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1. Introduction 

1.1 Background: road to carbon neutral 

The utilization of fossil fuels such as coal, crude oil, and natural gas has been surged since the 

20th century. Nowadays, fossil fuels provide more than three quarter of the world’s energy and major 

materials for the development of human society [1]. However, fossil-derived feedstocks are 

nonrenewable and human society will face a crisis of diminishing petroleum in the coming decades. 

Moreover, other issues such as environmental pollution and global warming are also concerned due 

to the excess CO2 emission from petroleum utilization. In this regard, the utilization of biomass as 

alternatives to petrochemicals will be essential to solve the problem of carbon emissions and the 

diminishing of fossil fuels in the coming decades, because biomass is the readily available 

renewable carbon-based resource on earth [2]. By integrating conversion processed and equipment 

in a biorefinery facility, biomass can be converted into bioproducts and/or energy (Figure 1.1) [1]. 

The major utilization approaches of biomass including directly combustion to generate heat/power, 

thermochemical conversion to produce gases or liquids, biochemical conversion, and chemical 

conversion to produce various of chemicals. Particularly, catalytic conversion strategies that use 

biomass as feedstock to produce value-added chemicals have been widely studied in recent years, 

due to their wide operating conditions, high efficiency, and high economic potential [3]. Therefore, 

the replacement of petroleum-derived chemicals with renewable biomass materials using catalytic 

processes has been a major driving force for the evolution of the modern chemical industry.  
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Figure 1.1: Sustainable conversion from crude biomass feedstocks to bioproducts and/or energy 

[1]. 

1.2 Biomass-derived compounds and its utilization 

In general, biomass is defined as all organic matter, including crops, food, plants, and framing 

and forestry residues, which can be used as a source of energy. The complexity and variability of 

biomass should be also considered in developing conversion processes. Before the subsequent 

conversion to chemicals and/or bioenergy, pretreatment of biomass is a key step for the 

disintegration of the components. In general, pretreatments of biomass include physical 

pretreatment (milling, extrusion, microwave, ultrasound, …), chemical pretreatment (acid, alkali, 

organosolv, ammonia fiber explosion, …) and other physicochemical approaches. By employing 

these approaches, biomass can be disintegrated into individual components such as lignocellulose, 

oils, polyols, and the utilization of these components is discussed below. 

1.2.1 Lignocellulose 

Lignocellulosic biomass is the most abundant biomass material on the earth, which is produced 

with an amount of approximately 10-50 billion tons per year [4]. Lignocellulosic biomass can be 

obtained from various sources such as grass (e.g., corn stalk and wheat straw), softwood (white pine 



Study on Hydrodeoxygenation of Biomass-Derived Polyols to Value-Added Chemicals on Carbon-Supported Metal 

Catalyst 

Weican Wang 

3 
 

and larch) and hardwood (Camphor and Birch). Considering the availability and security of the food 

supply, lignocellulosic biomass is an ideal feedstock for the production of chemicals and fuels. As 

shown in Figure 1.2, lignocellulose consists of three main biopolymer components: cellulose (40-

50%), hemicellulose (20-30%), and lignin (10-35%) [5]. Each of the main components of 

lignocellulose can be converted to value-added chemical and/or biofuels (Table 1.1). 

 

Figure 1.2: Proportion of cellulose, hemicellulose, and lignin as lignocellulose components [5].  

The most abundant component in lignocellulose, i.e. cellulose, is a natural polymer of repeating 

D-glucose units. Cellulose has high mechanical strength and chemical stability due to intra- and 

intermolecular hydrogen bonds formed by hydroxyl groups in pyranose rings [2]. Therefore, to 

convert cellulose into biochemicals and/or biofuels, high-temperature processes such as pyrolysis 

and gasification are commonly applied [6]. The products of pyrolysis and gasification are mixtures 

of gases, oils, and solid residues that can be converted to fuels and chemicals [7]. Since cellulose is 

a kind of polysaccharide, it can also be transformed to its carbohydrate monomer and subsequently 

transformed to other platform chemicals through hydrolysis processes [8].  

In contrast to cellulose, hemicellulose is a heterogeneous group of branched polysaccharides 

that consists of many different sugar monomers arranged in a random and amorphous structure [6]. 
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The structural elements of hemicellulose include glucose, galactose, mannose, xylose, arabinose, 

and glucuronic acid. The degree of polymerization of hemicellulose is 50-200 monomers, which is 

much lower than that of cellulose. Compared to cellulose, hemicellulose is amorphous with little 

physical strength, and it can be readily hydrolyzed by dilute acids or bases.  

Lignin is the third major component of lignocelluloses, which is a complex and recalcitrant 

phenolic macromolecule comprising phenylpropane type units [9]. The phenylpropane monomers 

of lignin can be categorized as guaiacyl, syringyl, and p-hydroxylphenyl. The specific monomer 

composition depends on the type of feedstock. Due to the presence of both guaiacyl and syringyl 

units, the hardwood lignin has higher methoxyl content, compared to the softwood lignin, which is 

composed of guaiacyl units only [10]. Like other biomasses, lignin can be valorized using three 

potential strategies [11]. First, lignin can be directly gasified or pyrolyzed to small-molecule 

compounds, which can be used to produce value-added chemicals using technology developed for 

petroleum feedstocks [12]. The second strategy is to remove the functional groups present in the 

lignin monomers to produce simple aromatic compounds such as phenol, benzene, toluene, and 

xylene [7]. In the third strategy, lignin is converted directly to valuable chemicals in a one-pot 

fashion, which is best suited for the production of fine chemicals with a high degree of functionality, 

such as vanillin [13]. 
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Table 1.1: A summary of platform chemicals produced by chemical conversion of lignocellulosic biomass [14]. 

Fractions Platform chemicals Secondary chemicals End-use products 

Polysaccharides 

(Cellulose and 

hemicellulose) 

C6, C5 Sugar alcohols 

(xylitol, arabitol, sorbitol, 

etc.) 

Ethylene glycol, propylene glycol, hydroxyfuran, 

sugar acids 

Green solvent, plastic, cosmetics, detergent, 

pharmaceuticals 

C3,C2 alcohols (1, 2-

propylene glycol, ethlyene 

glycol, and ethanol, etc.) 

propylene ester of fatty acids, pyruvic acid, latic 

acid 

Wetting agent, fuels, plastic, solvent, resin, 

C3 acids (propionic, 

malonic, 3-Hydroxy 

propionate, latic acid) 

Propionyl acrylate, pharmaceutical intermediates 

and reagents, acrylates, acryl amides, propylene 

glycol, acrylic polymers 

Water purification, dust control, gas purification, cleaners 

and detergents, coating, insulation, preservatives, 

fertilizers, pesticides, flocculants, chelators, insulation, 

packaging 

Levulinic acid 3-amino levulinate, succinates 2-

methyltetrahydrofuran, 1,4-diols, γ-valerolactone 

Molded plastics, packaging, fuels, oxygenates, resins, 

adhesives, insulating agents, coatings 

Furfurals Furan Derivatives Fuels, oxygenates, textiles, resin, adhesive, insulator 

agents, coatings 

Gluconic acid Gluconolactones, esters Cosmetics and pharmaceuticals 

Lignin Lignin monomers Benzene, toluene, xylenes, polyols, phenols Dyestuff, plastic, fuel, solvent, drug, paint, material 

applications, phenol formaldehyde resins, polyurethane 

foams, vanillin 
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1.2.1 Starch  

Starch is the second most abundant organic compound on earth and could act as an effective 

biomass feedback for chemical production [15]. Nowadays, a large share of starch crops harvested 

is not only consumed as food or feed, but also a significant proportion is also used for numerous 

industrial applications [16].  

 

Figure 1.3: The multiscale structure of starch: (a) amylose’s molecular structure and (b) molecular 

structure of amylopectin [17]. 

Starch can also be classified as a kind of polysaccharide because it is a naturally occurring 

blend of amylose and amylopectin (Figure 1.3). Amylose (Mw 105–106 g/mol) consists of long linear 

chains of glucopyranose units linked together with α-(1,4) linkages, while amylopectin (Mw 107–

109 g/mol) contains much shorter branched chains formed with D-glucopyranose units. The ratio of 

amylose to amylopectin varies from 1:4 to 1:2 for standard starches [15]. Unlike cellulose, starch 

can undergo an easy deconstruction of its backbone to monomeric sugars because hydrolysis of α-

glycosidic linkages in starch is favored over β-glycosidic linkages as in cellulose. Therefore, starch 
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biomass is a readily available and inexpensive feedstock for the production of simple sugars such 

as glucose and maltose, which can be converted to biofuels and / or important platform chemicals 

such as 5-hydroxymethylfurfural (HMF), 2, 5-diformylfuran (DFF), 2, 5-furandicarboxylic acid 

(FDCA), 2, 5-dimethylfuran (DMF), levulinic acid (LA) and sorbitol [16]. These platform 

chemicals can be used as possible alternatives to petroleum-based building blocks used in the 

commercial production of high-potential synthetic chemicals [18].  

1.2.3 Bio-oils 

Bio-oils are derived from biomass such as edible and non-edible vegetable oils, animal waste, 

microorganisms, algae, and recycled cooking greases. At present, edible vegetable oils are mainly 

produced bio-oils with an amount of 0.12 billion tons per year [19]. Palm oil has been reported to 

account for 33% of the world’s production of edible vegetable oils, with soybean oil at 27% [20]. 

Relevant lipid classes related to bio-oils include triacylglycerols and related compounds 

(diacylglycerols, monoacylglycerols), hydrocarbons, ketones, alcohols, cholesterol, sterols, wax 

esters, free fatty acid, glycerol-phospholipids, glycerol-glycolipids, ether lipids and sphingolipids 

[21].  

 

Figure 1.4: Overall transesterification reactions of triglyceride with methanol (R1, R2 and R3 are 

fatty acid chains) [22]. 

Bio-oils have been investigated as alternative feedstocks for fuels in the past decade. The main 

advantages of using bio-oils are that it has negligible sulfur, nitrogen, and metal contents and is 

carbon neutral. The use of bio-oils would mean recycling mobile carbon in contrast to the 
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mobilization of fixed carbon resulting from the combustion of fossil fuels. However, bio-oils are 

poor direct substitutes for fuels due to their high viscosity, high oxygen content, low heating values, 

and low volatility [23]. To valorize bio-oils into efficient substituents for diesel fuels, a 

transesterification process can be used to convert the key fraction in bio-oil triglycerides into fatty 

acid methyl esters (FAME, also known as biodiesel) as shown in Figure 1.4 [22]. Compared to the 

original bio-oils, FAME has higher combustion efficiency, excellent lubricity, and comparable fuel 

properties as compared to petroleum-based diesel [24]. A common blend of 20% biodiesel with 80% 

petroleum-derived diesel (the B20 biodiesel) is widely implemented throughout the world [25]. 

However, the production of FAME from bio-oils also gives the unavoidable by-product, glycerol. 

As glycerol is a kind of biomass-derived polyol and is highly functionalized, the potential 

conversion of glycerol into beneficial chemicals also has gained intensive attention, which will be 

discussed in Section 1.1.5. 

1.2.4 Biomass-derived polyols 

Polyols are organic compounds containing at least two hydroxyl groups that are active for 

diverse organic reactions. Biomass-derived polyols, such as glycerol (C3), erythritol (C4), xylitol 

(C5), mannitol (C6), and sorbitol (C6), have similar chemical structures as each carbon is attached 

with a hydroxyl group (-OH), which can be easily derived from abundantly available biomass 

feedstocks [26]. The origin of biomass-derived polyols can be classified into sugars platform and 

bio-oils platform. C5-6 Polyols such as xylitol (C5) and sorbitol (C6) can be produced by catalytic 

hydrogenation of five or six carbon sugars directly obtained from crops or by hydrolysis of 

lignocellulosic biomass (cellulose and hemicellulose) [26–29]. Similarly, C4 polyols (namely, 

erythritol and threitol) can be produced by fermenting with various biomass feedstocks derived from 

glucose and sucrose [28]. On the other hand, the simplest biomass-derived polyol glycerol (C3) has 

been mass produced from biooils by transesterification/esterification reactions as a byproduct in the 

biodiesel industry [30].  
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Traditionally, biomass-derived polyols are important materials in the food industry, 

intermediates in the pharmaceutical industry, monomers in the polymer industry, and additives in 

the cosmetics industry [31]. In new biomass-based energy strategies, the valorization of these 

platform polyols has also been considered an option to produce value-added chemicals that provide 

alternative routes to conventional petrochemical-based pathways [32]. Compared to fossil materials, 

biomass-derived polyols are highly functionalized because of the existence of hydroxyl groups. 

Thus, in order to convert polyols into value-added chemicals, chemical processes that can 

selectively remove some of the functionalities are desired. For example, glycerol can be converted 

to value added chemicals such as C3 diols (1,2-propanediol and 1,3-propanediol), organic acid C3 

(lactic acid), and aromatics via various reaction routes, as shown in Figure 1.5. 

 

Figure 1.5: Examples of dehydrated products from glycerol [29].  
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1.3 Importance of reducing oxygen contents in biomass conversion 

 

Figure 1.6: Production of value-add chemicals from biomass feedstocks [33]. 

As described above, biomass-derived feedstocks, such as polyols, acquire much superior 

oxygen contents compared to gas, coal, and crude oil obtained from petroleum resources 

(Figure 1.6). Therefore, it is highly desirable to selectively remove oxygen content to make it 

equivalent to petroleum as raw materials for value-added chemicals [34]. This process can be 

achieved by using an efficient technology, which is known as catalytic hydrodeoxygenation (HDO). 

In this process, extra oxygen contents in organic compounds are removed in the form of water by 

using hydrogen (gaseous hydrogen or hydrogen donators) in combination with a suitable metal 

catalyst. The general reaction stoichiometry of HDO may be schematically represented by [35]: 

-(CH2O)- + H2 → -(CH2)- + H2O 

where -(CH2O)- represents the carbohydrate in the biomass-derived compounds. In this process, the 

oxygen compounds are selectively removed without cracking the initial C-C bonds, which make the 

HDO processes a suitable approach for reducing the O/C ratio in biomass-derived compounds  
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1.4 Transformation of polyols into value-added chemicals via catalytic 

hydrodeoxygenation (HDO) 

In this study, the catalytic HDO processes discussed are based on heterogeneous catalysts. Key 

factors in catalytic HDO process include: (1) types of catalyst; (2) reaction phase; and (3) hydrogen 

source. The pros and cons of these different reaction systems are summarized in Table 1.2, and will 

be further discussed in the next sections. 

Table 1.2: Pros and Cons of different HDO reaction systems 

 Pros Cons 

Catalyst type 

Noble metal catalysts 
High activity 

High stability 

High price 

Selectivity to C-C cleavage 

Transition metal catalysts 
Low price 

Selectivity to C-O cleavage 

Low activity 

Low stability 

Reaction phase 

Liquid phase Low energy consumes Low H2 solubility 

Vapor phase Feasible temperature control High energy consumes 

Source of H2 

External H2 Simple operation 
Low H2 solubility 

Flammability problems 

In site generated H2 
High H2 availability 

Safter inert conditions 
Extra operation steps 

 

1.4.1 Types of HDO catalyst 

The catalysts used for HDO reaction are typically classified into two categories based on the 

type of active metal used: transition metal catalysts and noble metal catalysts.  

1.4.1.1 Noble metal catalysts 

Noble metals, such as platinum (Pt), are known to activate hydrogen molecules. Thus, Pt-based 

catalysts are frequently applied for HDO of biomass-derived compounds. Checa et al. reported a 
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higher glycerol HDO activity of the Pt/ZnO catalyst compared to those of other noble metal catalysts. 

Glycerol conversion decreased in the order Pt > Rh > Pd > Au. The effects of the support of Pt-

based catalysts were also investigated, the Pt-ZnO catalyst exhibited better catalytic performance 

than the support of SnO2, ZrO2, and TiO2 due to its stronger metal-support interaction. Furthermore, 

the roles of Pt and support in the HDO reaction of glycerol were reported by Gandarias et al. [36]. 

The support (amorphous silico alumina) mainly acid sites involved in the dehydration of glycerol 

to acetol, while subsequent hydrogenation of acetol to 1,2-propanediol occurs at the Pt sites. Similar 

to Pt/alumina catalysts, HDO of polyols can be achieved by using other Pt catalysts with solid acid 

support, such as ZrO2. Pt/solid base catalysts also catalyze HDO reactions. In the case of glycerol 

HDO, another reaction route is proposed for Pt/solid base catalysts (Figure 1.7, Route 2). Yuan et 

al. reported that the conversion of glycerol to 1,2-propanediol follows the route of dehydrogenation-

dehydration-hydrogenation over Pt/hydrotalcite catalysts, which showed high activity and 

selectivity to 1,2-propandiol under mild conditions. 

Ru is another well-known active component for activating hydrogen molecules, and Ru-based 

catalysts are also widely used in the HDO of polyols. In the early study by Montassier et al., 

Ru/active carbon (Ru/AC) showed considerable catalytic activity toward HDO polyols [37]. The 

combination of Ru/AC with acidic co-catalysts (liquid acids or acidic ion-exchange resins) is 

reported to be effective for simultaneous dehydration and hydrogenation, which subsequently 

improved the catalytic performance for HDO. However, the utilization of co-catalysts can cause 

some issues which make them less preferred. For instance, combining Ru/AC with liquid acids such 

as H2SO4 and HCl shows low dehydration activity and poor selectivity to the target product (1,2-

propanediol) in the HDO of glycerol. Using acidic ion-exchange resin as a co-catalyst of Ru/AC 

can improve the catalyst performance but the low thermal stability and the poisoning effects of 

sulfur compounds in resin remain as challenges for the Ru/AC + solid acid system. Thus, using 

acidic supports such as gamma-Al2O3, SiO2, and ZrO2 is another possible approach to achieve both 

high activity and thermal resistance for HDO of polyols.  
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Figure 1.7: Proposed mechanisms of glycerol hydrogenolysis to produce propanediols [38]. 

1.4.1.2 Transition-metal-based catalysts 

In the latest research, transition-metal-based catalysts have received increasing attention as a 

result of their low cost and high availability compared with noble-metal catalysts. Among the 

transition metals, Cu is the most frequently utilized metal component, because of its relatively lower 

price and lower ability to cleave C-C bonds compared to noble metals, and its relatively higher HDO 

activity among the transition metals. The catalytic performance of Cu-based catalysts depends on 

various parameters, i.e., the species of supports, preparation methods, catalyst additives, and HDO 

reaction conditions.  

