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ABSTRACT 

Biomass Conversion over Heteropoly Acid Catalysts 

Jizhe Zhang 

 

Biomass is a natural resource that is both abundant and sustainable. Its efficient 

utilization has long been the focus of research and development efforts with the aim to 

substitute it for fossil-based feedstock. In addition to the production of biofuels (e.g., 

ethanol) from biomass, which has been to some degree successful, its conversion to 

high value-added chemicals is equally important. Among various biomass conversion 

pathways, catalytic conversion is usually preferred, as it provides a cost-effective and 

eco-benign route to the desired products with high selectivities.   

The research of this thesis is focused on the conversion of biomass to various chemicals 

of commercial interest by selective catalytic oxidation. Molecular oxygen is chosen as 

the oxidant considering its low cost and environment friendly features in comparison 

with commonly used hydrogen peroxide. However, the activation of molecular oxygen 

usually requires high reaction temperatures, leading to over oxidation and thus lower 

selectivities. Therefore, it is highly desirable to develop effective catalysts for such 

conversion systems. We use kegging-type heteropoly acids (HPAs) as a platform for 

catalysts design because of their high catalytic activities and ease of medication. Using 

HPA catalysts allows the conversion taking place at relatively low temperature, which is 

beneficial to saving production cost as well as to improving the reaction selectivity. The 

strong acidity of HPA promotes the hydrolysis of biomass of giant molecules (e.g. 
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cellulose), which is the first as well as the most difficult step in the conversion process. 

Under certain circumstances, a HPA combines the merits of homogeneous and 

heterogeneous catalysts, acting as an efficient homogeneous catalyst during the 

reaction while being easily separated as a heterogeneous catalyst after the reaction.  

We have successfully applied HPAs in several biomass conversion systems. Specially, we 

prepared a HPA-based bi-functional catalyst (Au/Cs2HPW12O40) that enabled the 

selective conversion of cellobiose to gluconic acid with a very high yield of 96.4% 

(Chapter II); we realized a direct oxidative conversion of cellulose to glycolic acid (yield 

of 49.3 %) in a water medium for the first time, by using a phosphomolybdic acid 

catalyst (chapter III); we found that a vanadium-substituted phosphomolybdic acid 

catalyst (H4PVMo11O40) is capable of converting various biomass-derived substrates to 

formic acid and acetic acid with high selectivity, and under optimized reaction 

conditions, high yield of formic acid (67.8%) can be obtained from cellulose (chapter IV); 

we discovered that the vanadium-substituted phosphomolybdic acids can also 

selectively oxidize glycerol, a low-cost by-product of biodiesel, to formic acid, and 

interestingly this conversion can be performed in highly concentration aqueous solution 

(glycerol: water = 50: 50), giving rise to exceptionally high conversion efficiency (chapter 

V). These results reveal that HPAs are useful and suitable catalysts for selective 

oxidation of biomass, and that the reaction pathway is largely determined by the type of 

addenda atom in the HPA catalyst. The optimization of the reaction conditions and 

processes in these systems are also discussed in this thesis.     
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Chapter I Introduction 

1.1 Brief Introduction to Biomass  

Fossil-based resources, such as coal, petroleum crude oil, and natural gas, provide an 

energetic basis for the modern world. However, in addition to the emission of carbon 

dioxide (CO2) that causes the global warming, another issue associated with fossil 

resources is that they are subject to depletion as they are consumed. Biomass as one of 

renewable energy sources is sometimes regarded as an alternative to fossil-based 

resources for the production of energy, fuels, and chemicals.  In contrast to fossil fuels 

whose formation require millions of years, biomass is biological material derived from 

living or recently living organisms, including animals, plants, and microorganisms. The 

total amount of biomass of the world consists of 1800 billion tones on the ground, 4 

billion tones in the ocean, and a comparative amount existing in the soil. Just like fossil 

fuels, biomass is a carrier of energy, which derives from solar energy and is reserved in 

the biomass in the form of chemical energy through photosynthesis. The total energy 

from sunlight reaching the earth’s surface is about 3000000 EJ per year.1 Although the 

plants reserve only 2-4 % of the solar energy via photosynthesis, the total absolute 

amount of this energy worldwide is already enormous.2 Photosynthesis captures 

approximately 3,000 EJ per year in biomass.3 Specifically, the total energy contained in 

the biomass on the ground is about 33000 EJ (exajoule: 1018 J), which corresponds to 

more than 60 times of annual energy consumption of the world.4 Annual global energy 

consumption in the world was approximately 500 EJ.5 The technical potential available 
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from biomass energy is from 100–300 EJ/year.6 Of equal importance as its abundance is 

that biomass is a renewable and carbon-neutral energy source. It is regarded renewable 

in the sense that only a short period of time is needed to replace what is consumed. 

