. The concentration of glycerol and 1,2-PDO also 

increased linearly with reaction time while that of LA+PAD initially increased 

but then decreases sharply at prolonged reaction time. The trend of the C3 

products concentration profile also indicates a parallel conversion of these 

intermediates to MeOH and EtOH.  
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Results at lower temperature [210 
o
C, Figure 18 (c)] showed that the 

concentration of sorbitol decreased nearly linearly when reaction time was 

prolonged from 5 h to 20 h. Different trends of concentration profile of 

different products were obtained. The declining concentration of C3 products 

over reaction time was not obviously observed when conversion was higher 

than 33%, which is different from the trend at 230 
o
C. It is also found that the 

concentration of EtOH and MeOH in liquid products was much lower at 210 
o
C 

at similar conversion. The altered concentration profile implies that the 

consecutive C-C bond cleavage of C3 products was restrained at lower 

temperature (210 
o
C).  

In addition, the selectivity for secondary (e.g. 1,2-PDO, 1,2-BDO and alcohols) 

rather than primary (e.g. glycerol and EG) C-O reactions (combined selectivity 

for HDO products) was 67%, while this value was only in the range of 30~82% 

on much more expensive Ru and Ni catalysts under similar reaction 

conditions.
88-90,94,100,107,154,155

 Again, the trace detection of gaseous products 

(mainly methane and CO2, S ~0.3% even at 230 
o
C) indicates the methanation 

and WGS are negligible over Cu catalysts. Considering the fact that the 

proposed Cu/CaO-Al 2O3-1 catalyst shows high activity and selectivity for both 

C-C and C-O cleavage, an excellent selectivity of liquid products above 98% 

has been achieved for sorbitol conversion.  
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(a)                                                    

 

 (b) 

 

(c) 

Figure 18. Concentration-time profiles of sorbitol conversion on Cu/CaO-Al 2O3-1 

catalyst (a) T: 230 
o
C, PH2: 7.6 MPa; (b) T: 230 

o
C, PH2: 4.9 MPa; (c) T: 210 

o
C, PH2: 

4.9 MPa 










































































































































































































































































































































