Cu/SiO2 catalysts with various types of silica, such as hexagonal mesoporous silica, 

commercial silica gel, SBA-15, and delaminated hectorite, have been applied in HDO to produce 

value-added diols [39–43]. To disperse Cu nanoparticles on SiO2 surface, significant approaches 

have been developed, including impregnation [40], precipitation [44], sol-gel [45], and ammonia 

evaporation hydrothermal method [46]. Generally, the catalytic performance of Cu/SiO2 catalysts 

depends not only on the number of active Cu sites, but also on the ratio of Cu0/Cu+ due to the 

different functions of Cu0 and Cu+ sites in polyols HDO. Zhu et al. synthesized a robust Cu/SiO2 
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catalyst using the ammonia evaporation hydrothermal method and applied the catalyst to glycerol 

HDO [46]. The TOF value of Cu/SiO2 catalysts improved steadily with increasing Cu+/(Cu0 + Cu+) 

ratio, reaching a summit in the case of Cu+/(Cu0 + Cu+) = 0.39, and further declined with increasing 

ratio. The authors explained these results by proposing that Cu0 sites acted as the primary active 

sites for hydrogen activation and that Cu + sites play a role to facilitate the absorbance and 

stabilization of the hydroxy group of glycerol. Furthermore, it was also speculated that Cu+ sites 

favored the dehydration step to produce intermediate acetol from glycerol, which subsequently 

hydrogenated at Cu0 sites to produce 1,2-propanediol. A recent analysis by Shan et al. highlights 

that Cu-O-Si-O structures are the primary active sites for glycerol dehydration to acetol, and Lewis 

acid sites derived from Cu-O-Si-O structures are a crucial prerequisite for excellent HDO 

performance [47]. Vasilidou et al. investigated the deactivation behavior of Cu/SiO2 catalysts, 

suggesting that the deactivation of Cu/SiO2 catalysts is commonly attributed to Cu aggregation or 

collapse of the mesoporous network [39]. 

Cu/Al2O3 catalysts have also been reported to be effective catalysts for polyols HDO. In the 

case of C3 polyol HDO, Cu/Al2O3 catalysts can show much higher activity and selectivity than 

commercial copper chromite catalysts commonly used, which is believed to be attributed to the 

promotion effects on the formation of reaction intermediates on support acid sites. Dmitriev et al. 

performed an experiment to optimize the reaction conditions of glycerol HDO in the presence of 

50% Cu/Al2O3 in a fixed bed continuous-downflow reactor. At optimal conditions (250 °C, 5MPa 

H2, superficial liquid velocity = 0.55 m3m-2h-1) the selectivity to 1,2-propanediol reached around 

91.5% with a glycerol conversion of 80-95% [48]. However, in the case of HDO C4-6 polyols, 

cleavage of C-C is more likely to occur on Cu/Al2O3 catalysts. Jin et al. reported that over a highly 

active Cu/CaO-Al2O3 catalyst, C−C cleavage of C3 polyols molecules is restrained while the it is 

more likely to occur in the case of C4-6 polyols molecules [49], which is probably due to the 

degradation over solid acid sites on catalyst supports [50,51]. Although the metal-support interaction 

is relatively strong in Cu/Al2O3 catalysts, Cu aggregation remains a main challenge to achieve high 
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catalyst stability. The study by Liu et al. offers a method of adding a non-metallic oxide, boron oxide, 

to improve the stability of a Cu/Al2O3 catalyst and it exhibited an excellent catalytic performance 

during an over 120 h experimental run without obvious deactivation [52].  

Cu-based catalysts supported on basic carriers such as MgO, ZnO, and hydrotalcites are also 

promising catalysts for production value-added diols from polyols via HDO. A 20%Cu/MgO 

catalysts prepared by a co-precipitation method was reported by Balaraju et al., which showed better 

catalytic performance to produce 1,2-propanediol from glycerol under mild reactions compared with 

conventional Cu-based catalysts prepared by the impregnation method [53]. A high selectivity 

toward 1,2-propanediol of 92% was obtained with 50% glycerol conversion at 200 °C under 40 bar 

H2 for 8 h in an autoclave. The superior performance of the Cu/MgO catalysts was obtained due to 

the presence of bifunctional acidic and/or basic sites and the presence of strong metal−support 

synergetic interaction [54]. To further increase the conversion of glycerol on Cu/MgO catalysts, 

Yuan et al. added a small amount of NaOH to the reaction mixture to promote the attack of hydroxyl 

in the basic solution [55]. After the addition of NaOH, the conversion of glycerol increased from 

58.4% to 82.0% at 180 °C under 3 MPa H2 for 20 h. Similar to Cu / MgO catalysts, Cu/ZnO catalysts 

also showed good catalytic performance with polyols HDO [53], and the particle size of MgO or 

ZnO was found to have a significant influence on catalytic activity [55,56]. 
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Figure 1.8: Selective -C-O- bond cleavage of 3-deoxy and 6-deoxy hexitols over Raney-Cu [57]. 

One of the catalytic characters of Cu-based catalyst in HDO is that diols with vicinal -OH 

groups are selectively produced from diols. In the case of C3 polyol HDO, 1,2-propanediol is 

selectively produced. As discussed above, this conversion can be explained by the dehydration-

hydrogenation mechanisms which is a kinetically favored route over Cu-based catalysts. However, 

this mechanism can not well explain the formation of vicinal diols from polyols with longer C-C 

bones such as sorbitol. Kühne et al. proposed a mechanism involves adsorption via vicinal OH-

groups with cleavage of an adjacent OH-group or an OH-group with one methylene group distance, 

which leads to only three possible dideoxy products (Figure 1.8) [57]. This mechanism was found 

to be work well with C5 and C6 polyols as their deoxygenated products. These contradicting 

findings by Kühne et al. show that Cu catalysts with the same composition are able to catalyze 

different -C-O- bond cleavage pathways. 

In addition to Cu-based catalysts, Ni- and Co-based catalysts are also active for catalyzing the 

HDO reactions of polyols. In general, the number of research related to Ni- and Co-based catalysts 

is lower than that related to Cu-based catalysts because of the lower selectivity towards HDO 
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products. A 63.0% glycerol conversion was achieved in RANEY Ni under mild reaction conditions 

of 1 MPa H2 and 463 K, while the selectivity towards 1,2-propanediol was only 77.0% [58]. A 

carbothermal reduced Ni/AC catalyst prepared by Yu et al. gave 63.2% conversion of glycerol with 

77.4% selectivity for 1,2-propanediol at 200 °C under 5 MPa H2 after 24 h [59]. Likewise, a series 

of Co/ZnO catalysts prepared by the coprecipitation method showed the highest selectivity for 1,2-

propanediol of 80% with a conversion of 70.0% glycerol at 180 °C under 4 MPa H2 after 8 h [60].  

1.4.2 Types of HDO reaction system 

 HDO reaction systems can be classified into several types according to their reactor 

configuration, the phase in which the HDO reaction taken into place, and the source of hydrogen 

atoms.  

1.4.2.1 Liquid phase HDO 

In most cases, HDO reactions of polyol are conducted in the liquid phase using a batch reactor 

charged with high-pressure H2 gas. Most of the studies cited and discussed above were performed 

under these conditions. On the other hand, continuous processes were also investigated by some 

researchers because the continuous mode has its advantage in commercialization and keeping the 

catalyst stability. Rode et al. provides a detailed comparison between batch and continuous 

processes in the liquid phase [61]. The HDO of glycerol was studied as a model reaction, and 

modified Cu-Cr catalysts were used. This work revealed that by changing from batch to continuous 

process, the reaction rate was evidently accelerated (conversion increased from 34 to 65%), and the 

formation of undesired C-C cracking products was also suppressed due to the lower contact time. 

The difference in reaction rate in the batch and continuous reactors was assumed to be due to 

competition between hydrogen and glycerol molecules over the active sites in batch mode. 

Furthermore, the catalysts used in the continuous system showed high stability; no obvious 

deactivation occurred during 800 h time on stream. The work by Hao et al. also reported a stable 
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conversion from glycerol to 1,2-propanediol over a Cu-H4SiW12O40/Al2O3 catalyst in a continuous 

flow reactor in the liquid phase [62]. Both glycerol conversion and HDO product selectivity were 

maintained at initial levels for over 250 h without catalyst deactivation. 

1.4.2.2 Vapor phase HDO 

Converting polyols to value-added chemicals via HDO reactions in the vapor phase is less 

preferred because of the high energy cost for evaporating polyols. In their 2009 study, Akiyama et 

al. performed the vapor phase HDO reaction of glycerol over copper metal catalysts at ambient 

hydrogen pressure [63]. This work presented an efficient process during which glycerol was 

converted into a dehydration intermediate (hydroxyacetone) at ca. 200 °C, and the following 

hydrogenation into HDO products was completed at approximately 120 °C. This process provided 

a feasible method to solve the trade-off problem between the dehydration step and the hydrogenation 

step in the 2-step HDO mechanism, where the dehydration step requires relatively high reaction 

temperatures [64], and the hydrogenation step favors low temperatures [65]. 

 

Figure 1.8: Main pathways for the conversion of glycerol into 1,2-propanediol via bifunctional 

catalysis with Pt/NaY [66]. 

1.4.3 Sources of H2 molecules 

The conversion of polyols to value-added chemicals via HDO requires the presence of 

hydrogen. Thus, catalytic HDO reaction systems can also be classified depending on the origin of 

hydrogen: externally added hydrogen type and in situ generated hydrogen type. Conventionally, 
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high pressure gas is used to provide hydrogen molecules for the HDO reaction. However, the use of 

molecular hydrogen suffers from its low solubility and flammability problems. In order to overcome 

these issues, HDO processes using in situ generated hydrogen was suggested. Two major strategies 

have been investigated to achieve this idea: to generate hydrogen by reforming the polyol reactant 

(aqueous phase reforming, APR) [66]; and to generate hydrogen by transfer reactions by adding a 

donor hydrogen compound (catalytic transfer hydrogenation, CTH) [67]. Polyol APR reactions have 

been studied over various types of active metals, including Pt [68,69], Ru [70], Ni [70–72] and Cu 

[71,72]. In the case of CTH, hydrogen molecules are obtained from externally added alcohol 

hydrogen donors, such as methanol [73], ethanol [74,75], and 2-propanol [76]. In addition, formic 

acid has attracted considerable attention from researchers as a promising hydrogen donor for polyols 

HDO due to its potential as a H2 carrier and as a means of using CO2 [73,77,78]. Given these points, 

the in-situ hydrogen generation system was considered as an attractive alternative for polyol HDO, 

because it can overcome the efficiency issues of gaseous hydrogen and allows operation under inert 

conditions. 
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1.5 Motivation for this work 

Based on the reports and discussion above, it has become clear that developing renewable 

alternatives to petrochemicals, such as biomass, will be essential to solve the problem of carbon 

emissions and the diminishing of fossil fuels in the coming decades [79,80]. In particular, the 

conversion of biomass-derived polyols has been considered an attractive approach to produce value-

added chemicals due to their high abundance and remarkable sustainability [81–83]. In particular, 

several studies have focused on the conversion of C3-4 polyols to produce C3-4 diols, which are 

widely used as important chemical building blocks and monomers in the synthesis of polymer resin 

[84,85]. 

As discussed above, the conversion of biomass-derived polyols to the corresponding diols can 

be achieved by selectively removing oxygen atoms in glycerol by hydrodeoxygenation (HDO) 

[86,87]. Generally, the HDO reaction of C3 polyol (glycerol) into the corresponding propanediols 

(PrD) is carried out over metal catalysts under a pressurized H2 atmosphere [88]. Noble metal 

catalysts, including Pt [89], Pd [90], Ru [92,93] and Rh [94]-based catalysts, have been studied for 

the conversion of glycerol to PrD. In the same way, previous studies on the HDO reaction of 

erythritol (C4) are carried out mainly with noble metal catalysts, such as Ru, Rh, Re, Pd, Ir, and 

their alloys [84,91–96]. However, noble metal catalysts have some inevitable disadvantages, such 

as high cost and low selectivity towards HDO products due to their ability to cleave C-C bonds 

[97,98]. Therefore, cheaper transition metal-based catalysts have received increasing attention for 

polyol HDO in recent research [58,60,73,99,100]. Among these catalysts based on non-noble metals, 

the Cu-based catalyst is one of the most promising candidates in polyol HDO due to its relatively 

lower price and lower ability to cleave C-C bonds than noble metals, and relatively higher HDO 

activity among non-noble metals [46,101–103].  

However, there are still challenges to be solved in Cu-based catalysts for polyol HDO. One of 

the critical problems is Cu aggregation due to the low Hüttig temperature of Cu (approximately 



Study on Hydrodeoxygenation of Biomass-Derived Polyols to Value-Added Chemicals on Carbon-Supported Metal 

Catalyst 

Weican Wang 

21 

 

407 K). The sintering of Cu particles during catalyst synthesis and pretreatment leads to a low metal 

dispersion and a larger Cu particle size, causing the limited activities of Cu catalysts [102,104]. The 

aggregation of active metal particles during the reaction also causes poor stability and short lifetime 

of Cu catalysts [105]. Furthermore, side reactions such as oligomerization and degradation can occur 

over solid acid sites on catalyst supports [50,106]. To suppress side reactions, high hydrogen 

pressures (>2 MPa) can be applied while incurring extra cost because of the handling of pressurized 

hydrogen. Thus, catalysts with inert support which can show high activity and selectivity under 

relatively lower hydrogen pressures would be compatible choices to improve product selectivity. 

Thus, the development of novel Cu catalysts with highly dispersed stable Cu nanoparticles and inert 

support is supposed to be an effective approach to achieve a highly effective conversion of biomass.  

In previous work by our group, a novel synthesis method was reported using metal-loaded ion-

exchange resin as precursors [107,108]. Carbon-supported Pt, Pd, Ni, and Pt-Ni alloy catalysts with 

high metal dispersion (particle size of 2.3–3.8 nm observed by transmission electron microscopy) 

and high metal loading (>10 wt%) were prepared by this method. Because the ion-exchange resin 

can be ionized in a basic solution, the formation of stable metal ions in the solution is required. As 

Cu forms Cu(NH3)2+ cations in concentrated ammonia solutions, similar to Pt and Ni, this 

preparation method can be applied to prepare carbon-supported Cu catalysts , which could be 

promising candidates for catalyzing the HDO reaction of biomass-derived polyols.  

When the potential and challenges of selective HDO reactions for the transformations of 

polyols to value-added commodities are considered, comprehensive research on the HDO of polyols 

is necessary. Therefore, to develop new biomass valorization processes, several efforts would be 

made in this work to achieve efficient conversion of C3-4 polyols into diols. In particular, the 

development of cheap, highly active, and stable catalysts; optimization of reaction parameters and 

better understanding of the major and side HDO reaction pathways need to be further investigated 

to obtain high HDO products yield.  
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1.6 Objective of this work 

The overall objective of this work is to develop a highly effective conversion process from 

biomass-derived polyols to value-added chemicals (diols) via catalytic hydrodeoxygenation (HDO). 

Cu-based catalysts have been shown to be promising catalysts for this process, yet the low metal 

dispersion and stability caused by Cu agglomeration have remained as a main challenge. New 

catalyst synthesis methods were developed in this work to prepare novel Cu-based catalysts, and 

characterizations were conducted to investigate structure-property relations of these catalysts. 

Reaction tests were carried out over these catalysts to study structure-activity relationships, using 

C3 and C4 polyols as model reactants, as well as to probe reaction mechanism of polyols. 

Furthermore, optimization of reaction conditions was performed to improve the yield of desired 

value-added HDO products (diols). These results were used to evaluate the potential for HDO of 

biomass-derived polyol compounds over the prepared catalysts. The insight gained from these 

experiments may be used to design improved Cu-based catalysts and reaction scheme for of 

biomass-derived polyols as well as other renewable resources to produce value-added chemicals 

and / or fuels. 
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1.7 Scope of this work 

 

Figure 1.9: Flowchart of this work. 

The flowchart of this work is illustrated in Figure 1.9. Chapter 2 of this thesis is dedicated to 

preparing novel Cu-based catalysts which can show high activity for polyols HDO. The desired 

properties of the catalyst include high metal dispersion, high metal loading, and high resistance to 

sintering. These properties can lead to high activity and stability for catalyzing HDO reactions. In 

this regard, a novel method was modified to prepare carbon-supported Cu catalysts using ion-

exchange resin as carbon precursor. Comparison of catalyst properties between prepared novel 

carbon-supported Cu catalyst and conventional Cu catalysts prepared by impregnation method on 

different support (activated carbon, SiO2, Al2O3) was performed. In addition, to further improve the 

metal dispersion and sintering resistance, addition of a second metal specie (Mg) as additive was 

applied. A better understanding of structure-property relations for Cu-based catalyst could be 

obtained in this chapter. 

Chapter 3 focused on applying the prepared Cu catalysts to the catalytic HDO of the C3 polyol 
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with simplest molecule structure (glycerol) to produce C3 diols. The activity tests of prepared Cu 

catalysts were conducted to screen effective catalysts for HDO. In particular, correlations between 

catalyst physicochemical proprieties and catalytic performance were addressed. Then, the reaction 

parameters (temperature, H2 pressure, reaction time) should be optimized to achieve higher HDO 

product yield. For the catalysts which showed best performance among the prepared catalyst, 

reusability tests were conducted to investigate its stability. In addition, better understanding of the 

mechanisms involved in the catalyst was addressed to further optimize the catalyst and reaction 

conditions to increase the yield of the C3 diol products. 

Chapter 4 reports on a detailed investigation of the conversion of larger-molecule polyol via 

catalytic HDO over prepared Cu-based catalysts. The results detailed in chapter 2 and 3 suggest that 

carbon-supported monometallic Cu and Mg-Cu bimetallic catalysts were effective for C3 HDO, 

thus these catalysts were applied for C4 polyol (erythritol). Similar to the case of C3 polyol 

conversion, screening of catalysts should be performed, and the catalyst structure-activity 

relationship should be addressed. Then the effects of the reaction conditions were investigated to 

optimize the reaction to obtain a higher C4 diol yield. Furthermore, because HDO products obtained 

from C4 polyols are more complicated than in the case of C3 polyol, the reaction pathways and 

mechanisms should be carefully checked for possible further optimization of reaction conditions to 

increase the yield of value-added C4 diols. 

Finally, Chapter 5 summarized the work performed in the previous chapters and concludes 

with final through on the conversion of biomass-derived polyols via catalytic HDO over Cu-based 

catalysts. It also discussed how these processes can be further improved to advance the feasibility 

of effective valorization of biomass-derived platform chemicals. 
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2. Synthesis of carbon-supported Cu catalysts using ion-exchange 

resin 

2.1 Introduction 

The development of novel Cu catalysts with highly dispersed stable Cu nanoparticles is 

supposed to be an effective approach to achieve a highly effective conversion of C3-4 polyol HDO 

to diols. In previous work by our group, a novel synthesis method was reported using metal-loaded 

ion-exchange resin as precursors [1,2]. Carbon-supported Pt, Pd, Ni, and Pt-Ni alloy catalysts with 

high metal dispersion (particle size of 2.3–3.8 nm observed by transmission electron microscopy) 

and high metal loading (>10 wt%) were prepared by this method. Because the ion-exchange resin 

can be ionized in a basic solution, the formation of stable metal ions in the solution is required. As 

Cu forms Cu(NH3)2+ cations in concentrated ammonia solutions, similar to Pt and Ni, this 

preparation method can be applied to prepare carbon-supported Cu catalysts , which could be 

promising candidates for catalyzing the HDO reaction of biomass-derived polyols.  

In addition, to further improve the metal dispersion and activity of Cu-based catalysts, other 

metals can be applied as additives and/or promoters. Such additives can be noble metals including 

Pt [3], Pd [4], and Ru [5], as well as cheaper non-noble metals including Co [6,7], Mg [8,9], and Ni 

[3]. A recent study by Kumar et al. involved the promotional effects of Mg2+ species in bimetallic 

Cu-Mg/SiO2 catalysts on the selective production of 1,2-PrD from glycerol [8]. A decrease in 

crystallite size from 39.31 to 14.60 nm was achieved by tuning the Cu/Mg weight from 3/1 to 1/2, 

and the turnover frequency increased from 79.20 to 93.15 h-1. Thus, to achieve effective polyols 

HDO over Cu-based catalysts, preparing bimetallic Cu-based catalysts by using the ion-exchange 

resin method can be another promising solution. 