Meanwhile, the released CO2 during the utilization of biomass can be used to grow new 

biomass materials, and the overall process has therefore zero release of CO2. Besides 

being directly used for combustion to produce heat, biomass can be converted to 

produce fuels and high value-added chemicals, which are currently from the fossil-based 

feed stocks as well. In the last decades, significant processes have been achieved in 

biomass conversion, and the commercial products include bioethanol, biodiesel, 

pyrolysis oil, and others.7-10 

Biomass can be classified into different categories such as terrestrial biomass, ocean 

biomass, and bacterial biomass, including all water- and land-based organisms, 

vegetation, grass and trees, and all dead and waste biomass, such as municipal solid 

waste, biosolids, animal fats and wastes, as well as forestry and agricultural residues. In 

many contexts, the term “biomass” refers in particular to plants or plant-based 

materials, in which lignocellulose is the major component. Lignocellulose, or 

lignocellulosic biomass, is composed of cellulose, hemicellulose, and lignin, and their 

molecular structures are illustrated in Figure 1-1. Cellulose and hemicellulose are 

carbohydrate (hexose or pentose, such as glucose, fructose, and xylose) polymers, while 

lignin is an aromatic polymer.  
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Figure 1-1. Structures of (a) cellulose, (b) hemicellulose, and (c) lignin 

As the most abundant organic polymer on the earth, cellulose is a polysaccharide with 

formula (C6H10O5)n, consisting of a linear chain of D-glucose connected via β-1,4-

glycosidic linkage, normally in a robust crystalline form with several to tens of thousands 

of units. The multiple hydroxyl groups of glucose form both intra- and inter-chain 

hydrogen bonds, holding the chains firmly together side-by-side and leading 

to microfibers with high tensile strength. Such an interconnected molecular structure 

makes cellulose highly stable and insoluble in most solvents.11-13 Cellulose usually 

contains both crystalline and amorphous regions. When treated with strong acids, the 

amorphous regions can be broken up, thereby producing nanocrystalline cellulose.14,15 

Hemicellulose is a polysaccharide consisting of both pentose (D-xylose and D-arabinose) 

and hexose (D-glucose, D-mannose, and D-galactose) units. Due to the lower degree of 

polymerization with only 50 to 200 units, hemicellulose decomposes more easily than 
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does cellulose. The most common hemicellulose is xylan, which consists of xylose units 

with β-1,4-glycosidic bonds. Lignin, which is firstly derived from wood, is a cross-linked 

three-dimension polymer formed by aromatic alcohols, phenylpropane, and its 

derivatives. Its complex structure makes it difficult to be decomposed by chemicals and 

microorganisms. Cellulose, hemicellulose and lignin are universally found in many kinds 

of biomass, and are the most plentiful natural carbon source on the earth. 

In addition to lignocellulosic biomass, vegetable oils or animal fats constitute another 

important class of biomass materials that can be used to produce biodiesel. Biodiesel, as 

the name suggests, is liquid fuel produced from biomass and usable in diesel engines.    

Biodiesel consists of long-chain alkyl (methyl, ethyl, or propyl) esters, which are typically 

made by chemically reacting lipids (e.g., vegetable oil and animal fat) with alcohols.16 

The significantly increased global demand for biodiesel results in the large surplus of 

glycerol, the main byproduct in manufacturing biodiesel fuels by the aforementioned 

triglyceride transesterification process, which is a simple polyol with three hydroxyl 

groups (CH2OHCHOHCH2OH). As a consequence, the price of glycerol has dropped 

markedly in the last 10 years and it will certainly fall further along with the increase of 

biodiesel production. By 2010, approximately 950,000 metric tons of glycerol per year 

was produced in the United States and Europe, relatively the average annual production 

of glycerol from 2000 to 2004 in the U.S was 350,000 metric tons. It is projected that by 

the year 2020, glycerol production will be six times more than demand. 17,18 This fact 

makes glycerol a promising feedstock to be converted to various high-valued products.   
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Microalgae can also be used as feed stocks to produce biodiesel and chemicals.19,20 

However, there remain many problems in the utilization of microalgae in a large scale. 