  



Study on Hydrodeoxygenation of Biomass-Derived Polyols to Value-Added Chemicals on Carbon-Supported Metal 

Catalyst 

Weican Wang 

35 

 

2.2 Experimental 

2.2.1 Materials 

All chemicals were used without further purification. Cu(NO3)2·3H2O (98%), Mg(NO3)2·6H2O 

(98%), and ammonia aqueous solution (28wt%) were purchased from FUJIFILM Wako Pure 

Chemical Ltd., Japan. DIAION WK-11 ion exchange resin (weakly acidic cation-exchange type, 

total exchange capacity: 4.3 mEq/g-resin, mean particle size: 620 µm) was purchased from 

Mitsubishi Chemical Corp., Japan. Activated carbon support (Norit® RX3 EXTRA) was purchased 

from Sigma-Aldrich Japan. Amorphous SiO2 (JRC-SIO-12) and Al2O3 (JRC-ALO-07) were 

provided by the Catalysis Society of Japan. 

2.2.2 Preparation of carbon-supported Cu catalysts using the ion-exchange resin method 

 

Figure 2.1: Schematic diagram of carbon-supported monometallic Cu catalyst (Cu@C) 

preparation using ion-exchange resin as a carbon precursor. 

The preparation method of Cu@C catalysts was modified from the method described in 

previous reports [1,2,10–12]. The weakly acidic cation-exchange resin, Mitsubishi DIAION WK-

11, contain methacrylic acid moieties as ion-exchange sites and was used as the carbon source, while 

Cu(NO3)2·3H2O was used as the Cu precursor. First, the Cu-loaded resin was prepared by ion 

exchange; 5 g of WK-11 was added to 100 mL of distilled water, and then 100 mL of 
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Cu(NO3)2·solution (0.4 mol/L) was added dropwise to the resin solution at room temperature with 

stirring. In this case, the ratio of metal ions in solution to the theoretical ion exchange capacity of 

the resin was set at 180% mEq/mEq to realize a high metal loading. Then, the pH of the solution 

was adjusted to 8.8 using an aqueous ammonia solution, and the time the pH reached 8.8 was taken 

as the starting time of the ion exchange. The pH value was adjusted to 8.8 at 2 h and 4 h after the 

commencement of ion exchange. After 24 h of ion exchange, the Cu-loaded resin was collected by 

filtration and dried at room temperature overnight. The Cu@C catalysts were obtained by treating 

the Cu-loaded resin at 500 °C for 30 min under N2 flow. The monometallic catalyst obtained was 

denoted Cu@C 

 

Figure 2.2: Schematic diagram of carbon-supported bimetallic MmCun@C catalyst preparation 

using ion-exchange resin as a carbon precursor. 

For the synthesis of bimetallic MgCu@C catalyst, metal precursors (Cu(NO3)2 and Mg(NO3)2) 

were dissolved in an aqueous solution with the designed molar ratio, then the metal solution 

(0.2 mol/L) was mixed with the calculated amount of WK-11 resin. The ratio of metal ions (Cu2+ 

and Mg2+) in solution to the theoretical ion exchange capacity of the resin was adjusted to 

100% mEq/mEq to obtain metal-loaded resin with a designed Cu/Mg ratio. The obtained bimetallic 

catalyst was denoted as MgmCun@C, where m/n was the nominal molar ratio of Mg to Cu. 
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2.2.3 Preparation of carbon-supported Cu catalysts by the impregnation method 

 

Figure 2.3: Schematic diagram of the preparation of supported monometallic Cu catalysts using 

the impregnation method. 

The reference Cu catalysts supported on activated carbon (Cu/AC), alumina (Cu/Al2O3), and 

silica (Cu/SiO2) were prepared by an impregnation method. Before impregnation, the supports were 

ground into particles with diameter ranging from 300 to 850 µm, then calcined in an N2 atmosphere 

at 500 °C for 1 h to remove impurities on the support surface. After calcination of the support, a 

predetermined amount of Cu(NO3)2 solution was added and mixed with the support in a flask. After 

this treatment, the solvent was removed at 60 °C and 15 kPa for 1 h and the sample was dried at 

110 °C in an oven overnight. Finally, the dried sample was then calcined again under an N2 

atmosphere at 500 °C for 1 h. 

2.2.4 Catalyst characterization 

The metal loading of the prepared carbon supported catalysts was estimated using a 

thermogravimetric analyzer (Thermo plus Evo2 TG8120, Rigaku Corp., Japan). The sample was 

heated to 900 °C at a heating rate of 10 °C/min in a N2 flow, then the feed gas was changed to air to 

combust the carbon support. The metal weight in the sample was calculated by assuming that the 

carbon content was fully combusted during measurement, and the remaining ashes were metal 

oxides (CuO and MgO). Metal compositions in the samples were measured using inductively 

coupled plasma-optical emission spectrometry (ICP-OES; 5100 VDV, Agilent Technologies Inc., 

Japan). 

The N2 adsorption-desorption isotherms at 77 K were collected using a high-precision 
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volumetric gas adsorption analyzer (BELSORP MINI X, MicrotracBEL Corp., Japan). The samples 

were degassed prior to the measurement under 10 Pa vacuum at 150 °C for at least 12 h. 

The X-ray diffraction (XRD) patterns were recorded using an X-ray diffractometer (Smart Lab 

XRD, Rigaku Corp., Japan). Before measurement, the sample was reduced at 350 °C in 10% H2/N2 

flow for 1 h. XRD measurement was performed using Cu Kα radiation (λ = 1.5418 Å) operated at 

40 kV and 45 mA, 0.02 ° step and 10 °/min scan speed. The diffraction peak observed at 2θ = 44.3° 

which corresponds to Cu (1 1 1) facet was employed to calculate the mean crystallite size (dXRD) of 

metal particles using the Scherrer equation (d = kλ/βLcosθ) [13], where k is the Debye-Scherrer 

constant (0.9), θ is the Bragg angle, and βL is the half-width of the diffraction peak. 

The exposed metal surface area was measured by N2O titration using a catalyst analyzer 

(BELCAT II, MicrotracBEL Corp., Japan). The sample was first reduced at 350 °C in 50% H2/He 

flow for 1 h and then cooled to 50 °C in He flow. N2O titration was carried out by injecting 4.67% 

N2O/He gas in pulse form at 50 °C. During N2O titration, only surface Cu atoms were oxidized to 

Cu2O by N2O as the reaction equation below, and therefore surface Cu atoms can be estimated from 

the amount of N2O consumed [5]. 

2Cu + N2O → Cu2O + N2 (2-1) 

Pulse circulation stopped when the maximum pulse number of 10 or the last 3 pulses reached 

equilibrium (equilibrium rate < 1.2%). N2O uptake and N2 formation were determined by a thermal 

conductivity detector (TCD) equipped with a separation column. For MgCu@C catalysts, it was 

assumed that all N2O uptake was consumed by Cu atoms. The surface area of the Cu metal was 

calculated according to Equation 2 : 

𝑆𝑁2𝑂 =
2𝑛N2O×𝜎𝑚

𝑚
=

𝑉N2O × 
2

22414
 × 𝑁𝐴 × 𝜎𝑚 

𝑚
 (2-2) 

where nN2O was the consumed N2O atoms, VN2O was the volume of the consumed N2O gas at 1 atm 

and 0 °C, NA was the Avogadro constant and σm was the cross-sectional atomic area of Cu (0.0680 

nm2 / atom) and m was the weight of the sample. 
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The morphology and average particle size (dTEM) of the samples were analyzed by transmission 

electron microscopy (TEM) images. Before measurement, the sample was reduced at 350 °C in 10% 

H2/N2 flow for 1 h. TEM analysis was performed with a H-7650 Zero.A microscope (Hitachi High-

Technologies Corp., Japan) operated at 120 kV. The mean particle sizes of the samples were 

estimated by calculating the number of mean diameters of the observed particles using ImageJ 

software. The geometric surface area (STEM) was calculated under the assumption that all Cu 

particles were spherical with the diameter of dTEM. 

The state of Mg in the catalysts was investigated by using X-ray photoelectron spectrometry 

(XPS), energy dispersive X-ray spectroscopy (EDS) in scanning transmission electron microscopy 

(STEM), and CO2-temperature programmed desorption. The XPS spectra were acquired in a JPS-

9010 (JEOL Ltd., Japan) electron spectrometer. The non-monochromatized Al-Kα X-ray source was 

operated at 25 kV and 12 mA. Before data acquisition, the sample was reduced at 350 °C in 10% 

H2/N2 flow for 1 h and then degassed for 12 h under vacuum to minimize surface contamination. 

For energy calibration, a carbon 1s photoelectron line of 285 eV was used. The STEM-EDS 

mapping was obtained by using a STEM (JEM-2100F, JEOL Ltd., Japan) equipped with EDS (JED-

2300T; JEOL Ltd., Japan). The acceleration voltage of the TEM observation was set at 200 kV. The 

CO2-TPD profile was acquired using the catalyst analyzer (BELCAT II; MicrotracBEL Corp., 

Japan) directly connected to a quadrupole mass spectrometer (BELMASS; MicrotracBEL Corp., 

Japan). 100 mg of the sample was placed in the reactor tube and heated in helium flow to 350 °C 

and pretreated in 50 % H2/He flow at 350 °C for 1 h. The sample was then cooled to 50 °C in helium 

flow and the gas flow was changed to CO2 for 30 min. Finally, the sample was heated from 50 °C 

to 650 °C at 10 °C/min with recording the signal intensity of CO2 (m/z = 44). 
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2.3 Results and discussion 

2.3.1 Effects of catalyst preparation methods on catalyst properties 

Metal loading, metal ratio, BET surface area, metal particle size, and metal surface area of 

synthesized monometallic Cu-based catalysts are presented in Table 2.1. 

Table 2.1: Properties of the prepared monometallic Cu catalysts. 

Catalyst Cu@C Cu/AC Cu/SiO2 Cu/Al2O3 

Metal loading [wt%] 66.9 17.5 15.0a 15.0a 

BET surface area [m2/gcat] 119 1106 66 147 

Mean metal particle size; dXRD [nm] 17.4 27.7 35.3 40.2 

dTEM [nm] 14.9 22.8 40.5 52.8 

Geometric Cu surface area; STEM
b [m2/g] 30.2 9.2 2.5 1.9 

Accessible Cu surface area; SN2O
c [m2/g] 2.26 0.04 0.60 2.49 

SN2O / STEM [%] 7.5 0.4 24.0 130.8 

a Nominal value 

b Calculated from dTEM. 

c Calculated by N2O titration.  

 

Figure 2.4: SEM image of Cu@C. 

The prepared Cu@C catalyst was spherical with diameters of 200−600 µm (Figure 2.4), 

suggesting that the shape of the initial resin was maintained during the carbonization process. The 

high metal loading of Cu@C (66.9 wt%) was due to the high ion-exchange capability of the resin 
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and the high Cu concentration used during catalyst preparation. 

 

Figure 2.5: N2 adsorption-desorption isotherms of prepared monometallic Cu catalysts. 

As shown in Figure 2.5, the BET surface areas of Cu/AC, Cu/SiO2, and Cu/Al2O3 catalysts 

prepared impregnation method were close to the original support material, showing that the pore 

structures of the supports were remained after impregnation and calcination. On the other hand, the 

prepared Cu@C showed type I isotherms, indicating that Cu@C was rich in micropores, and the 

BET surface area of Cu@C was 119 m2/g. As reported in our previous research, the BET surface 

area of the initial WK-11 resin is 5.7 m2/g [1]. The micropore structures in Cu@C were developed 

during the carbonization process, where the functional groups of the resin decomposed and 

produced small molecular gases (CO, CO2, and H2O) within the melted resin, and the diffusion of 

these gases created micropores in the final catalysts. 
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Figure 2.6: Thermogravimetric profile of Cu-loaded ion-exchange resin under N2 atmosphere. 

Heating rate = 10 °C/min. 

As shown in Figure 2.6, the decomposition of functional groups on the ion-exchange resin and 

the generation of small molecular gases, such as CO, CO2, and H2O, proceeded at approximately 

200–300 °C during carbonization process. In this step, ion-exchangeable functional groups were 

removed and therefore the acid sites of the carbon support disappeared. Furthermore, cleavage and 

recombination of carbon-carbon bonds in the resin with simultaneous production of tar (large 

aliphatic hydrocarbons and/or poly aromatic rings) proceeded at approximately 300 to 400 °C.  
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Figure 2.7: XRD patterns of fresh Cu based catalysts. Fresh catalysts were treated with H2 at 

350 °C for 1 h. 

The crystal structure and particle size of Cu in the Cu@C and reference catalysts were 

investigated by XRD measurements. As shown in Figure 2.7, the diffraction peaks at around 44.3, 

50.4, and 74.1° were corresponded to the (1 1 1), (2 0 0), and (2 0 2) crystal planes of metallic Cu 

phase (JCPDS 85–1326) [4], suggesting that Cu was successfully loaded on the supports in the 

metallic state for all catalysts. Diffraction peaks attributed to CuO and Cu2O were not detectable in 

these samples. For all prepared Cu-based catalysts, the diffraction peaks with the highest relative 

intensity were observed at around 2θ = 44.3°, and the crystalline sizes calculated from 44.3° were 

always 7–37 % larger than that of 50.4 and 74.1°. Therefore, these peaks observed 44.3° were 

applied to calculate the mean metal particles (dTEM). 

The particle size estimated from the XRD pattern (dXRD) of Cu/AC, Cu/SiO2, and Cu/Al2O3 

was 27.7, 35.3, and 40.2 nm, respectively. In the XRD patterns of Cu/AC and Cu/Al2O3, intense 

sharp peaks and small broad peaks assigned to the metallic Cu phase were observed, suggesting that 
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the size of the metal particles in these catalysts was not uniform. The wide Cu particle size 

distribution of the Cu-based catalyst prepared by the impregnation method was ascribed to the 

severe aggregation of Cu particles because of the weak interactions between Cu and the supports 

during the preparation of the catalyst. On the contrary, the particle size of the Cu metal in Cu@C 

determined from the XRD patterns (dXRD) was only 17.4 nm, which was smaller than other reference 

catalysts, despite the fact that Cu@C has a higher Cu loading. 

 

Figure 2.8: TEM images for reduced (a) Cu@C, (b) Cu/AC, (c) Cu/SiO2, and (d) Cu/Al2O3. 

The results of TEM observation supported the finding of XRD measurement. As shown in 

Figure 2.8, Cu particle size of Cu@C observed by TEM (dTEM = 14.9 nm) was consistent with the 

dXRD, indicating that the Cu particle size in Cu@C was almost uniform. In the case of Cu/AC, small 

Cu particles with diameter < 10 nm and large Cu particles with diameter > 50 nm were observed in 

Cu/AC, indicating that the Cu particles migrated over the support surface due to the high treatment 

temperature (calcined at 500 °C) and the weak interactions between the Cu particles and the supports 

[2]. As a result, large Cu particles formed by the aggregation, leading to low metal dispersion. 

Aggregated Cu particles were also observed in the Cu/SiO2 and Cu/Al2O3 catalysts. The dTEM of 

Cu/SiO2 and Cu/Al2O3 was 40.5 and 52.8 nm, respectively. The low Cu dispersion indicated the low 

thermal stability of impregnation-prepared catalysts, which could be a disadvantage for catalytic 

activity. 

The accessible Cu surface area of Cu@C estimated from N2O titration (SN2O) was smaller than 

the geometric Cu surface area (STEM), indicating that the Cu particles were partially embedded in 

the carbon support and the entire surface of Cu particles was inaccessible to N2O molecules. The 
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formation of Cu particles and the softening and melting of the resin occurred simultaneously during 

the carbonization step of the Cu@C preparation process.  Cu particles in Cu@C were confined in 

the carbon support, inhibiting further aggregation of the Cu particles (Figure 2.9). Metal 

accessibility, which represents the ratio of accessible metal surface area to geometric area, was 

estimated to be 7.9%. 

 

Figure 2.9: Confinement structure of Cu@C inhibiting further aggregation of Cu particles. 

On the contrary, the accessible Cu surface areas of impregnation-prepared catalysts were found 

to depend on the support material. Cu/AC showed a small Cu surface area of 0.04 m2/g, which is 

possibly due to the wide particle size distribution and the poisoning effects of impurities on the 

support. The SEM-EDS analysis (Figure 2.10) showed that Cu/AC contained sulfur (0.72 wt%) and 

chlorine (0.15 wt%) as impurities, which can have a strong interaction with Cu to form less reducible 

Cu particles that are not available for the measurement of N2O titration. In the case of Cu/SiO2 and 

Cu/Al2O3, the accessible Cu surface areas were 0.60 and 2.49 m2/g, respectively. The high Cu 

surface areas of Cu/Al2O3 were likely derived from the high Cu surface accessibility. The ratio of 

the accessible Cu surface area to the geometric Cu surface area was even greater than 100%, 

indicating that almost all of the Cu surface was exposed and available for chemisorption.  
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Figure 2.10: SEM-EDS and elemental mapping of Cu/AC 

2.3.2 Effects of Mg addition on catalyst properties 

Metal loading, metal ratio, BET surface area, metal particle size, and metal surface area of 

synthesized bimetallic MgCu@C catalysts are presented in Table 2.2. 

Table 2.2: Properties of the Cu@C and MgCu@C catalysts. 

Catalyst Cu@C Mg1Cu15@C Mg1Cu9@C Mg1Cu4@C 

Cu loading [wt%] 66.9 57.8 56.5 52.0 

Mg loading [wt%] - 1.2 2.2 4.2 

Cu/Mg ratioa [mol/mol] - 17.8 10.3 4.7 

BET surface area [m2/gcat] 119 76 129 12.5 

Mean metal particle size; dXRD
b [nm] 17.4 16.5 15.0 11.6 

dTEM [nm] 14.9 13.5 12.5 10.0 

Geometric Cu surface area; STEM
c [m2/g] 30.2 30.2 34.1 44.2 

Accessible Cu surface area; SN2O
d [m2/g] 2.26 0.51 2.49 1.38 

SN2O / STEM [%] 7.5 1.7 7.3 3.1 

a Measured by ICP-OES 

b Calculated from XRD diffraction peaks at around 44.3° 

c Calculated by dTEM. 

d Calculated by N2O titration. 

As discussed above, the monometallic Cu@C catalyst showed a relatively high metal loading 

of 66.9 wt% due to the high ion exchange capacity of the high Cu concentration. Likewise, 

bimetallic MgCu@C catalysts prepared from ion exchange resin also showed high metal loadings 

(> 56 wt%). The bimetallic MgCu@C showed relatively lower metal loadings compared to those of 
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monometallic Cu@C because of the smaller molecular weight of magnesium and the smaller 

amount of loaded metal ions. During the preparation of MgCu@C, the ratio of the metal ions in 

solution to the theoretical ion-exchange capacity of the resin was set at 100% mEq/mEq. Because 

of the adsorption-desorption equilibrium of metal ions in solutions, metal ions were not fully loaded 

on resin, leading to a smaller actual ratio of loaded metal ions to ion-exchange capacity and the 

lower metal loading. The difference between Cu2+ and Mg2+ ions in the adsorption-desorption 

equilibrium also resulted in the slightly higher Cu/Mg molar ratio measured by ICP-OES listed in 

Table 2.2.  

 

Figure 2.11: Mg 1s XPS spectra of the Mg1Cu9@C catalyst. 

In addition, the Mg species in the MgCu@C catalysts were analyzed by XPS as shown in 

Figure 2.11. The Mg1s peak at around binding energy = 1304.5 eV was corresponded to Mg2+ 

species and peak at 1303 eV was corresponded to metallic Mg. The larger surface area of the Mg2+ 

peak indicated that the major Mg species in MgCu@C catalysts was Mg2+. Furthermore, the surface 

atomic ratio of Cu/Mg calculated from XPS spectra using manufacture default element factor was 

0.8/1 mol/mol, indicating that Mg species were highly dispersed over catalyst support and may 

particly cover on Cu surface, which leads to the significantly lower value compared with total 

Cu/Mg atomic ratio (10.3/1 mol/mol). 
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Figure 2.12: N2 adsorption-desorption isotherms of Cu@C and MgCu@C catalysts 

The N2 adsorption-desorption isotherms of MgCu@C catalysts are shown in Figure 2.12. The 

Cu@C, Mg1Cu9@C, and Mg1Cu15@C catalysts showed type I isotherms corresponding to typical 

microporous materials. The micropore structures in these MgCu@C catalysts were developed 

during the carbonization process as in the original Cu@C catalyst. Therefore, the BET surface areas 

of these catalysts were significantly higher than the specific surface area of the original WK-11 resin 

(5.7 m2/g). However, the BET surface area of the Mg1Cu4@C catalyst was considerably lower than 

other catalysts prepared from ion exchange resin, which was only 12.5 m2/g. The Mg1Cu4@C 

catalysts showed type III isotherms corresponding to non-porous or macroporous materials, 

indicating that resin carbonization was insufficient. This result could be due to the high content of 

Mg2+ species on the surface of Mg1Cu4@C, which may inhibit the diffusion of gases from the inside 

of the resin. 
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Figure 2.13: XRD patterns for the fresh MgCu@C catalysts. All samples were reduced at 350 °C 

in 10% H2/N2 flow for 1 h before the measurement.  

The XRD patterns of reduced Cu@C and MgCu@C catalysts are presented in Figure 2.13. 

Diffraction peaks corresponding to metallic Cu are observed in all of the prepared catalysts. The 

diffraction peaks at around 44.3, 50.4, and 74.1° were corresponded to the (1 1 1), (2 0 0), and (2 0 

2) crystal planes of metallic Cu phase (JCPDS 85–1326), and the diffraction peaks attributed to CuO 

and Cu2O were not detectable in these samples. These results suggested that Cu was successfully 

load on carbon support in metallic phase. Additionally, no obvious diffraction peaks of Mg species 

could be observed, indicating that Mg species were highly dispersed on the MgCu@C catalysts.  
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Figure 2.14: STEM-EDS images and element mapping of (a) Mg1Cu15@C, (b) Mg1Cu9@C, and 

(c) Mg1Cu4@C. 

The results from XRD measurement were in accordance with the STEM-EDS images and 

element mapping of MgCu@C catalysts (Figure 2.14). In the case of Mg1Cu15@C and Mg1Cu9@C, 

Mg species were dispersed over the catalyst while Cu atoms trended to form agglomerated sphere 

particles, which explained the sharp diffraction peaks of Cu and no Mg diffraction peaks observed. 

On the other hand, for Mg1Cu4@C, whose Mg loading was 4.2 wt%, the dispersion of Mg was 

decreased as they trended to aggregate in specific areas. The overlapped element mapping images 

showed that Mg was located both in the Cu and near Cu areas. Combing the XPS analysis, these 

results suggested that Mg species were mainly Mg2+ species that highly dispersed over catalyst 

surface, and Mg0 species may also existed in the form of Cu-Mg alloy.  

 

 



Study on Hydrodeoxygenation of Biomass-Derived Polyols to Value-Added Chemicals on Carbon-Supported Metal 

Catalyst 

Weican Wang 

51 

 

 

Figure 2.15: TEM images for reduced (a) Cu@C, (b) Cu/AC, (c) Cu/SiO2, (d) Cu/Al2O3, (e) 

Mg1Cu15@C, (f, g) Mg1Cu9@C, and (h) Mg1Cu4@C. 

Similar to Cu@C, MgCu@C catalysts showed small particle sizes and a uniform particle size 

distribution according to the XRD and TEM observations. As the amount of Mg added increased, 

the metal particle size decreased. As shown in Figure 2.15, the dTEM of Mg1Cu15@C was 13.5 nm. 

The dTEM of MgCu@C decreased to 12.5 nm when the Cu/Mg ratio was changed to 9/1  and was 

further decreased to 10.0 nm when the Cu/Mg ratio was further changed to 4/1. These results 

indicated that the addition of Mg was effective in decreasing the sizes of Cu particles. This increase 

in metal dispersion was probably due to the fact that Mg2+ species hindered the dissociation and 

surface diffusion of Cu atoms [14,15], which could be helpful in improving the catalytic activity of 

polyol HDO. 

The accessible Cu surface areas of the MgCu@C samples were measured by N2O titration. 

Mg1Cu9@C exhibited a higher Cu surface area of 2.49 m2/g compared to 2.26 m2/g of the Cu@C 

sample, which could be attributed to improved metal dispersion. On the contrary, the surface area 

of Cu decreased dramatically when the Cu/Mg ratio changed to 4/1 and 15/1. The ratios of the 

accessible Cu area (SN2O) to the surface area of geometric metal particles (STEM) in Mg1Cu4@C (SN2O 

/ STEM = 3.1%) and Mg1Cu15@C (SN2O / STEM = 1.7%) were obviously lower than those of Cu@C 

(SN2O / STEM = 7.5%) and Mg1Cu9@C (SN2O / STEM = 7.3%). These values indicated that the larger 

moiety of Cu surfaces of Mg1Cu4@C and Mg1Cu15@C were covered by carbon support or Mg 
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species and thus not available for N2O molecules. Together with the results of N2 adsorption and 

STEM-EDS analysis, incomplete carbonization of the resin and increased Mg contents may be the 

reason for this negative effect. 

 

Figure 2.16: CO2-TPD profiles of reduced Cu@C and Mg1Cu9@C. 

To explore the basicity of the catalyst surface after Mg addition, the CO2-TPD of Cu@C and 

Mg1Cu9@C catalysts was studied. As shown in Figure 2.16, Cu@C and Mg1Cu9@C catalysts have 

CO2 desorption peaks with close position at around 350 °C. However, the CO2 desorption peaks of 

the Mg1Cu9@C appeared at around 90 and 550 °C, which were not observed in Cu@C. In the CO2-

TPD profile, the higher temperature of the CO2 desorption peak means the stronger the basicity of 

the catalyst. Therefore, the addition of Mg strengthened the basicity of the monometallic Cu@C 

catalyst. It was reported that base site in catalyst can promote the dehydration of polyols to form 

unsaturated intermediates [16]. Thus, the addition of basic Mg2+ species may have significant 

effects on the catalytic performance of polyols HDO.  
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2.4 Conclusions 

From the above results, we concluded that the carbon-supported Cu@C catalyst with a small 

metal particle size (dTEM = 14.9 nm) was successfully prepared using an ion-exchange resin as the 

starting material. The higher dispersion of Cu on Cu@C was possibly due to the high dispersion of 

the Cu precursor on the ion-exchange resin. The high metal dispersion of Cu@C was believed to be 

ascribed to the confinement structure, which suppressed Cu sintering under hydrothermal reaction 

conditions. In particular, the high available Cu surface area (2.3 m2/g) and high metal loading 

(>50 wt% Cu loading) of Cu@C indicated promising catalytic activity for catalyzing polyols HDO. 

Furthermore, the addition of Mg to Cu@C further enhanced the metal dispersion of the catalyst. 

Characterization studies revealed that MgCu@C possessed even higher metal dispersion (dTEM < 

15 nm) than Cu@C due to the Mg2+ species in the catalyst preventing dissociation and surface 

diffusion of Cu atoms during preparation. The addition of Mg species also enhanced the basicity of 

catalyst, which may have significant effects on the catalytic performance of polyols HDO. 
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3. Conversion of C3 polyol to value-added diols over carbon-supported 

metal catalysts 

3.1 Introduction 

C3 polyol (i.e., glycerol) has been reported as one of the top 12 biomass-derived platform 

chemicals due to its potential of being a versatile building block [1]. Glycerol has been massively 

produced as a by-product of biodiesel production in the last decades [2]. Therefore, glycerol 

valorization is of great interest and can provide additional environmental and economic benefits to 

the biodiesel industry [3]. Various chemicals can be produced from glycerol, including propanediols, 

cyclic acetals, glycerol carbonates, glycerol esters, glycerol ethers, acrolein, and other value-add 

chemicals [4]. Among these chemicals, one of the HDO products converted from glycerol, 1,2-

propanediol (1,2-PrD), is one of the promising chemicals that can be used in a wide variety of 

industrial applications, such as pharmaceuticals, detergents, polyester fibers, resins, aircraft deicing 

fluids, heat transfer liquids, and solvents [5]. In this chapter, the conversion of glycerol was 

performed over various Cu-based catalysts to produce value-added C3 diols. 

3.2 Experimental 

3.2.1 Materials 

All chemicals were used without further purification. Glycerol (97%) and distilled water were 

purchased from FUJIFILM Wako Pure Chemical Ltd., Japan. 1,5-entanediol (97%) was purchased 

from Tokyo Chemical Industry CO., LTD., Japan. 
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3.2.2 Catalytic reaction test 

 

Figure 3.1: Reactor scheme of the Teflon-sealed stainless-steel batch reactor. 

The liquid phase HDO of glycerol was performed in a 100 ml Teflon-sealed stainless-steel 

batch reactor (HIRO Corp., Japan, Figure 3.1). Before the reaction test, the prepared catalyst was 

reduced in 10% H2/N2 flow at 350 °C for 1 h, then ground into powder and sieved into diameters 

less than 100 µm. Typically, 20 g of 15 wt% polyol aqueous solution and a predetermined amount 

of catalyst were introduced into the reactor. The reactor was flushed with Ar gas for 3 times to purge 

out the remaining air, sequentially pressurized with H2 and heated to the designed temperature. The 

time the reactor reached the designed temperature was taken as the starting time of the reaction. 

After the desired reaction time, the reactor was quenched in an ice bath to terminate the reaction. 

The gaseous phase products in the reactor were purged out by Ar gas and collected in a gasbag. The 

gaseous products were analyzed using a GC-2014 gas chromatograph (Shimadzu Co. Ltd., Japan) 

equipped with a TCD and a Porapak-Q column (GL Sciences Inc., Japan). The liquid products and 

the catalysts were separated by centrifugation and filtration. The compounds in the liquid samples 

were identified by a GC-2010 gas chromatograph (Shimadzu Co. Ltd., Japan) equipped with a DB-

WAX column (Agilent Technologies Inc., Japan) and a Parvum 2 mass spectrometer (Shimadzu Co. 

Ltd., Japan). The identified liquid products were quantified using a GC-2014 gas chromatograph 

equipped with a DB-WAX column and a flame ionization detector (FID) using 1,5-pentanediol as 

internal standard. Components observed by GC-FID but could not be identified by GC-MS products 

were labelled “Unknown products” in the following figures and tables. The conversion of reactant 
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(X), product yield (Yi), product selectivity (Si), carbon balance (CB), and turnover frequency (TOF) 

were calculated according to the equations below, respectively: 

mol of product carbon atoms

mol of carbon atoms charged into reactor
 (3-1) 

mol of  carbon atoms in 

mol of carbon atoms charged into reactor
 (3-1) 

mol of carbon atoms in 

mol of product carbon atoms
 (3-2) 

mol of carbon atoms recovered after reaction

mol of carbon atoms in initial reactant
 (3-3) 

mol of the converted reactant

mol of Cu atoms on accessible surface × Reaction time
 (3-4) 

where the number of Cu atoms accessible on the surface was estimated by N2O titration. 

3.3 Results and discussion 

3.3.1 Effects of catalyst preparation methods and support on the catalytic performance of C3 

HDO 

First, the effects of different catalyst preparation methods and supports on the conversion of 

glycerol to 1,2-propandiol (1,2-PrD) were studied. Reaction tests on monometallic Cu catalysts were 

carried out at 180 °C under 1.2 MPa H2 for 72 h, and the mass ratio of Cu to glycerol in the reactor 

was fixed at 0.05 gCu/gGlycerol for Cu@C, Cu/AC and Cu/SiO2, and 0.03 gCu/gGlycerol for Cu/Al2O3 to 

avoid the formation of slurry-like solutions. 
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Figure 3.2: Product yields and selectivity to 1,2-PrD with the prepared Cu-based catalysts. 

(Reactant: 20 g of 15 wt% aqueous glycerol solution; catalyst loading: 0.05 gCu/gglycerol for Cu@C 

,Cu/AC, and Cu/SiO2, 0.03 gCu/gglycerol for Cu/Al2O3; reaction temperature: 180 °C; reaction time: 

72 h, initial H2 pressure: 1.2 MPa). 

Figure 3.2 shows the product yield and selectivity to 1,2-PrD over the prepared monometallic 

Cu catalysts. 1,2-PrD was selectively produced over Cu@C as the main HDO product with a yield 

(Y1,2-PrD) of 21.5 C-mol% and a high selectivity (S1,2-PrD) of 95.4 C-mol%. Other C3 products (mono 

alcohol and propanoic acid) and cracking products (ethylene glycol, CO2, and methanol) were also 

generated at small yields. Furthermore, hydroxyacetone was produced over Cu@C with a selectivity 

of 0.3 C-mol%. The existence of hydroxyacetone suggested that the HDO of glycerol over Cu@C 

could proceed via the dehydrogenation-hydrogenation route, which is further investigated in 

Section 3.3.5. The carbon balance for Cu@C was 100.4 %, indicating that compounds that could 

not be detected by GC, such as oligomerized products and highly oxygenated compounds, were not 

produced over Cu@C. These results suggest that the Cu@C catalyst was able to selectively remove 

a terminal -OH group in glycerol to produce value-added 1,2-PrD, and the high activity and 

selectivity could be attributed to the high Cu dispersion and the inert carbon support. 

In contrast, carbon-supported Cu catalyst prepared from the impregnation method (Cu/AC) 

showed almost no activity for glycerol HDO. The Xglycerol was only 0.1 C-mol% and no HDO 
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products were produced. The low Cu surface area measured by N2O titration suggested that the low 

activity of Cu/AC may also be due to the poisoning effect of impurities on the activated carbon 

support. 

In the case of the monometallic Cu catalyst supported on SiO2 and Al2O3, the main HDO 

product was 1,2-PrD and ethylene glycerol, CO2, hydroxyacetone, and other unknown products 

were produced. The glycerol conversion over Cu/SiO2 and Cu/Al2O3 was 11.0 and 22.9 C-mol%, 

respectively. The TOF value of Cu/SiO2 and Cu/Al2O3 was 3.33 and 3.23 h-1, respectively. Close 

TOF values suggested that the difference in glycerol conversion between Cu/SiO2 and Cu/Al2O3 

was mainly due to the difference in the exposed surface area of Cu. Compared to Cu@C, Cu/SiO2 

and Cu/Al2O3 catalysts exhibited lower selectivities for 1,2-PrD and higher selectivities for cracking 

products. The selectivities towards 1,2-PrD were 95.4, 92.2, and 92.4 C-mol% over Cu@C, Cu/SiO2, 

and Cu/Al2O3, respectively, while the selectivities toward C1-2 products were 2.3, 6.2, and 6.5 C-

mol%, respectively. The interaction between the Cu and SiO2 support has been reported to generate 

Lewis acid sites [6], which can be active sites to catalyze side reactions. Therefore, the higher 

selectivity to cracking products for Cu/SiO2 and Cu/Al2O3 could be explained by the side reactions 

that occur on the silica and alumina supports.  

Taken together, these findings demonstrated that the Cu@C catalyst prepared by the novel ion-

exchange resin method showed catalytic activity higher than that of the carbon-supported catalysts 

prepared by the impregnation method and exhibited higher selectivity to the desired HDO product 

compared to that of other Cu catalysts prepared with different supports, which could be attributed 

to the highly dispersed Cu particles and the use of carbon support without solid acid sites. 

3.3.2 Optimization of the C3 polyol HDO reaction conditions over Cu@C 

3.3.2.1 Effects of hydrogen pressure on C3 polyol HDO over Cu@C 

Because the HDO of glycerol was carried out in a batch reactor, the hydrogen pressure changed 

widely with reaction time. To optimize the reaction conditions of glycerol HDO, the effect of H2 
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pressure must be determined. Thus, the effect of initial hydrogen pressure on the product yield and 

selectivity for the glycerol HDO reaction over Cu@C was investigated. The initial hydrogen 

pressure was varied from 0.6 to 1.2 MPa, and the selected ratio of the amount of metal in the catalyst 

to the amount of the reactant was 0.2 gCu/gglycerol. For all the experiments, the hydrogen gas 

remained after 24 h reaction; hence, the glycerol reaction proceeded throughout the reaction period. 

 

Figure 3.3: Effect of H2 pressure on product yields. (Reactant: 20 g of 15 wt% aqueous glycerol 

solution, catalyst loading: 0.2 gCu/gglycerol, reaction temperature: 180 °C, reaction time: 24 h, initial 

H2 pressure: 0.6–1.2 MPa) 

As shown in Figure 3.3, the yield of HDO product (1,2-PrD) were 15.1, 12.6, and 8.9 C-mol% 

at initial pressures of 0.6, 0.9, and 1.2 MPa, respectively. The slight decrease in glycerol conversion 

and HDO product yield with H2 pressure was attributed to competitive adsorption of glycerol and 

hydrogen, which is consistent with the literature [7]. For Cu catalysts using support possessing solid 

acid sites such as Cu/SiO2 and Cu/Al2O3, hydroxyl group in glycerol and hydrogen are likely to be 

adsorbed on the solid acid and Cu metal. Therefore, the competitive adsorption of H2 and the 

reactant was not generally observed. On the contrary, the prepared Cu@C catalyst did not possess 

solid acid sites and Cu surface was the only catalytic active site involved in the reaction. Thus, both 

reactants (glycerol and H2) compete for the same active sites (Cu surface) to proceed reaction, where 

the reaction can be represented by the Langmuir-Hinshelwood mechanism [8]: 

A + S ⟺ AS (3-5) 
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B + S ⟺ BS (3-6) 

AS + BS ⇒ P (3-7) 

where A, B, AS. BS, and P are glycerol, H2, glycerol absorbed on Cu surface, H2 absorbed on Cu 

surface, and HDO products (1,2-PrD and H2O), respectively. In this case, the rate law can be written 

as: 

r = k𝐶𝐴𝑆𝐶𝐵𝑆 = k𝜃𝐵𝐶𝑆𝜃𝐴𝐶𝑆 (3-8) 

where CAS, CBS are the surface concentration of Cu sites occupied by glycerol and H2, respectively; 

CS is the concentration of all Cu sites; θA and θB are the fraction of Cu sites occupied by glycerol 

and H2, respectively; k is the rate constant for the surface reaction. Applying steady state 

approximation to AS and BS, the following equations can be obtained: 

𝜃𝐴 = 
𝐾𝐴𝐶𝐴

1+𝐾𝐴𝐶𝐴+𝐾𝐵𝐶𝐵
 (3-9) 

𝜃𝐵 = 
𝐾𝐵𝐶𝐵

1+𝐾𝐴𝐶𝐴+𝐾𝐵𝐶𝐵
 (3-10) 

Where KA and KB are the adsorption constants of glycerol and H2, respectively. Thus, the rate law 

can be rewritten as: 

r = k𝐶𝑆
2 𝐾𝐴𝐶𝐴𝐾𝐵𝐶𝐵

(1+𝐾𝐴𝐶𝐴+𝐾𝐵𝐶𝐵)2 (3-11) 

As indicated by the reaction results, H2 has high adsorption on Cu surface and glycerol hardly 

adsorbed under reaction conditions (KACA << KBCB), so: 

r = k𝐶𝑆
2 𝐾𝐴𝐶𝐴

𝐾𝐵𝐶𝐵
 (3-12) 

Assume that the solution is ideal mixture and concentration of H2 in reaction solution follows the 

Henry’s law [9]: 

𝐶𝐵 = 𝐻𝐻2 ∗ 𝑝𝐻2 (3-13) 

where HH2 is the Henry’s law constant of H2, pH2 is the pressure of the H2 gas. Finally, the rate law 

can be written as: 

r = k𝐶𝑆
2 𝐾𝐴𝐶𝐴

𝐾𝐵𝐻𝐻2𝑝𝐻2
 (3-14) 
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From Equation 3-14, it could be concluded that the reaction order is negative with respect to 

hydrogen pressure. Therefore, increasing H2 pressure inhibited the reaction by competitive 

absorption with glycerol and saturating the Cu surface, as observed from the results of the reaction 

tests.  