Currently, biodiesel from microalgae has a too high production cost to compete with 

conventional diesel.  

There are many other types of biomass materials that we are not going to elaborate, 

considering that the research of this thesis is focused on the conversion of cellulosic 

biomass (cellulose and its derivatives) and a biodiesel byproduct, namely glycerol.  

1.2 Conversion of Biomass 

There are different ways to utilize biomass materials. They can either be used directly 

via combustion to produce energy, in the form of heat or electricity, or be converted to 

other various forms such as liquid biofuel, combustible biogas, and chemicals. The 

conversion processes allow better use of biomass materials with additional values. 

According to the methods used, biomass conversion can be broadly classified into: 

thermal, biochemical, and chemical conversion.  

1.2.1 Thermal Conversion 

Thermal conversion processes use heat as the dominant mechanism to convert biomass 

into another chemical form. There are many thermal technologies to make use of 

biomass as a renewable energy source, such as combustion, gasification and pyrolysis. 

These technologies are distinguished by the extent to which the chemical reactions 

involved proceed through mainly controlling oxygen and temperature. 
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Combustion is a complete oxidative process that generates heat by reacting with air or 

oxygen. Direct combustion of biomass has different combustion forms including 

evaporation combustion, decomposition combustion, surface combustion, and 

smoldering combustion. Based on the different air flow rate and states of burning 

sources in the combustion process, fixed bed combustion, moving bed combustion, 

fluidized bed combustion, rotary hearth furnace and burner combustion are used as the 

combustion methods of biomass to increase combustion efficiency. 

Gasification is a partial oxidation process that can convert biomass into fuel gas or 

syngas by using oxidizers such as air, oxygen, steam, or CO2. Carbon monoxide, 

hydrogen, carbon dioxide and other hydrocarbons (e.g. methane) are involved in the 

product gas. The precise characteristics of gasification product gas depend on the type 

of biomass raw materials and oxidizers used, as well as the reaction temperature.  

Pyrolysis is the thermal decomposition of biomass occurring at elevated temperature in 

the absence of oxygen. The products of biomass pyrolysis include biochar, bio-oil and 

gases including methane, hydrogen, carbon monoxide, and carbon dioxide. The bio-oil is 

considered as substitute of fossil fuel. With the increase of temperature during 

pyrolysis, moisture in biomass evaporates at first around 110 oC, and then hemicellulose 

is decomposed at 200-260 oC, followed by cellulose at 240-340 oC and lignin at 280-500 

oC. When temperature reaches 500 oC, the pyrolysis process is almost finished. Biomass 

pyrolysis is also an initial step of the combustion and gasification processes and it occurs 

naturally in the first a few seconds.  
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1.2.2 Biochemical Conversion 

Biochemical conversion of biomass mainly refers to a fermentation process by making 

use of the enzymes of bacteria and other microorganisms. Typical products from various 

fermentation processes of biomass include methane, ethanol, acetone, butanol, 

hydrogen, lactic acid, etc. It is important to note that fermentation process plays an 

important role in producing bioethanol on the practical stage. The first generation 

bioethanol is produced by fermenting plant-derived sugars to ethanol. The used 

biomass materials include sugar cane, corn, wheat, and sugar beet, which are the foods 

of human being as well. If too much biofuel is produced from such “food” crops, food 

prices could rise and shortages might be experienced in some countries. To avoid 

competing food of human, new technologies have been developed for the second 

generation bioethanol, which is produced from non-food crops and also industry waste 

such as woodchips, skins and pulp from fruit pressing, etc.  