Moreover, the HDO product selectivity was almost constant (97.5 to 97.8 C-mol%) with H2 

pressure, suggesting that HDO and the cracking reactions proceeded in parallel. Therefore, the effect 

of H2 pressure on the product distribution of glycerol conversion was almost negligible under the 

reaction conditions tested (0.6–1.2 MPa). 

To conclude, decreasing the hydrogen pressure is favored to improve the glycerol conversion 

and HDO product yield as a result of the less competitive adsorption of glycerol and hydrogen at a 

lower hydrogen pressure. However, because the reactor used in this study was a batch reactor that 

cannot refill hydrogen during the reaction, the theoretical maximum conversion would be limited at 

low hydrogen pressure. Thus, a higher hydrogen pressure is necessary to ensure sufficient hydrogen 

supply during reaction processes to achieve higher glycerol conversion levels. Therefore, an initial 

hydrogen pressure of 1.2 MPa was selected for further investigation of the HDO of glycerol, which 

can guarantee a maximum conversion greater of 100%. 

3.3.2.2 Effects of reaction temperature and time 

The reaction temperature and reaction time are also key parameters that affect the yield of the 

HDO products. To investigate the effects of temperature and reaction time on glycerol conversion 

and product selectivity, HDO of glycerol over Cu@C was carried out at 150, 165, and 180 °C, and 

the reaction time was systematically varied from 24 to 240 h. The amount of catalyst in the reactor 

was set at 0.2 gCu/gglycerol and the initial H2 pressure was set at 1.2 MPa.  
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Figure 3.4: Effect of reaction temperature and time on product yield and selectivity of glycerol 

conversion. (Reactant: 20 g of 15 wt% aqueous glycerol solution, catalyst loading: 0.2 gCu/gglycerol, 

reaction temperature: 150–180 °C, reaction time: 24–240 h, initial H2 pressure: 1.2 MPa) 

As shown in Figure 3.4, increasing the reaction temperature and reaction time significantly 

increased glycerol conversion. The glycerol conversions at 150, 165, and 180 °C were respectively 

1.9, 7.3, and 16.3 C-mol% at 120 h and 5.3, 14.9, and 33.8 C-mol% at 240 h. The HDO product 

selectivity was almost constant with time at each reaction temperature, suggesting that the HDO and 

cracking reactions proceeded in parallel. The HDO product selectivity increased with a decrease in 

the reaction temperature, indicating that the activation energy of the HDO reaction was smaller than 

that of the C-C bond cleavage reaction and that the HDO reaction was favored at lower reaction 

temperatures. The relationship between reaction temperature and selectivity was in good agreement 

with the results previously reported for glycerol HDO over other Cu catalysts [10].  

Given these points, increasing the reaction temperature and extending the reaction time are 

effective for improving the HDO product yield. However, the required reaction time was long and 

further optimization of the reaction condition and improvement of the Cu@C catalyst to accelerate 

the reaction rate are needed. We finally achieved 62.7 C-mol% 1,2-PrD yield from glycerol over 
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Cu@C catalyst at 180 °C and 1.2 MPa H2 for 240 h. The prepared Cu@C catalyst exhibited high 

HDO product selectivity (> 94 C-mol%) for all reaction conditions, which was attributed to the 

smaller metal particle size of Cu and the inert carbon support (absence of active sites for side 

reactions).  

3.3.3 Effect of Mg addition on catalytic performance of C3 HDO over MgCu@C catalysts 

To further improve the catalytic activity of Cu@C, Mg was introduced during the ion-exchange 

process to prepare bimetallic MgCu@C catalysts. Reaction tests on monometallic Cu catalyst and 

bimetallic MgCu@C catalysts were carried out at 180 °C under 1.2 MPa H2 for 24-240 h, and the 

metal weight of the catalysts used was fixed at 0.2 gMetal/gGlycerol for all catalysts. 

 

Figure 3.5: Product yield and selectivity of glycerol conversion over MgCu@C catalysts. 

(Reactant: 20 g of 15 wt% aqueous glycerol solution, catalyst loading: 0.2 gCu/gglycerol, reaction 

temperature: 180 °C, reaction time: 24–240 h, initial H2 pressure: 1.2 MPa) 
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Table 3.1: Glycerol conversion, selectivity of products, TOF and carbon balance over Cu@C and 

MgCu@C catalysts. (Reactant: 20 g of 15 wt% glycerol aqueous solution, catalyst loading: 0.2 

gMetal/gGlycerol, initial H2 pressure: 1.2 MPa) 

Catalyst 
Time 

[h] 

Xgly [C-

mol%] 
Selectivity [C-mol%] 

TOF 

[h-1] 

CB 

[%] 

   
1,2-

PrD 

C3 

Othersa 
EG CO2 

C1-2 

Othersb 

Unknown 

productsc 
  

Cu@C 24 9.1 97.5 0.1 0.8 0.2 0.1 1.3 2.3 99.4 

 240 70.1 93.6 1.2 2.1 0.8 0.1 2.3 1.9 96.9 

Mg1Cu15@C 24 9.1 91.7 2.1 0.9 0.9 0.7 3.8 8.6 101.2 

Mg1Cu9@C 24 31.5 96.3 0.4 1.4 0.2 0.3 1.5 5.7 101.4 

 240 94.0 94.2 1.8 1.5 0.3 0.1 2.0 2.0 102.8 

Mg1Cu4@C 24 21.4 97.1 0.02 0.4 0.6 0.1 1.7 10.2 93.6 

a Sum of selectivities of hydroxyacetone, 2-propanol, and propane  

b Sum of the selectivities of ethanol, methanol, methane, and ethane 

c Sum of selectivities of unidentified products observed by GC-FID 

Figure 3.5 and Table 3.1 summarized the activities of glycerol HDO over reduced MgCu@C 

and Cu@C catalysts. The conversion of glycerol can be found to have performed successfully on 

bimetallic MgCu@C catalysts. For all MgCu@C catalysts, 1,2-PrD was obtained as the main HDO 

product, and other products such as hydroxyacetone, ethylene glycol (EG), and CO2 were also 

observed. Furthermore, the tests revealed a significantly different activity between bimetallic 

MgCu@C and monometallic Cu@C. After 24 h reaction at 180 °C, the conversion of glycerol 

reached 31.5 C-mol% over bimetallic Mg1Cu9@C, while the conversion of glycerol was 9.1 C-

mol% over monometallic Cu@C. When the reaction time was increased to 240 h, a glycerol 

conversion of 94.0 C-mol% was obtained over Mg1Cu9@C. The higher catalytic activity of 

Mg1Cu9@C could be partially ascribed to the improved metal dispersion because the exposed Cu 

surface area of Mg1Cu9@C was larger than Cu@C. However, Mg1Cu4@C showed higher glycerol 

conversion than Cu@C though the exposed Cu surface area of Mg1Cu4@C (1.38 m2/g) was smaller 

than that of Cu@C (2.26 m2/g). These results indicated that glycerol conversion is not only 

dependent on Cu surface area, but may also be related to the promotion effects of Mg species, 
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reported in previous literature [11–13]. The turnover frequency (TOF) values calculated for the 

catalysts examined are shown in Table 3.1. The TOF values over Mg1Cu9@C decreased from 5.7 

to 2.0 h-1 when the reaction time increased from 24 h to 240 h, which was due to the low substrate 

concentration after a long reaction time. However, all MgCu@C samples showed TOF values higher 

than Cu@C at similar or higher conversion levels after a fixed reaction time of 24 h. The TOF values 

of 24 h reactions tests over Cu@C, Mg1Cu15@C, Mg1Cu9@C, and Mg1Cu4@C were 2.3, 8.6, 5,7, 

and 10.2 h-1, respectively.  

Comparing the MgCu@C catalysts with different Cu/Mg ratio, Mg1Cu9@C and Mg1Cu4@C 

showed similar catalytic activity and selectivity to the hydrogenation of hydroxyacetone, while 

Mg1Cu9@C showed higher conversion of glycerol than Mg1Cu4@C. These results suggested that 

the higher HDO activity of Mg1Cu9@C than Mg1Cu4@C catalysts was probably due to the higher 

ability to convert glycerol into the dehydrated intermediate, rather than the hydrogenation activity. 

From the STEM-EDS observation, it can be found that Mg1Cu9@C has higher Mg dispersion than 

Mg1Cu4@C, which may provide more available Mg sites despite lower Mg loading. Given these 

points, the higher HDO activity of Mg1Cu9@C than Mg1Cu15@C and Mg1Cu4@C can be explained 

by the higher dispersion of both Mg and Cu species, which provided active sites for the dehydration 

and hydrogenation step in the HDO processed, respectively. 

The selectivities of main HDO product, S1,2-PrD, over Cu@C, Mg1Cu9@C, and Mg1Cu4@C at 

180 °C under 1.2 MPa H2 after 24 h reactions were almost same at 97.5, 96.3, and 97.1 C-mol%, 

respectively. The high S1,2-PrD values were maintained over bimetallic Mg1Cu9@C and Cu@C at 

higher conversion levels, suggesting that Mg addition did not promote side reactions, such as 

oligomerization and degradation. The present results are comparable to the results reported in the 

previous literature [15-20]. 
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Figure 3.6: Selectivity to 1,2-PrD versus glycerol conversion over Mg1Cu9@C and literature data. 

 

Table 3.2: Comparative activity of Cu-based bimetallic catalysts for the HDO of glycerol. 

Catalyst Conditions 

Glycerol 

conversion 

[%] 

1,2-PrD 

selectivity 

[%] 

REF. 

Mg1Cu9@C 
180 °C, 1.2 MPa, 

240 h 
94.0 94.2 

This 

work 

Co-Cu/TiO2 250 °C, 4 MPa, 4 h  95.2 73.0 [14] 

Cu-Mg/SiO2 
210 °C, 4.5 MPa, 

24 h 
89.5 92.1 [15] 

Co-Cu/Al2O3 220 °C, 5 MPa 10 87 [16] 

Pt-Cu/SiO2 200 °C, 4 MPa, 12 h 99.0 95.9 [17] 

Pt-Cu/SAA 

200 °C, 2.0 MPa, 

12 h  

(In ethanol solution) 

99.2 99.6 [18] 

Ru-Cu/Al2O3 200 °C, 4 MPa, 24 h 45 94 [19] 

Ru-

Cu/MWCNTs 
200 °C, 4.0 MPa, 6 h 99.8 86.5 [20] 

 

Figure 3.6 illustrates the comparative selectivity of bimetallic Cu catalysts for the HDO of 

glycerol to 1,2-PDO in the aqueous phase, with the details of each catalyst shown in Table 3.2. 

When comparing the catalytic performance in this work with others, the Mg1Cu9@C catalyst 

showed high selectivity to 1,2-PrD under relatively low initial H2 pressure (1.2 MPa), which is 

commonly not advantageous for the HDO of glycerol to 1,2-PrD. 
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3.3.4 Catalyst stability tests for C3 polyol HDO 

Previous literature reported that Cu-based catalysts undergo serious deactivation problems in 

the glycerol HDO reaction [21]. Deactivation behaviors constitute the major obstacle to their 

industrial application [13]. Thus, the reusability test was performed to elucidate the stability of the 

Mg1Cu9@C catalyst. The recovered catalyst after glycerol HDO was dried overnight at room 

temperature and reduced in the same manner as the pretreatment for the fresh catalyst. The following 

glycerol HDO was performed under the same reaction condition at 180 °C under 1.2 MPa H2 for 

24 h, and the metal weight of the catalysts used was fixed at 0.2 gMetal/gGlycerol. 

 

Figure 3.7: Product yield and selectivity of glycerol conversion over Mg1Cu9@C catalyst for 5 

sequential reaction runs. (Reactant: 20 g of 15 wt% aqueous glycerol solution, catalyst loading: 

0.2 gCu/gglycerol, reaction temperature: 180 °C, reaction time: 24 h, initial H2 pressure: 1.2 MPa) 

The product yield and selectivity towards 1,2-PrD data obtained for each recycle experiment 

are shown in Figure 3.7. The results show that the glycerol conversion decreases from 27.6 to 

20.9 C-mol% after the first run and recovers to a level of 26.4-28.7 C-mol% in the third - fifth 

reaction runs. The lower glycerol conversion of the second reaction run was possibly due to 

experimental or analytic error but not catalyst deactivation, because the following 3 reaction runs 

showed a similar glycerol conversion compared to the first reaction run. For all reaction runs, the 

selectivity towards 1,2-PrD was maintained at a high level (>95 C-mol%). These results suggested 
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that the high activity and product selectivities of Mg1Cu9@C were maintained after the use of 5 

reaction runs, and the active site for HDO in MgCu@C did not change during the reaction, recovery, 

and regeneration procedures.  

 

Figure 3.8: XRD patterns of fresh and spent Cu@C and Mg1Cu9@C catalysts. (Reaction 

conditions: temperature = 180 °C, initial H2 pressure = 1.2 MPa, reaction time = 24-240 h.) 

In addition, the stability of the metal particles was examined by characterizing spent catalysts. 

The XRD patterns of the fresh and spent catalysts are shown in Figure 3.8. Small metal particle 

sizes in Cu@C and Mg1Cu9@C were maintained throughout the reaction tests. The dXRD of Cu@C 

slightly increased from 17.4 to 19.0 nm after 240 h reaction time at 180 °C, indicating that the 

confinement structure of the carbon-supported catalyst prepared from metal-loaded resin is effective 

in suppressing Cu sintering under hydrothermal reaction conditions. Furthermore, the dXRD of 

Mg1Cu9@C before and after 240 h reaction time at 180 °C were 15.0 and 15.3 nm, respectively, 

which were almost unchanged during long time reaction. In the case of the Mg1Cu9@C catalyst 

after 5 reaction runs, the dXRD of Mg1Cu9@C only slightly increased from 15.0 to 18.6 nm. 

Considering that the Mg1Cu9@C catalyst used in the reusability test was recovered and reduced 

several times, it can be concluded that Mg1Cu9@C showed high stability during reaction as well as 

pretreatment procedures. 
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Figure 3.9: TEM image for spent Mg1Cu9@C catalyst. (Reaction conditions: temperature = 

180 °C, initial H2 pressure = 1.2 MPa, reaction time = 240 h.) 

This finding is in agreement with the results of the TEM observation. As shown in Figure 3.9, 

the uniformly dispersed metal particles were maintained in Mg1Cu9@C after a reaction time of 

240 h at 180 °C. The dTEM of 240 h spent Mg1Cu9@C was 12.4 nm, which is almost the same as the 

fresh catalyst (12.5 nm). The high stability of the metal particles in the Mg1Cu9@C catalyst 

suggested that the high sintering resistance of the original Cu@C sample was maintained after the 

addition of Mg and the potential of MgCu@C catalysts for industrial application. 

3.3.5 Insight into the reaction mechanism of C3 polyol HDO over Cu@C and MgCu@C 

To better understand the difference in activity between Cu@C and MgCu@C, reaction pathway 

and mechanism studies on glycerol HDO were carried out. Two main reaction mechanisms are 

proposed for the HDO of glycerol to 1,2-PrD: the dehydration-hydrogenation mechanism 

(Figure 3.10 (a)) and the dehydrogenation-dehydration-hydrogenation mechanism (Figure 3.10 (b)) 

[22]. The dehydration-hydrogenation mechanism composed of the dehydration of glycerol to 

hydroxyacetone and the subsequent hydrogenation step of hydroxyacetone to 1,2-PrD [23]. The 

mechanism of dehydrogenation-dehydration-hydrogenation starts with the dehydrogenation of 

glycerol to glyceraldehyde and is then dehydrated to the intermediate enol, which is then 

hydrogenated to hydroxyacetone and finally converted to 1,2-PrD [24]. In HDO reactions of 
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glycerol on Cu@C and MgCu@C catalysts, hydroxyacetone was obtained with a small amount, and 

other dehydrogenation or dehydration intermediates, such as glyceraldehyde and pyruvaldehyde, 

were not detected. From these results, we proposed that the HDO of glycerol over Cu@C and 

MgCu@C follows the dehydration-hydrogenation mechanism, where hydroxyacetone is produced 

from glycerol dehydration and further hydrogenated into 1,2-PrD. 

 

Figure 3.10: Possible reaction pathways of glycerol transformation under hydrogen over Cu-

based catalysts. (a) the dehydration-hydrogenation mechanism. (b) the dehydrogenation-

dehydration-hydrogenation mechanism 

To verify the reaction mechanism, HDO of hydroxyacetone was carried out over Cu@C, 

Mg1Cu9@C, and Mg1Cu4@C catalysts in H2 atmosphere in the aqueous phase. Table 3.3 shows the 

yield of 1,2-PrD, product selectivity, and carbon balance obtained in each experiment. 
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Table 3.3: Yield of 1,2-PrD, selectivity of products, and carbon balance over Cu@C and 

Mg1Cu9@C catalysts. (Reactant: 20 g of 15 wt% hydroxyacetone aqueous solution, catalyst 

loading: 0.2 gMetal/gHydroxyacetone, initial H2 pressure: 1.2 MPa, reaction temperature: 180 °C, 

reaction time: 24 h) 

Catalyst 

Y1,2-PrD 

[C-

mol%] 

Selectivity [C-mol%] 
CB 

[%] 

  
1,2-

PrD 

C3 

Othersa 
EG CO2 

C1-2 

Othersb 

Unknown 

productsc 
 

Cu@C 96.4 93.8 trace 0.1 0.1 trace 5.9 104.1 

Mg1Cu9@C 81.7 85.4 0.1 0.4 0.2 0.9 12.9 96.8 

Mg1Cu4@C 82.5 85.0 0.2 0.6 0.5 1.2 12.5 97.9 

a Sum of selectivities of propanol and propane  

b Sum of selectivities of ethanol, methanol, methane, and ethane 

c Sum of selectivities of unidentified products observed by GC-FID 

The results show that the hydrogenation of the C=O bond in hydroxyacetone was highly 

favorable and the production of 1,2-PrD was dominant over Cu@C and MgCu@C. The 1,2-PrD 

yields were 96.4, 81.7, and 82.5 C-mol% over Cu@C, Mg1Cu9@C, and Mg1Cu4@C, respectively, 

and the selectivities to 1,2-PrD were 93.8, 85.4, and 85.0 C-mol% over Cu@C, Mg1Cu9@C, and 

Mg1Cu4@C respectively. These results suggest that hydroxyacetone produced by glycerol 

dehydration can immediately convert to 1,2-PrD over Cu@C and MgCu@C, which is in accordance 

with the dehydration-hydrogenation mechanism. Furthermore, monometallic Cu@C showed higher 

catalytic activity for hydroxyacetone hydrogenation to 1,2-PrD than bimetallic MgCu@C, 

indicating that the addition of Mg species slightly decreased the hydrogenation activity of the Cu 

catalyst. On the other hand, bimetallic Mg1Cu9@C and Mg1Cu4@C showed a higher conversion 

than Cu@C in the glycerol HDO to 1,2-PrD, which involves both the dehydration step and the 

hydrogenation step. Since the dehydration reaction is usually an unfavorable step in the diluted 

glycerol aqueous solution, it is considered a rate determining step of glycerol conversion [26]. It 

was well accepted that dehydration of glycerol is favorable over the acidic and/or basic sites of the 

catalyst [12,25]. The CO2-TPD profiles of Cu@C and Mg1Cu9@C clearly showed an enhancement 
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in the basicity of the catalysts after the addition of Mg. From these considerations, we envisaged 

that the addition of Mg to Cu catalysts promoted the dehydration of glycerol to hydroxyacetone by 

increasing the basicity of the catalyst and the produced hydroxyacetone was then immediately 

converted into 1,2-PrD. 

Furthermore, the by-products obtained from hydroxyacetone over Cu@C and MgCu@C 

catalysts were mainly unknown compounds that cannot be identified by GC-MS. The main 

degradation products obtained from glycerol (i.e., EG and CO2) were only produced with small 

amounts (< 0.5 C-mol% selectivity) from hydroxyacetone over Cu@C and MgCu@C. In addition, 

the selectivity for 1,2-PrD was almost constant with time in the glycerol conversion reaction tests, 

indicating that the HDO and cracking reactions proceeded in parallel. Therefore, these results 

suggest that EG and CO2 were probably not produced from hydroxyacetone or 1,2-PrD, but directly 

from glycerol.  

To conclude, the HDO reactions over Cu@C and MgCu@C proceed through the dehydration 

of glycerol to hydroxyacetone followed by the hydrogenation of hydroxyacetone to 1,2-PrD, while 

the cracking reactions proceed via the cleavage of terminal C-C bonds in glycerol. 

3.4 Conclusions 

The catalytic performance of the materials was studied for the hydrodeoxygenation (HDO) of 

glycerol to produce value-added C3 diols. The carbon-supported Cu catalysts prepared from the ion-

exchange resin exhibited a higher catalytic performance for the HDO of glycerol compared to the 

Cu-based catalysts prepared by impregnation methods (Cu/AC, Cu/SiO2, and Cu/Al2O3) due to its 

high metal dispersion. A glycerol conversion of 70.1 C-mol% and a selectivity towards 1,2-PrD of 

93.6 C-mol% were obtained at 180 °C under 1.2 MPa H2 for 240 h with a catalyst loading of 

0.2 gCu/gGlycerol.  

To further improve the catalytic performance of Cu@C, Mg was added as additives. Among 

the Mg-added Cu catalysts, the Mg1Cu9@C catalyst showed better catalytic activity for the HDO of 
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glycerol due to the high dispersion of both Mg and Cu species. The maximum glycerol conversion 

in this study was achieved at 94.0% C-mol with 94.2% C-mol selectivity toward 1,2-PrD over the 

Mg1Cu9@C catalyst at 180 °C under 1.2 MPa H2 for 240 h with a catalyst loading of 0.2 gCu/gGlycerol. 

Furthermore, no obvious metal sintering was observed in Cu@C and MgCu@C after a 240 h 

reaction, indicating the high stability of the catalysts prepared from the metal-loaded resin. The 

reusability test of Mg1Cu9@C also demonstrated that there was no obvious catalyst deactivation 

after 5 reaction runs. 

The conversion of glycerol to 1,2-PrD over Cu@C and MgCu@C was supposed to proceed 

with the dehydration-hydrogenation mechanism, where glycerol was first dehydrated to 

hydroxyacetone and then hydroxyacetone was hydrogenated to 1,2-PrD. Reaction tests of the 

hydrogenation of hydroxyacetone revealed that the addition of Mg species to Cu catalysts enhanced 

catalytic activity possibly by promoting the dehydration step on the introduced base sites.  
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4. Conversion of C4 polyol to value-added diols over carbon-supported 

metal catalysts 

4.1 Introduction 

Erythritol (meso-1,2,3,4-butanetetraol; C4H6(OH)4) is a major biomass-derived polyol 

produced by fermentation processes with glucose and sucrose derived from starch [1]. It can be used 

as a raw material for the production of butanediols, tetrahydrofuran, and butane dienes [1,2]. 

Similarly to C3 polyol, erythritol can be converted to value-added chemicals via HDO over Cu-

based catalysts. The corresponding diol components converted from C4 polyols, such as 1,2-

butanediol, 1,3-butanediol, and 1,4-butanediol, are widely used as building blocks in the chemical 

industry [3].  

In this chapter, carbon-supported Cu catalysts (Cu@C and MgCu@C) were prepared by the 

ion exchange of metal ions onto a weakly acidic cation-exchange resin, followed by carbonization. 

The prepared catalyst was applied to the HDO of erythritol to butanediols under mild reaction 

conditions (T ≤ 180 °C, pH2 ≤ 1.8 MPa). The effects of reaction temperature, reaction time, and 

hydrogen pressure on erythritol HDO over the prepared Cu@C were investigated. In addition, the 

reaction mechanism over the prepared Cu@C catalyst was also studied to gain further understanding 

of erythritol HDO. 
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4.2 Experimental 

4.2.1 Materials 

All chemicals were used without further purification. Meso-erythritol (97%) and distilled water 

were purchased from FUJIFILM Wako Pure Chemical Ltd., Japan. 1,5-entanediol (97%) was 

purchased from Tokyo Chemical Industry CO., LTD., Japan. The commercial catalyst Cu chromite 

was purchased from Sigma-Aldrich, Japan. Other Cu-based catalysts (Cu@C, MgCu@C, Cu/AC, 

Cu/SiO2) were prepared according to the method described in Chapter 2. 

Table 4.1: Properties of the prepared monometallic Cu-based catalysts. 

Catalyst Mg1Cu9@C Cu@C Cu/AC Cu/SiO2 Cu chromite 

Metal loading [wt%] 56.5 66.9 6.5 15a 45.5a 

BET surface area [m2/gcat] 129 119 1250 66 28 

Mean metal particle size; dXRD [nm] 15.0 17.4 22.7 35.3 20.2 

dTEM [nm] 12.5 14.9 12.8 40.5 96.9 

Geometric Cu surface area; STEM
a [m2/g] 34.1 30.2 3.4 2.5 3.1 

Accessible Cu surface area; SN2O
c [m2/g] 2.49 2.26 –d 0.60 n. d. 

SN2O / STEM [%] 7.3 7.9 –d 24.0. n. d. 

a Nominal value 

b Calculated by dTEM. 

c Calculated by N2O titration. 

d The amount of adsorbed N2O was too small to calculate SN2O. 

Information about the catalysts used in this chapter is summarized in Table 4.1. Which is 

different from the Cu/AC catalyst used in Chapter 3, the designed Cu loading of the Cu/AC catalyst 

used in this chapter was reduced to 5 wt% to improve metal dispersion, and the actual Cu loading 

measured by TG was 6.5 wt%. Accordingly, the dXRD and dTEM of Cu/AC decreased from 27.7 and 

22.8 nm to 22.7 and 12.8 nm, respectively. However, the new Cu/AC catalyst still has a very small 

amount of surface area in the N2O titration test, suggesting that the poisoning effects of sulfur 

contents on support still exists.  
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4.2.2 Catalytic reaction test 

 

Figure 4.1: Reactor scheme of the Teflon-sealed stainless-steel batch reactor. 

The liquid phase HDO of erythritol was performed in a 200 ml Teflon-sealed stainless-steel 

batch reactor (HIRO Corp., Japan, Figure 4.1). Before the reaction test, the prepared catalyst was 

reduced in 10% H2/N2 flow at 350 °C for 1 h, then ground into powder and sieved into diameters 

less than 100 µm. Typically, 30 g of 15 wt% polyol aqueous solution and a predetermined amount 

of catalyst were introduced into the reactor. The reactor was flushed with Ar gas for 3 times to purge 

out the remaining air, sequentially pressurized with H2 and heated to the designed temperature. The 

time the reactor reached the designed temperature was taken as the starting time of the reaction. 

After the desired reaction time, the reactor was quenched in an ice bath to terminate the reaction. 

The gaseous phase products in the reactor were purged out by Ar gas and collected in a gasbag. The 

gaseous products were analyzed using a GC-2014 gas chromatograph (Shimadzu Co. Ltd., Japan) 

equipped with a TCD and a Porapak-Q column (GL Sciences Inc., Japan). The liquid products and 

the catalysts were separated by centrifugation and filtration. The compounds in the liquid samples 

were identified by a GC-2010 gas chromatograph (Shimadzu Co. Ltd., Japan) equipped with a DB-

WAX column (Agilent Technologies Inc., Japan) and a Parvum 2 mass spectrometer (Shimadzu Co. 

Ltd., Japan). The identified liquid products were quantified using a GC-2014 gas chromatograph 

equipped with a DB-WAX column and a flame ionization detector (FID) using 1,5-pentanediol as 

internal standard. Components observed by GC-FID but could not be identified by GC-MS products 

were labelled “Others” in the following figures and tables. The conversion of reactant (X), product 
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yield (Yi), product selectivity (Si), carbon balance (CB), and turnover frequency (TOF) were 

calculated according to the following equations, respectively: 

mol of product carbon atoms

mol of carbon atoms charged into reactor
 (4-1) 

mol of  carbon atoms in 

mol of carbon atoms charged into reactor
 (4-2) 

mol of carbon atoms in 

mol of product carbon atoms
 (4-3) 

mol of carbon atoms recovered after reaction

mol of carbon atoms in initial reactant
 (4-4) 

mol of the converted reactant

mol of Cu atoms on accessible surface × Reaction time
 (4-5) 

where YBuT and SBuT denote the sum of the yields and the sum of the selectivities of all butanetriol 

isomers. Similarly, YBuD and SBuD denote the sum of the yields and the sum of the selectivities of all 

butanediols isomers. YHDO indicates the sum of the yields of the HDO products, including all the 

butanetoriols, butanediols, butanols, and butane. The unidentified products, labelled as “Others” in 

following figures and tables, were components which was observed by the GC-FID but could not 

be identified by the GC-MS. Threitol, which is a stereoisomer of erythritol, was obtained for all 

HDO test of erythritol while it was considered an unconverted reactant because threitol can be 

converted to butanediols by HDO, similar to erythritol [4]. 
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4.3 Results and discussion 

4.3.1 Effects of catalyst preparation methods and supports on the catalytic performance of C4 

HDO 

First, to compare the activity of the prepared monometallic Cu-based catalysts for erythritol 

HDO, reaction tests were conducted at 180 °C under 1.8 MPa H2 for 24 h. The ratio of the amount 

of Cu and the amount of the reactant in the reactor was fixed at 0.04 gCu/gerythritol for all prepared 

catalysts.  

 

Figure 4.2: Product yields with the prepared Cu based catalysts. (Reactant: 30 g of 15 wt% 

aqueous erythritol solution; catalyst loading: 0.04 gCu/gerythritol; reaction temperature: 180 °C; 

reaction time: 24 h, initial H2 pressure: 1.8 MPa) 

As shown in Figure 4.2 and Table 4.2, the erythritol conversion over Cu@C reached 3.91 C-

mol% and TOF value of 4.0 h−1. The desired reaction, HDO of erythritol without C-C bond cleavage, 

proceeded over the Cu@C catalyst to produce 1,2,4-butanetriol (1,2,4-BuT), 1,2-butanediol (1,2-

BuD), 2,3-butanediol (2,3-BuD), and 1,4-butanediol (1,4-BuD), and the HDO product yield was 

2.68 C-mol%. The yield of the HDO products increased in the following order: 1,2-BuD (1.37 C-

mol%) > 1,2,4-BuT (1.11 C-mol%) > 2,3-BuD (0.17 C-mol%) > 1,4-BuD (0.03 C-mol%). The 

HDO products mainly possessed vicinal hydroxyl groups. The other HDO products, 1,2-propandiol 

(1,2-PrD), CO2, ethylene glycol, monoalcohol, and alkanes were concomitantly generated at small 
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yields. Cyclic product via dehydration including 1,4-anhydroerythritol was not detected. 

Furthermore, the carbon recovery for Cu@C was almost 100 %, indicating that the oligomerized 

products and highly oxygenated compounds that could not be detected by GC were not produced. 

Therefore, the Cu@C prepared in this study was able to remove part of the hydroxyl groups of C4 

polyols with high selectivity. In contrast, using Cu/AC as the catalyst, the erythritol conversion was 

only 0.20 C-mol% and the main product was CO2. The low activity of Cu/AC was attributed to the 

poisoning effects of sulfur contents, as discussed in Chapter 2. The erythritol conversion over 

Cu/SiO2 was comparable to that of Cu@C and BuDs and BuTs were mainly obtained for these two 

catalysts. The carbon recovery for Cu/SiO2 was 79 C-mol%, implying that the formation of 

undetectable compounds by GC, such as the oligomers of erythritol and highly oxygenated 

compounds. The conversion of erythritol over Cu chromite was small. Therefore, the prepared 

Cu@C exhibited the high HDO activity.  
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Table 4.2: Effect of the prepared catalysts on erythritol conversion, yield of priducts, BuD and 

HDO selectivity, and catbon recovery. (Reactant: 30 g of 15 wt% erythritol aqueous solution, 

catalyst loading: 0.04 gCu/gerythritol, initial H2 pressure: 1.8 MPa, reaction temperature: 180 °C, 

reaction time: 24 h) 

Catalyst Cu@C Cu/AC Cu/SiO2 Cu chromite 

Xerythritol [C-mol%]*a 3.91 0.20 4.24 0.70 

Epimerization  

Ythreitol [C-mol%] 32.89 0 9.86 3.79 

Hydrodeoxygenation  

YHDO [C-mol%] 2.68 0.00 3.63 0.49 

B
reak

d
o

w
n

 o
f p

ro
d

u
cts 

1,2,4-BuT 1.11 0 0 0 

1,2,3-BuT 0 0 0 0 

1,2-BuD 1.37 0 3.31 0.49 

2,3-BuD 0.17 0 0.32 0 

1,4-BuD 0.03 0 0 0 

Butanols*b 0 0 0 0 

Butane 0.00 0.00 0.00 0.00 

Cracking   

Ycracking [C-mol%] 0.63 0.20 0.47 0.04 

B
reak

d
o

w
n

 o
f p

ro
d

u
cts

 

Glycerol 0 0 0.06 0.01 

1,2-PrD 0.35 0.00 0.32 0 

Ethylene glycol 0.07 0.00 0 0 

C1-3 alcohols*c 0.02 0.00 0.03 0 

C1-3 alkanes*d 0.00 0.00 0.05 0.02 

CO2 0.20 0.20 0.01 0.01 

Yothers [C-mol%]*e 0.60 0 0.14 0.17 

YBuD [C-mol%] 1.57 0 3.63 0.5 

SHDO [C-mol%] 68.5 0.00 85.6 70.1 

SBuD [C-mol%] 40.1 0.37 84.6 70.1 

CB [C-mol%] 104.1 79.6 85.1 78.7 

*a Threitol was regarded as unconverted reactant  

*b Sum of yields of 1-butanol and 2-butanol 

*c Sum of yields of 1-propanol, 2-propanol, ethanol, and methanol  

*d Sum of yields of propane, ethane, and methane 

*e Unidentified products observed by GC-FID 
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Figure 4.3: TEM images of the prepared Cu based catalysts: (a)fresh Cu/C, (b)fresh Cu/AC, (c) 

spent Cu/C, and spent Cu/AC. The fresh catalysts were pretreated in H2 at 350 °C for 1 h and the 

spent catalysts were the samples after erythritol HDO in 1.8 MPa H2 at 180 °C for 24 h. 

Additionally, the stability of Cu was determined by characterizing the spent catalyst. As shown 

in Figure 4.3, The Cu particle size of the spent Cu@C after 24 h reaction observed by TEM was 

almost comparable to that of the fresh Cu@C. Thus, small Cu particles in Cu@C were successfully 

maintained throughout the HDO reaction. In the case of Cu/AC, the Cu particle size of the spent 

catalyst increased from 22.7 to 30.7 nm, indicating that further agglomeration occurred during the 

reaction. Therefore, the Cu@C catalyst realized high activity and high stability of Cu nanoparticles 

for HDO conversion of lager molecule polyol as in the case of C3 polyol. As discussed in Chapter 3, 

the difference in the sintering resistance of Cu between Cu@C and other catalysts was attributed to 

the confinement structure of Cu@C, where the Cu particles were immobilized in the carbon support. 

Given these points, Cu@C showed high activity for HDO of erythritol, and higher stability and 

carbon recovery than other Cu catalysts prepared with different supports, which demonstrated that 

carbon-supported Cu catalysts prepared by the ion-exchange resin method were also promising 

catalysts for effective conversion of C4 or larger polyols.  
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4.3.2 Effects of Mg addition on catalytic performance of C4 HDO 

In Chapter 3, the Mg1Cu9@C bimetallic catalysts showed improved catalytic activity for 

glycerol HDO compared to the monometallic Cu@C catalyst. Then, C4 polyol (erythritol) HDO 

reaction tests were carried out on Mg1Cu9@C catalyst. Reaction tests were carried out at 180 °C 

under an initial H2 pressure of 1.8 MPa for 24-360 h. The ratio between the amount of metal and the 

amount of reactant in the reactor was fixed at 0.2 gCu/gErythritol. 