1.3 Chemical Catalytic Conversion 

The product gases of biomass gasification (syngas) can be further converted into various 

fuels and chemicals via a wide range of chemical (mainly catalytic) processes, such as 

Fischer-tropsch synthesis, methanol production, olefins production, etc. Since any 

biomass material can undergo gasification, this process is more generally applicable in 

comparison with the bioethanol production by fermentation that is limited to some 

particular biomass materials. On the other hand, many platform compounds, such as 

lactic acid, HMF, furfural, succinic acid, levulinic acid, and sorbital, can be obtained from 
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non-bio catalytic conversion of primitive biomass or individual biomass derivatives as 

well. These compounds are not only important commodity chemicals in themselves, but 

also intermediates for the production of various fuels and chemicals through further 

transformation.21,22 The catalytic conversion of biomass is a very complex process, which 

usually involves several of the following pathways taking place in parallel or 

successively: dehydration, hydrolysis, oxidation, esterification, etherification, 

isomerization, retro-aldol, hydrogenation, hydration, decarboxylation, hydrogenolysis, 

and polymerization, depending on the specific precursors, reaction conditions, and 

catalysts. In addition to the hydrocarbon fuels and chemicals, hydrogen is another 

desired product of biomass conversion due to its wide application as the cleanest fuel. 

Catalytic aqueous phase or gas phase reforming is commonly used to produce hydrogen 

from sugars or other biomass derivatives (e.g. glycerol). Scheme 1-1 delineates major 

pathways for the conversion of lignocellulose and sugars, involving many different 

conversion processes: thermal, biochemical, and catalytic ones.  In this scheme, the 

conversion of biomass through oxidation reactions are not included, because of the 

poor selectivity that makes this route less investigated and used in practical 

applications.     
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Scheme 1-1. Conversion of lignocellulose and sugars 

As discussed in section 1.1, the remarkable growth of biodiesel production in recent 

years results in a large surplus of its byproduct, glycerol. Therefore, the utilization of 

glycerol appears economically significant, considering its even higher overcapacity in the 

future. Based on this consideration, one of the main topics of this thesis is the 

conversion of glycerol to formic acid and acetic acid (Chapter 5). A series of novel 

catalytic conversion processes for transforming glycerol to useful chemicals and 

intermediates have been reported, as summarized in Scheme 1-2.23 Acetic acid is not 

highlighted in this scheme, possibly because of its low yield in the existing processes.  
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Scheme 1-2. Processes of catalytic conversion of glycerol into useful chemicals. 
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1.4 Heteropoly Acids as Catalysts 

Heteropoly compounds (HPCs), simply HPCs, including heteropoly acids (HPAs) and their 

salts, are composed of heteropoly anions and counter ions, e.g., protons or metal 

cations. A heteropoly anion contains metal (e.g., tungsten, molybdenum or vanadium) 

atoms that are termed the addenda atoms, oxygen atoms, and an element generally 

from the p-block of the periodic table, such as silicon, phosphorus or arsenic 

(heteroatom). HPCs have many structure types, such as Keggin type, Silverton type, 

Dowson type, Anderson type and others (Figure 1-2) due to their different amount of 

hetero atoms and addenda atoms. The most used in catalysis are Keggin-typed ones, 

due to their good thermal stability, high acidity and high oxidizing ability.   

 

Figure 1-2. Types of heteropoly acid: (A) Keggin type, (B) Silverton type, (C) Dowson type, 

and (D) Anderson type. 

HPAs are excellent catalytic materials because of their unique characteristics. Their well-

defined crystal structures allow for easy correlation between the structure and catalytic 
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activity and thus the design of HPA molecules for specific reactions. HPAs are generally 

soluble in polar solvents, and therefore they can catalyze reactions in a homogeneous 

fashion. On the other hand, they can be recycled after use in solid form, like 

heterogeneous catalysts. Furthermore, the strong acidity and oxidative ability of HPAs 

make them useful as acidic catalysts, oxidative catalysts or bi-functional catalysts. Since 