 

Figure 4.4: Effect of Mg addition on product yields. (Reactant: 30 g of 15 wt% aqueous erythritol 

solution, catalyst loading: 0.2 gCu/gerythritol, reaction temperature: 180 °C, reaction time: 24-360 h, 

initial H2 pressure: 1.8 MPa) 
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Table 4.2: Erythritol conversion, yield of products, selectivity of products, and carbon balance 

over Cu@C and Mg1Cu9@C. (Reactant: 20 g of 15 wt% erythritol aqueous solution, catalyst 

loading: 0.2 gMetal/gErythritol, initial H2 pressure: 1.8 MPa, reaction temperature: 180 °C, reaction 

time: 24-360 h) 

Catalyst Cu@C Mg1Cu9@C 

Reaction time [h] 24 360 24 360 

Xerythritol [C-mol%]*a 8.27 52.27 5.01 18.75 

Epimerization  

Ythreitol [C-mol%] 42.19 31.81 12.59 22.20 

Hydrodeoxygenation  

YHDO [C-mol%] 5.64 41.28 2.07 9.26 

B
reak

d
o

w
n
 o

f p
ro

d
u
cts 

1,2,4-BuT 1.95 0.83 0.41 0.73 

1,2,3-BuT 0 0 0.22 0.46 

1,2-BuD 3.16 35.63 1.15 7.09 

2,3-BuD 0.41 3.77 0.27 0.78 

1,4-BuD 0.11 0.26 0.02 0.19 

Butanols*b 0 0.65 0 0.01 

Butane 0.01 0.14 0 0 

Cracking  

Ycracking [C-mol%] 1.52 9.13 2.45 8.23 

B
reak

d
o
w

n
 o

f p
ro

d
u
cts

 

Glycerol 0.13 1.93 0 0.23 

1,2-PrD 0.92 5.20 0.97 4.54 

Ethylene glycol 0.06 1.52 0.95 2.18 

C1-3 alcohols*c 0.06 0.30 0.32 0.37 

C1-3 alkanes*d trace trace trace trace 

CO2 0.35 0.18 0.21 0.91 

YUnknown products  

[C-mol%]*e 
1.11 1.86 0.65 1.26 

YBuD [C-mol%] 3.68 39.66 1.44 8.06 

SHDO [C-mol%] 68.2 79.0 41.3 49.4 

SBuD [C-mol%] 44.5 75.9 28.7 43.0 

Carbon balance [%] 90.3 94.6 81.9 91.6 

*a Threitol was regarded as an unconverted reactant  

*b Sum of yields of 1-butanol and 2-butanol 

*c Sum of yields of 1-propanol, 2-propanol, ethanol, and methanol  

*d Sum of yields of propane, ethane, and methane 

*e Unidentified products observed by GC-FID 

 



Study on Hydrodeoxygenation of Biomass-Derived Polyols to Value-Added Chemicals on Carbon-Supported Metal 

Catalyst 

Weican Wang 

88 

 

As shown in Figure 4.4 and Table 4.2, Mg1Cu9@C exhibited catalytic activity against 

erythritol HDO. The erythritol conversion reached 5.01 and 18.75 C-mol% after 24 and 360 h of 

reaction, respectively. The major HDO products were butanetriols (BuT) and butanediols (BuD). In 

the 360 h reaction, the yield of the HDO products increased in the following order: 1,2-BuD (7.09 C-

mol%) > 2,3-BuD (0.78 C-mol%) > 1,2,4-BuT (0.73 C-mol%) > 1,2,3-BuT (0.46 C-mol%) > 1,4-

BuD (0.19 C-mol%). Other HDO products (butanols and butane) were also obtained. These results 

demonstrated that Mg1Cu9@C was able to selectively remove -OH groups in erythritol to produce 

value-added C4 diols.  

However, the conversion of erythritol over Mg1Cu9@C was considerably lower than that over 

Cu@C catalyst. After 360 h of reaction, XErythritol over Mg1Cu9@C only reached 18.75 C-mol% 

while XErythritol over Cu@C was 52.27 C-mol%. Compared to the HDO product yield obtained over 

the Cu@C catalyst, the HDO product yield decreased from 41.28 to 9.45 C-mol% over the 

Mg1Cu9@C catalyst after 360 h of reaction. The difference in the effects of the addition of Mg on 

the catalytic performance of HDO C3 and C4 polyols was also supported by the distribution of the 

cracking product over Cu@C and Mg1Cu9@C. In the 360-h reaction test over Cu@C, the yields of 

major cracking products increased in the following order: 1,2-PrD (5.20 C-mol%) > glycerol 

(1.93 C-mol%) > EG (1.52 C-mol%). In the case of Mg1Cu9@C, this order was changed to 1,2-PrD 

(4.54 C-mol%) > EG (2.18 C-mol%) > glycerol (0.23 C-mol%). The lower yield of glycerol and 

higher yield of 1,2-PrD over Mg1Cu9@C were probably due to the higher ability of Mg1Cu9@C to 

convert glycerol to 1,2-PrD compared with Cu@C.A possible explanation for the opposite effect of 

Mg addition on the HDO of C3 and C4 polyols is that the main reaction mechanisms are different 

between the C3 and C4 HDO over these catalysts. As discussed in Chapter 3, the HDO of C3 polyol 

possibly follows the dehydration-hydrogenation mechanism, which is more favored over bimetallic 

MgCu@C catalysts. In the case of C4 HDO, this process may be less favored when Mg was added 

to the Cu catalyst. Therefore, Cu@C was considered a more effective catalyst for C4 HDO and was 

selected for further investigation of HDO of erythritol. 
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4.3.3 Optimization of the C4 polyol HDO reaction conditions over Cu@C 

4.3.3.3 Effects of hydrogen pressure on C4 polyol HDO over Cu@C 

 

Figure 4.5: Hydrogen pressure change during the erythritol HDO over Cu@C. 

Because the HDO of erythritol was carried out in a batch reactor, the hydrogen pressure widely 

changed with reaction time, as shown in Figure 4.5. To understand the reaction pathway of 

erythritol HDO, the effect of H2 pressure must be determined. Thus, the effect of initial hydrogen 

pressure on the product yield and selectivity for the erythritol HDO reaction over Cu@C was 

investigated. The hydrogen pressure ranged from 0.3 to 1.8 MPa, and the selected ratio of the 

amount of metal in the catalyst to the amount of reactant was 0.2 gCu/gerythritol. For all the experiments, 

the hydrogen gas remained after 24 h reaction; hence, the erythritol reaction proceeded throughout 

the reaction period. 
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Figure 4.6: Effect of H2 pressure on product yields. (Reactant: 30 g of 15 wt% aqueous erythritol 

solution, catalyst loading: 0.2 gCu/gerythritol, reaction temperature: 180 °C, reaction time: 24 h, initial 

H2 pressure: 0.3–1.8 MPa) 

As shown in Figure 4.6, the erythritol conversion and the yield of HDO product were 14.2 C-

mol% and 9.3 C-mol%, respectively, at an initial pressure of 0.3 MPa and 9.2 C-mol% and 6.0 C-

mol% at H2 pressures above 0.9 MPa. The slight decrease in erythritol conversion with H2 pressure 

can also be attributed to the competitive adsorption of erythritol and hydrogen, which is consistent 

with the finding of C3 HDO over Cu@C in Chapter 3. Because the prepared Cu@C catalyst only 

possess Cu sites, the competitive adsorption of H2 and erythritol could be observed for Cu@C. 

Moreover, the HDO product selectivity was almost constant (65 to 68 C-mol%) with H2 pressure, 

suggesting that HDO and the cracking reactions of erythritol proceeded in parallel. Therefore, the 

effect of H2 pressure on the selectivity of erythritol conversion was almost negligible under the 

reaction conditions tested. In this regard, the reaction pathway and the mechanism of C4 HDO could 

be discussed on the basis of the change in product yield with reaction time. 

Given these points, high hydrogen pressure is not preferred to improve the C4 HDO reaction 

rate due to competitive adsorption over Cu sites. However, to achieve high HDO product yield, 

higher hydrogen pressure is still necessary to guarantee hydrogen supply. Thus, a H2 pressure 

1.8 MPa was applied for the further investigation of C4 HDO. 
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4.3.3.2 Effects of reaction temperature and time C4 polyol HDO over Cu@C 

The HDO of erythritol over Cu@C produced not only BuDs but also BuTs and C1–C3 products. 

The HDO reactions can proceed in series and the HDO products can participate in cracking reactions. 

Therefore, the reaction temperature and reaction time are key parameters that affect the HDO yield. 

To investigate the effects temperature and reaction time on erythritol conversion and product 

selectivity, the HDO of erythritol over Cu@C was carried out at 150, 165, and 180 °C, and the 

reaction time was systematically varied from 24 to 240 h. The amount of catalyst in the reactor was 

set at 0.2 gCu/gerythritol and the initial H2 pressure was fixed at 1.8 MPa.  

 

Figure 4.7: (a) Effect of reaction temperature and time on erythritol conversion, BuD yield, and 

selectivity. (b) Product yield against erythritol conversion over Cu@C. (Reactant: 30 g of 15 wt% 

aqueous erythritol solution, catalyst loading: 0.2 gCu/gerythritol, reaction temperature: 150–180 °C, 

reaction time: 24–240 h, initial H2 pressure: 1.8 MPa) 

As shown in Figure 4.7, increasing the reaction temperature and reaction time significantly 

increased the conversion of erythritol. The erythritol conversions at 150, 165, and 180 °C were 

respectively 1.9, 7.3, and 16.3 C-mol% at 120 h and 5.3, 14.9, and 33.8 C-mol% at 240 h. The HDO 

product selectivity was almost constant with time at each reaction temperature, suggesting that the 

HDO and the cracking reactions proceeded in parallel. The HDO product selectivity increased with 

a decrease in the reaction temperature, indicating that the activation energy of the HDO reaction 

was smaller than that of the C-C bond cleavage reaction and that the HDO reaction was favored at 

lower reaction temperatures. The relationship between reaction temperature and selectivity was in 
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good agreement with the finding in Chapter 3 and the previously reported results for glycerol HDO 

over other Cu catalysts [5]. The TOF values were ranged from 0.08–1.7 h−1 and increased with the 

reaction temperature. The TOF value of erythritol HDO at catalyst loading of 0.2 gCu/gerythritol and 

180 °C for 24 h (1.7 h−1) was smaller than that at catalyst loading of 0.2 gCu/gerythritol and same 

reaction temperature and time (4.0 h−1). This difference in the TOF value could be because the 

diffusion resistance of the reactants to the Cu surface of Cu@C affected the reaction rate. The 

majority of the Cu metal of Cu@C was inside the micropores, and the reactants could access the Cu 

surface from the bulk aqueous phase through small pores slowly. 

Focusing on the selectivity of the HDO products, the BuD selectivity increased with the 

reaction time, whereas the BuT selectivity was almost constant at erythritol conversions above 20 C-

mol%, as shown in Figure 4.7(b). Butanols and butane were produced with low yields as shown in 

Table 4.3. These results indicated that the HDO of erythritol to BuT and HDO of BuT to BuD 

proceeded sequentially, while further HDO of BuD to butanol hardly proceeded, which was 

attributed to the reaction mechanism of HDO. Detail discussions of the reaction pathways and 

mechanisms of C4 polyol are given in Section 4.3.4. 

We finally achieved 39.66 C-mol% BuD yield from erythritol over Cu@C catalyst at 180 °C 

and 1.8 MPa H2 for 360 h. The prepared Cu@C catalyst exhibited high BuD selectivity (> 40 C-

mol%) for all reaction conditions, which was ascribed to the smaller metal particle size of Cu and 

the inert carbon support (absence of active sites for side reactions). The obtained BuD selectivity 

was higher than that reported in the literature using Cu based catalyst (38.6 C-mol% for Cu/CaO-

Al2O3, reaction temperature 230 °C, and hydrogen pressure at 2.8 MPa [6]), which could be because 

of the use of inert carbon support. On the other hand, the obtained 1,2-butanediol (16.2 C-mol%) 

was still lower than that obtained by using ReOx-Pd/CeO2 catalyst and 1,4-dioxane solvent (77 C-

mol% [7]) and further optimization of the reaction condition and improvement of Cu@C catalyst to 

accelerate the access of the reactants to Cu surface are still needed. 
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Table 4.3: Effect of reaction temperature on erythritol conversion, yield of priducts, BuD and 

HDO selectivity, TOF and catbon balance over Cu@C. (Reactant: 30 g of 15 wt% erythritol 

aqueous solution, catalyst loading: 0.2 gCu/gerythritol, initial H2 pressure: 1.8 MPa) 

Temperature[°C] 150 165 180 

Time [h] 120 240 120 240 24 120 240 

Xerythritol [C-mol%]*a 1.94 5.26 7.30 14.94 8.27 16.29 33.79 

Epimerization 

Ythreitol [C-mol%] 37.17 50.04 46.36 49.25 42.19 37.78 34.22 

Hydrodeoxygenation 

YHDO [C-mol%] 1.53 4.09 5.58 10.89 5.64 10.55 21.06 

B
reak

d
o

w
n

 o
f p

ro
d

u
cts 

1,2,4-BuT 0.72 1.82 2.15 3.58 1.96 2.46 2.31 

1,2,3-BuT 0 0 0 0 0 0 0 

1,2-BuD 0.76 2.02 3.15 6.34 3.16 6.99 16.19 

2,3-BuD 0.00 0.07 0.13 0.46 0.41 0.92 1.78 

1,4-BuD 0.04 0.18 0.15 0.50 0.11 0.15 0.28 

Butanols*b 0 0 0 0 0 0 0.35 

Butane 0.01 0.00 0.01 0.01 0.01 0.03 0.15 

Cracking  

Ycracking [C-mol%] 0.17 0.43 0.83 2.09 1.51 2.60 6.71 

B
reak

d
o

w
n

 o
f p

ro
d

u
cts

 

Glycerol 0 0.06 0.10 0.20 0.13 0.18 0.25 

1,2-PrD 0.05 0.17 0.48 1.30 0.92 1.46 3.71 

Ethylene glycol 0 0 0 0.04 0.06 0.46 1.41 

C1-3 alcohols*c 0.02 0.08 0.07 0.16 0.06 0.10 0.32 

C1-3 alkanes*d 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

CO2 0.09 0.12 0.17 0.39 0.35 0.39 1.01 

Yothers [C-mol%]*e 0.24 0.73 0.89 1.96 1.11 3.15 6.02 

YBuD [C-mol%] 0.72 2.27 3.43 7.30 3.68 8.06 18.25 

SHDO [C-mol%] 78.8 77.8 76.5 72.9 68.2 64.7 62.3 

SBuD [C-mol%] 41.5 43.2 47.0 48.8 44.5 49.5 54.0 

TOF [h−1] 0.08 0.11 0.30 0.31 1.71 0.67 0.70 

CB [C-mol%] 102.2 84.6 94.2 85.2 90.3 85.7 80.9 

*a Threitol was regarded as unconverted reactant  

*b Sum of yields of 1-butanol and 2-butanol 

*c Sum of yields of 1-propanol, 2-propanol, ethanol, and methanol  

*d Sum of yields of propane, ethane, and methane 

*e Unidentified products observed by GC-FID 
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4.3.4 Insight into the erythritol HDO pathway and mechanism over Cu@C. 

To gain a deeper understanding of the erythritol conversion over the Cu@C catalyst, an 

investigation of the reaction pathway and mechanism was undertaken. Focusing on the HDO 

reaction of erythritol to BuDs, the reaction proceeded in series via BuTs. To elucidate the successive 

HDO reactions, we plotted the yields of BuTs and BuDs against erythritol conversion. As shown in 

Figure 4.7(b), the yield of BuTs increased with increasing erythritol conversion to 15 C-mol% and 

then decreased slightly. In contrast, the BuD yield monotonically increased with erythritol 

conversion. These trends in the yield against the conversion were generally observed in series 

reactions in which erythritol was first converted to BuTs as an intermediate and then BuTs were 

further converted to BuDs as the final product. Only a small amount of butanol was obtained during 

the erythritol conversion at 180 °C and 1.2 MPa H2 for 240 h, suggesting that BuDs were stable 

under the reaction conditions tested over Cu@C; therefore, BuDs behaved as the final product of 

the successive HDO of erythritol. 

The detailed HDO reaction network of erythritol over Cu@C was investigated. During the 

HDO of erythritol, three types of BuDs, 1,2-BuD, 2,3-BuD, and 1,4-BuD were produced. To 

elucidate which reaction pathway mainly proceeded to form BuDs in erythritol HDO over Cu@C, 

HDO reactions of 1,2,4-BuT and 1,2,3-BuT were carried out over Cu@C at 180 °C and 1.8 MPa H2 

for 24 h. As shown in Figure 4.8, the conversions reached approximately 10 C-mol% for erythritol, 

1,2,3-BuT, and 1,2,4-BuT after 24 h. 1,2-BuD and 1,4-BuD were mainly obtained from 1,2,4-BuT, 

and 1,2-BuD and 2,3-BuD were mainly obtained from 1,2,3-BuT. Formation of 1,3-BuD was not 

observed with either reactant. 
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Figure 4.8: Product yields for the HDO of erythritol and 1,2,3-BuT, 1,2,4-BuT, glycerol, and 1,2-

PrD over Cu@C. (Reactant solution: 30 g and 15 wt%, catalyst loading: 0.2 gCu/gSubstrate, reaction 

temperature: 180 °C, reaction time: 24 h, initial H2 pressure: 1.8 MPa) 

The presence of 2,3-BuD in erythritol HDO indicates the formation of 1,2,3-BuT as an 

intermediate, although it was not detected. Therefore, the amount of 1,2,3-BuT produced from 

erythritol was likely small, and 1,2,3-BuT was almost completely converted to BuDs in the HDO of 

erythritol. The selectivity of 2,3-BuD (5.0 C-mol%) from erythritol was smaller than that from 

1,2,3-BuT (16.3 C-mol%). Therefore, the formation of 1,2,4-BuT was more likely than 1,2,3-BuT 

from erythritol over Cu@C. Because 1,2-BuD was formed with high selectivity (54.1 C-mol%) 

from 1,2,4-BuT, 1,2-BuD was the main BuD product from erythritol. Furthermore, the HDO of 

glycerol and 1,2-PrD was performed under the same conditions as that of BuT. The HDO of 1,2-

PrD slightly proceeded over Cu@C, and the high conversion of glycerol was attributed to the 

smaller molecule size of glycerol that could more easily access the Cu surface. In summary, the 

HDO reaction network is illustrated in Figure 4.9. The main HDO reaction of erythritol over Cu@C 

was the production of 1,2-BuD via 1,2,4-BuT. 



Study on Hydrodeoxygenation of Biomass-Derived Polyols to Value-Added Chemicals on Carbon-Supported Metal 

Catalyst 

Weican Wang 

96 

 

 

 

Figure 4.9: Reaction network of erythritol HDO over Cu@C. 

As the reaction network was confirmed, the HDO reaction mechanism was finally investigated. 

Most HDO products from erythritol and glycerol over Cu@C possessed vicinal hydroxyl groups, 

except for 1,4-BuD, and the HDO of diols rarely proceeded. The HDO of polyols are generally 

explained by the dehydration-hydrogenation mechanism and the dehydrogenation-dehydration-

hydrogenation mechanism as discussed in Chapter 3. These reaction mechanisms can explain that 

the formation of 1,2,4-BuT is more likely to occur as the protonated intermediate of 1,2,4-BuT is 

more stable and likely to form than that of 1,2,3-BuT. However, these mechanisms cannot explain 

the selective production of 1,2-BuD from 1,2,4-BuT. In addition to the finding that the addition of 

Mg to Cu@C showed opposite effects on HDO of C3 and C4 polyols, we envisaged that the HDO 

reaction of C4 polyols follows different mechanisms with HDO of C3 polyol. 

In this work, we suggest that the vicinal hydroxyl groups in erythritol were involved in a stable 

adsorption state on the Cu surface, and the HDO reaction proceeded between the hydroxyl groups 

that were not involved in the adsorption and the hydrogen atoms on the Cu metal surface. Kühne et 

al. proposed a similar reaction pathway for the HDO of mannitol over Raney Cu in which the main 



Study on Hydrodeoxygenation of Biomass-Derived Polyols to Value-Added Chemicals on Carbon-Supported Metal 

Catalyst 

Weican Wang 

97 

 

products were haxanetriols and hexanetetraols possessing terminal vicinal hydroxyl groups [8]. The 

following HDO reaction mechanism was concluded: Two adjacent hydroxyl groups in the reactant 

were adsorbed on the Cu metal surface to form a stable adsorption state, and the hydroxyl groups 

that were not involved in the adsorption reacted with the hydrogen atoms on the Cu surface. In this 

mechanism, neither HDO nor cracking of the hydroxyl groups involved in the adsorption on the Cu 

surface proceeded. Although a detailed investigation is still necessary to confirm the reaction 

mechanism of the HDO over Cu surface, we considered that the mechanism reported by Khüne et 

al. could be applied to our reaction because of the similarities in the reactants and catalysts. The 

difference in selectivity between 1,2,3-BuT and 1,2,4-BuT was likely due to the proximity between 

the adsorbed hydroxyl groups on the Cu surface and those involved in the HDO reaction. Because 

of the small pore size of the prepared Cu@C, the terminal vicinal hydroxyl groups were able to 

access the Cu metal surface more easily than the internal vicinal hydroxyl groups.  