HPA anion has bulky volume, good symmetry and low charge density, HPAs exhibit 

stronger Brönsted acidity than traditional inorganic oxacids. HPA anions can coordinate 

metallic ions and metal-organic ligands. The research on the use of HPCs as catalysts has 

a long history. In 1826, J. Berzerius successfully synthesized the first heteropoly 

compound, 12-(NH4)3PMo12O40.nH2O, but its structure was unknown at that time. In 

1864 C. Marignac synthesized silicotungstic acid and identified SiO2:WO3=1:12 by 

chemical analysis method. It is a 12-silicotungstic acid. Following this result, 12-

phosphomolybdic acid and 12-borotunstic acid were synthesized respectively by 

different researchers and their structures were identified by other groups some years 

later. In addition to the significance in fundamental research, polyacid chemistry has 

important implications in industrial applications. In 1972, 12-silicotungstic acid was for 

the first time successfully used as an industrial catalyst for propylene hydration to 

produce isopropanol in Japan. In 1982, gas-phase oxidation of methylacrolein to 

methacrylic acid using 12-phosphomolybdic acid catalyst was realized. In 1984, 12-

phosphomolybdic acid catalyzed isobutene hydratation to tert-butyl alcohol. In 1986, 

12-phosphotungstic acid catalyst transformed THF to methoxy polyethylene glycol. 

Including these applications mentioned above, there are at least eight industrial projects 
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using heteropoly acids as catalysts had been launched in Japan by 2000.24-27 Since that 

time, research associated with the HPAs’ chemistry and catalysis has been extensively 

carried out for both fundamental studies and industrial applications.  

The salts of HPAs, which are obtained by totally or partially replacing the protons in 

HPAs with metal atoms, such as Cu and Cs, are also commonly used solid acidic catalysts 

in the conversion of alkanes and other hydrocarbons. On the other hand, the addenda 

atoms in HPAs can be partially substituted as well, which allows the catalytic activity to 

be modulated. For example, it is found that when the molybdenum atoms in 

phosphomolybdic acid (H3PMo12O40) are partially substituted by vanadium, the resulting 

vanadium-substituted phosphomolybdic acids (H3+nPVnMo12-nO40) exhibit improved 

oxidative abilities and thus different selectivities.  

Heteropoly acid-based catalysts have been used for catalyzing the conversion of 

biomass materials, particularly for hydrolysis and selective oxidation. As discussed 

earlier, biomass conversion is complex, containing multiple reactions and processes. 

HPAs possess many advantages for this application. First, the super-strong acidity of 

HPAs may greatly promote the hydrolysis of polysaccharide compounds, such as 

cellulose which is the most stable on in cellulosic biomass materials, allowing the 

reaction conducted at a relatively low temperature. Second, the special ability of HPAs 

to active molecular oxygen avoids the use of hydrogen peroxide as the oxidant, leading 

to a greener and more economic process for biomass conversion. Moreover, HPAs are 

more eco-friendly in comparison with common volatile liquid acids, because they can be 



25 
 

easily recovered and reuse after reactions. In addition, HPAs in the solid form can also 

be used as a support for other catalytic active components to prepare multi-functional 

catalysts, which are particularly useful for complex systems like biomass conversion.    

1.5 An Outline of This Dissertation 

The research work of this dissertation is focused on the selective oxidative conversion of 

biomass materials to high value-added chemicals using HPA-based catalysts, with 

emphasis on the use of water as reaction medium and molecular oxygen as oxidant. We 

aim to develop new catalytic conversion pathways to achieve efficient and eco-friendly 

biomass conversion with high selectivity towards the designated products. Four projects 

are included in this dissertation, which are elaborated in the following four chapters 

(chapters II-V).  

In the first project (chapter II), we report a novel Au/Cs2HPW12O40 nanocomposite 

catalyst that enables the selective oxidation of cellobiose, which is a model compound 

for cellulose, to gluconic acid, a widely used food additive as well as an important 

intermediate for the synthesis of fine chemicals and pharmaceuticals, with a very high 

yield (up to 96.4 %). The phosphotungstate support plays multiple crucial roles in this 

reaction: it provides solid acid sites for hydrolyzing cellobiose and works as a 

heterogeneous supporting material of Au NPs, allowing the catalyst to be easily recycled 

and reused. More importantly, it possesses a special ability to modulate the oxidative 

activity of Au nanoparticles, leading to a specifically high selectivity towards gluconic 

acid. Density functional theory (DFT) calculations are conducted for this new catalytic 
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system, and the results indicate that the strong metal-support interaction at the 

Au/Cs2HPW12O40 interface accounts for the activity modulation and thus the high 

selectivity. The findings in this work inspire the later development of novel 

heteropolyacid-based catalysts for the ultimate goal of direct and selective conversion 

of primitive biomass source, e.g. cellulose. 