 

Figure 4.10: Reaction mechanism of C4 HDO over Cu@C. The major reaction pathway was the 

production of 1,2-BuD from erythritol via 1,2,4-BuT.  

Based on the principles above, the reaction between the hydroxyl groups adjacent to those 

adsorbed on the Cu metal surface and the hydrogen atoms was more likely, resulting in a higher 

selectivity for 1,2,4-BuT from erythritol than that for 1,2,3-BuT. Similarly, the selectivity for 1,2-

BuD was greater than that for 2,3-BuD due to the higher accessibility of the terminal vicinal 

hydroxyl groups compared to that of the internal hydroxyl groups. From 1,2,4-BuT, 1,2-BuD was 

selectively formed because the adsorption state of 1,2,4-BuT was limited to the 1- and 2-hydroxyl 

groups at adjacent positions. The further HDO of 1,2-BuD hardly proceeded because 1,2-BuD did 
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not possess the hydroxyl groups that were not involved in the stable adsorption state. 

In addition to the desired HDO products, 1,2-PrD, CO2 and a small amount of glycerol were 

obtained as by-products of erythritol conversion, suggesting that the cleavage of the terminal C-C 

bond of erythritol proceeded. 1,2-PrD was formed from 1,2,3-BuT with concomitant formation of 

CO2 and glycerol, while almost no cracking products were obtained from 1,2,4-BuT. These results 

suggest that 1,2-PrD can be obtained by HDO and decarbonization of the terminal C-OH moiety of 

erythritol via 1,2,3-BuT or glycerol. Although the difference between the active sites for HDO and 

C-C cleavage has not been completely elucidated, one of the possible differences is the Cu surface 

coordination; the Cu atoms on unsaturated coordination sites (edge, step, and corner) are considered 

to exhibit Lewis acidity. Hence, we envisaged that the HDO reaction proceeded on the Cu plane 

surface, while the cleavage of C-C proceeded on the edges of the Cu surface [9,10]. 
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4.4 Conclusion 

For the selective HDO of biomass-derived C4 polyols into useful chemicals at low hydrogen 

pressures, carbon-supported Cu nanoparticle catalysts (Cu@C and MgCu@C) were applied. Among 

the investigated monometallic Cu-based catalysts, Cu@C prepared from ion-exchange resin showed 

comparable activity to that of Cu/SiO2 and significantly higher than Cu/AC and Cu chromite at 

180 °C and 1.8 MPa H2. Furthermore, the size of Cu particles in Cu@C was maintained after the 

HDO reaction, while the agglomeration of Cu particles was observed for Cu/AC. The higher activity 

and stability of Cu@C were due to the higher Cu metal surface area and hydrothermal stability, 

which was likely due to the Cu metal particles embedded in the carbon support.  

The effects of reaction conditions on the HDO of erythritol over Cu@C were investigated. The 

HDO selectivity increased with a decrease in the reaction temperature, whereas the selectivity for 

BuDs in the HDO products decreased. The higher HDO selectivity at lower reaction temperatures 

was ascribed to the smaller activation energy of the HDO reaction compared with that of the C-C 

bond cleavage reaction. A slight decrease in erythritol conversion was observed with an increase in 

H2 pressure, suggesting that competitive adsorption of H2 and erythritol on the Cu surface. While 

the effect of H2 pressure on the product selectivity was almost negligible. The highest BuD yield of 

39.7 C-mol% was realized for the erythritol conversion over the Cu@C catalyst at 180 °C and 

1.2 MPa H2 for 360 h. 

On the contrary of C3 HDO, the addition of Mg to the Cu catalyst showed negative effects on 

the HDO of C4 polyol. An erythritol conversion of 18.75 C-mol% was achieved over Mg1Cu9@C 

with a selectivity to C4 diols of 43.0 C-mol at 180 °C under 1.2 MPa H2 after 360 h reaction. The 

difference effects of Mg addition to Cu catalyst in C3 and C4 polyol HDO indicated that the HDO 

reactions of C3 and C4 polyol HDO may follow different mechanisms. Thus, the reaction pathway 

and the mechanisms of HDO of erythritol were examined. In the HDO of erythritol over Cu@C, 

1,2-BuD was obtained with the highest yield, which was produced by a sequential HDO via 1,2,4-
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BuT. The BuDs with vicinal hydroxyl groups were favorably formed over the prepared Cu@C 

because the vicinal hydroxyl groups in the reactant were adsorbed on the Cu plain surface to form 

a stable adsorption state, and cleavage of the closest C-O bond was more likely to occur, as reported 

in the literature [6]. 
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5. Conclusions and perspectives 

The scope of this thesis is the investigation of the heterogeneously catalytic 

hydrodeoxygenation (HDO) of biomass-derived polyols in the aqueous phase under high pressure 

hydrogen. This catalytic process is very promising for the production of value-added chemicals from 

renewable biomass-derived feedstocks. The conversion of biomass-derived polyols requires 

catalysts with high activity, high selectivity, and cheap price, which can be met by the Cu-based 

catalysts. However, Cu-based catalysts face challenges of low metal dispersion and low stability 

caused by metal sintering. Thus, the development of a catalytic HDO process with improved Cu 

catalysts would be a significant breakthrough for the use of renewable feedstocks. 

For this purpose, novel carbon-supported Cu catalysts (Cu@C and MgCu@C) were 

synthesized by using the ion-exchange method. The characteristics of these catalysts were studied 

and compared with reference catalysts prepared from the impregnation method. 

⚫ Cu@C catalysts showed high metal loading (>60 wt%) and high metal dispersion 

(dTEM = 14.9 nm), and high sintering resistance. 

⚫ Bimetallic MgCu@C catalysts possessed even higher metal dispersion (dTEM < 15 nm) 

and sintering resistance than Cu@C due to the Mg2+ species in the catalyst preventing 

dissociation and surface diffusion of Cu atoms during preparation.  

⚫ Cu/AC, Cu/SiO2, and Cu/Al2O3 prepared by impregnation method showed lower metal 

dispersion than Cu@C and MgCu@C due to the agglomeration of Cu particles during 

the preparation and pretreatment processes.  

The prepared catalysts were then applied for the conversion of biomass-derived C3-4 polyols. 

The major conclusions are summarized in Table 5.1. 
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Table 5.1: Major result and conclusion of Chapter 3 and Chapter 4. 

 Chapter 3 Chapter 4 

Catalyst 

Catalyst support Carbon 

(Highly inert, avoid side reaction on support) 

Active metal Cu 

Additive metal Mg 

Optimized Cu/M ratio 9/1 mol/mol 1/0 mol/mol (No addition) 

Reaction configuration 

Reactor Batch reactor 

Reactant Glycerol Erythritol 

Temperature 150-180 °C 

H2 pressure 0.6-1.2 MPa 0.3-1.8 MPa 

Reaction results 

Main HDO product 1,2-PrD 1,2-BuD 

Reaction pathway Via hydroxyacetone Via 1,2,4-BuT 

Reaction mechanism Dehydration-hydrogenation SN2-like 

Effect of Mg addition Positive 

(Promote dehydration) 

Negative 

(Possible due to the change to 

a less favored reaction 

mechanism) 

For both case of C3 and C4 HDO, catalytic performances were studied and optimized by 

variations of reaction temperature, reaction time, and H2 pressures. Based on the experimental 

results of this work the following characteristics of the applied catalysts are presented in the case of 

C3 and C4 polyols HDO, respectively: 

C3 polyol (glycerol) HDO: 

⚫ Cu@C showed high activity and selectivity for HDO of C3 polyol, which can be 

attributed to the high metal dispersion and inert carbon support without active sites for 

side reactions.  

⚫ Increasing reaction temperature in the range of 150-180 °C improved C3 polyol 

conversion without obvious decreasing of selectivity. Increasing hydrogen pressure 

suppress the conversion of glycerol due to the competitive adsorption of H2 and glycerol 
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over Cu sites. 

⚫ The addition of Mg to Cu@C catalysts significantly improved the catalytic performance 

by promoting the dehydration step at the introduced base sites. The maximum glycerol 

conversion was achieved over Mg1Cu9@C at 94.0% C-mol with 94.2% C-mol 

selectivity toward 1,2-PrD o at 180 °C under 1.2 MPa H2 for 240 h. 

⚫ The HDO of glycerol follows the dehydration-hydrogenation mechanism. Glycerol is 

firstly converted to hydroxyacetone and then hydrogenated to 1,2-PrD. The rate-

determining step is dehydration reaction, which can be promoted by enhancing the 

basicity of catalyst derived from Mg species. 

C4 polyol (erythritol) HDO: 

⚫ Prepared Cu catalysts showed activity to produce C4 diols with vicinal -OH groups from 

erythritol via HDO. Cu@C exhibited a erythritol conversion of 52.3 C-mol% and a 

selectivity towards butanediols of 43.0 C-mol% at 180 °C under 1.8 MPa H2 for 360 h. 

⚫ Similar to the C3 polyol HDO, increasing reaction temperature and decreasing hydrogen 

pressure were found to be effective to improve conversion. 

⚫ Mg1Cu9@C catalyst showed considerably lower activity for C4 erythritol HDO than 

Cu@C catalyst. A possible explanation for the opposite effect of Mg addition on the 

HDO of C3 and C4 polyols is that the main reaction mechanisms are different between 

the C3 and C4 HDO over these catalysts. 

⚫ We proposed that butanediols with vicinal hydroxyl groups were favorably formed over 

Cu catalysts because the vicinal hydroxyl groups in the reactant were adsorbed on the 

Cu plain surface to form a stable adsorption state, and cleavage of the closest C-O bond 

was more likely to occur.  

The results of this work demonstrate the feasibility of converting biomass-derived polyol 

feedstocks to value-added chemicals like diols by the development of novel catalysts and 

optimization of reaction conditions. The combination of results from this work also provides a 
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fundamental understanding of catalytic materials and reaction mechanisms of HDO conversion.  

This work also shows a major challenge need to be solved to achieve higher HDO product 

yield. This challenge is the hydrogen supply during reaction in the batch reactor. The HDO reactions 

over Cu-based catalysts are inhibited under high hydrogen pressure due to the competitive 

adsorption of H2 and polyols in aqueous phase, while high hydrogen pressure is required to achieve 

higher maximum conversion. Thus, this tradeoff between reaction rate and conversion should be 

taken into consider when using the batch reactor configuration. To solve this problem and achieve 

both high reaction rate and conversion, modification of reactor configuration can be applied. A gas-

liquid solid flow reactor can be a promising candidate(Figure 5.1).In this configuration, catalysts 

are fixed in a flow reactor and continually contact with gas bubbles and liquid flows, making the 

following ideas possible: 

 

 

Figure 5.1: Proposed gas-liquid slug flow fixed bed reactor. 

⚫ Continuous configuration can ensure the hydrogen supply throughout the reaction as well 

as keeping the catalyst stability. 
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⚫ The absorption of hydrogen on catalyst surface occurs in gas bubbles, which provides 

high H2 availability under relatively low hydrogen pressure and make it possible to avoid 

using high operation pressure to solve hydrogen in aqueous phase. 

⚫ The competitive adsorption of H2 and polyol in aqueous phase can be inhibited due to the 

low hydrogen pressure applied. HDO reaction occurs on catalyst surface in aqueous phase 

to produce desired HDO products.  

⚫ Catalyst repeatedly contacts gas bubbles and liquid flow, promoting the conversion 

process towards higher polyol conversion.  

⚫ Continuous gas-liquid solid slug flow configuration provides a broad range of flow 

conditions in two-phase flow, which allows the fine tuning of gas and liquid flows to 

achieve optimal conversions of polyols. 

Other methods such as using in situ generated H2 are also possible options to address higher 

conversion efficiency. Ultimately, this deeper understanding can be used to inform the design of the 

next, allowing the field to advance more quickly toward goals such as making large-scale 

biorefining a reality. 
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6. Appendix: Effects of active metal species on C3 polyol HDO 

6.1 Experimental 

6.1.1 Materials 

All chemicals were used without further purification. Cu(NO3)2·3H2O (98%), Ni(NO3)2·6H2O 

(98%), Co(NO3)2·6H2O (98%), and Mg(NO3)2·6H2O (98%), glycerol (97%), and ammonia aqueous 

solution (28wt%) were purchased from FUJIFILM Wako Pure Chemical Ltd., Japan. DIAION WK-

11 ion exchange resin (weakly acidic cation-exchange type, total exchange capacity: 4.3 mEq/g-

resin, mean particle size: 620 µm) was purchased from Mitsubishi Chemical Corp., Japan. Activated 

carbon support (Norit® RX3 EXTRA) and [Ru(NH3)6]Cl2 (98%) was purchased from Sigma-

Aldrich Japan.  

6.1.2 Preparation of carbon-supported bimetallic M-Cu (M = Ni, Co, Mg, Zn, Ru) catalysts by 

using the ion-exchange resin method. 

The preparation procedures of bimetallic M-Cu catalyst are generally the same with MgCu@C, 

as described in Chapter 2. Notably, the ratio of metal ions (Cu2+ and M2+) in solution to the 

theoretical ion exchange capacity of the resin was set at 100% mEq/mEq in the case of Co-Cu, Mg-

Cu, Zn-Cu, and Ru-Cu. For Ni-Cu, this ratio was set at 180% mEq/mEq. Moreover, the 

carbonization temperature of Ru-Cu catalysts was set at 700 °C to reduce Ru ions. The obtained 

bimetallic catalyst was denoted as MmCun@C, where m/n was the nominal molar ratio of M to Cu. 

Metal loading, metal ratio, BET surface area, metal particle size, and metal surface area of 

synthesized bimetallic MCu@ catalysts are presented in Table 6.1. 
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Table 6.1: Properties of the Cu@C and MCu@C catalysts. 

Catalyst Cu@C Ni1Cu19@C Mg1Cu9@C Co1Cu9@C Zn1Cu9@C Ru1Cu9@C 

Cu loading [wt%] 66.9 59.4a 56.5 54.4 51.1a 50.7a 

M loading [wt%] - 2.9a 2.2 5.7 5.8a 9.3a 

Cu/M ratiob 

[mol/mol] 
- n.d. 10.3 8.9 n.d. n.d. 

BET surface area 

[m2/gcat] 
119 n.d. 129 191 129 243 

Mean metal 

particle size; 

dXRD
c [nm] 

17.4 9.8 15.0 14.5 12.2 20.8 

dTEM [nm] 14.9 n.d. 12.5 19.5 n.d. n.d. 

Accessible Cu 

surface area; 

SN2O
d [m2/g] 

2.26 n.d. 2.49 7.2 n.d. n.d. 

SN2O / STEM [%] 7.5 n.d. 7.3 20.8 n.d. n.d. 

a Calculated by nominal values 

b Measured by ICP-OES 

c Calculated from XRD diffraction peaks at around 44.3° 

d Calculated by N2O titration. 

6.1.3. Catalytic reaction test 

The reaction test procedures using MCu@C catalysts were the same with the case of C3 HDO 

over Cu@C as described in Chapter 3. Particularly, the reduction pretreatment of RuCu@C catalyst 

was conducted at 700 °C reduce Ru ions. Reaction conditions were set as follow:  

➢ Reactor: 100 mL batch reactor 

➢ Reactant: 20 g of 15 wt% glycerol aqueous solution 

➢ Catalyst loading: 0.2 gmetal/gglycerol 

➢ Initial H2 pressure: 1.2 MPa at RT 

➢ Reaction temperature: 180 °C 

➢ Reaction time: 24 h 
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6.2 Results and discussion 

Figure 6.1 shows the product yield and selectivity to 1,2-PrD over the prepared monometallic 

Cu and bimetallic M-Cu (M = Ni, Co, Mg, Zn, Ru) catalysts. The effects of Mg addition were 

discussed in Chapter 3, which was likely due to the improved metal dispersion, and introduced basic 

MgO sites that promoting dehydration of glycerol. 

 

Figure 6.1: Product yields and selectivity to 1,2-PrD with the prepared Cu-based catalysts. 

(Reactant: 20 g of 15 wt% aqueous glycerol solution; catalyst loading: 0.05 gMetal/gglycerol; reaction 

temperature: 180 °C; reaction time: 72 h, initial H2 pressure: 1.2 MPa at RT). 

Among other prepared M-Cu bimetallic catalysts, Co-Cu, Zn-Cu, and Ru-Cu bimetallic 

catalysts showed improved glycerol conversion, and only Ni-Cu catalyst showed decreased catalytic 

performance. In the case of Ni addition, the yield of 1,2-PrD decreased from 8.9 to 3.3 C-mol%, 

and the selectivity to 1,2-PrD slightly decreased from 97.6 to 96.7 C-mol%. The negative effects of 

Ni addition were likely due to the low catalytic activity of Ni atoms to cleavage C-O bonds. It was 

reported that glycerol dehydration under Ar atmosphere in gas phase will be inhibited when 

introducing Ni to Cu catalysts, and the product distribution moved to the production of cracking 
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products [1]. Because the dehydration of glycerol is considered as the rate-determining step of the 

HDO process, the negative effects of Ni addition were likely due to the inhibited dehydration step 

of glycerol. 

For Co-Cu catalyst, the yield of 1,2-PrD increased from 8.9 to 13.9 C-mol%. The improved 

conversion and HDO product yield can be ascribed to the enhanced acidity derived from Co oxide 

species. The hydration of glycerol can be promoted by acid sites, as reported in the literature [2]. 

However, the enhanced acidity can also cause undesired cracking reactions [3], which lead to lower 

selectivity towards HDO products. 

Over Zn-Cu catalyst, the yield of 1,2-PrD slightly increased to 10.8 C-mol% and the selectivity 

towards 1,2-PrD maintained at 96.7 C-mol%. Although the characterization data of ZnCu@C was 

insufficient to conclude the source of this promotion effect, we can propose that the reduced Cu 

particle size in ZnCu@C was helpful to improve catalytic activity for HDO. 

The RuCu@C catalyst was the only catalyst using noble metal in this study. RuCu@C 

exhibited higher catalytic activity than Cu@C, where glycerol conversion increased from 9.1 C-

mol% to approximately 15 C-mol%. However, the selectivity to cracking products significantly 

increased and the selectivity to desired 1,2-PrD was only 52.0 C-mol%. The phenomena can be 

explained by the Ru atoms’ high activity to cleavage C-C bond, as described above. 

In conclusion, the MgCu@C catalyst showed highest catalytic activity and comparable high 

selectivity to HDO product with original Cu@C. NiCu@C, CoCu@C, and RuCu@C catalysts are 

not ideal catalysts for polyols HDO due to their low activity and/or selectivity. In this regard, 

bimetallic MgCu@C catalysts were investigated for the further improvement of polyols conversion 

processes. 
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