The second project (chapter III) was based on the finding of the first project, while 

advancing one step further, in which we report the direct conversion of primitive 

biomass, cellulose, via successive hydrolysis and selective oxidation in a noble metal-

free system, where Mo-containing HPAs can serve as multi-functional catalysts to 

effectively convert cellulose in a water medium and oxygen atmosphere. The strong 

Brönsted acidity of HPAs facilitates the hydrolysis of cellulose while the moderate 

oxidative activity allows highly selective oxidation of the aldehyde groups in the 

fragmentation products. Specifically, by using phosphomolybdic acid (H3PMo12O40) as a 

catalyst, we successfully produced glycolic acid, an important compound widely used in 

organic synthesis, biodegradable polymer synthesis, skin-care products, industrial rust 

removal and food processing, from commercial α-cellulose powder with a yield of 49.3%. 

We propose that among a large number of parallel competing reactions, successive 

retro-aldol reactions dominate the fragmentation of monosaccharides generated from 

cellulose hydrolysis, resulting in high selectivity of glycolic acid. Interestingly, we found 

that phosphomolybdic acid is even capable of converting raw cellulosic materials, such 

as bagasse and grass, to glycolic acid with remarkable yields of ~ 30%. Given that the 
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reactions are conducted in water with little restriction on the type of starting material, 

our findings provide a new cost-effective and eco-benign route for biomass conversion. 

In this study, we also indicate that unlike conventional solid acid catalysts, HPAs are 

soluble in water and therefore more efficient for catalyzing the reactions of cellulose; on 

the other hand, they can be recovered in solid form after reaction by distilling out the 

products and solvent, which is a significant advantage over common volatile liquid acids. 

That is, the HPAs used in this work combine the merits of homogeneous and 

heterogeneous catalysts. The recycled catalyst exhibited consistently high performance 

in multiple reaction runs.  

In the third project (chapter IV), we demonstrate that many HPAs can effectively 

convert cellulose under oxidative conditions due to their strong Brönsted acidity, while 

the reaction pathway is largely determined by the type of addenda atom in the HPA 

catalyst. Specifically, when the phosphomolybdic acid catalyst was doped it with 

vanadium, it gives very different selectivity and formic acid (FA) and acetic acid (AA) 

become the major products of the cellulose conversion under the similar reaction 

conditions as used in the second project. We found that the concentration of vanadium 

(V) has an important influence on the selectivity, i.e., H4PVMo11O40 could yield much 

more FA than H5PV2Mo10O40.  Under optimized reaction conditions, a FA yield of 67.8% 

was obtained from cellulose, which is almost double the result achieved in previous 

studies. These results demonstrate that the incorporation of vanadium in a 

phosphomolybdic acid catalyst can significantly change the reaction pathway by its 
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special ability to cleave C-C bonds of vicinal diols to carboxylic acids. More importantly, 

just like what has been demonstrated for H3PMo12O40 in the second project, 

H4PVMo11O40 is also capable of converting crude cellulosic materials, such as bagasse 

and hay, to FA and AA with remarkable yields. 

The fourth project is an extension of the third, in which glycerol is chosen as the feed 

stock to produce FA over the V-substituted phosphomolybdic acids (chapter V). Such a 

glycerol to FA pathway is important for biomass conversion not only because of the 

current large surplus of glycerol as discussed earlier, but also because of the high 

demand of hydrogen by the respective hydrogen economy, considering that FA is a 

promising medium for hydrogen storage and hydrogen production. In this project, we 

demonstrate that V-substituted phosphomolybdic acid catalysts enable the selective 

oxidation of glycerol to formic acid in water with molecular oxygen. The most important 

feature of this catalytic system is that it allows the glycerol to be converted in a highly 

concentrated aqueous solution, leading to an exceptional efficiency. Specifically, 3.64 g 

of formic acid was produced from a 10 g of glycerol/water (50/50 in weight) solution. 

The dependence of reaction activity and selectivity on the V concentration in catalysts 

has also been carefully investigated.       
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Chapter 2 Highly selective and complete conversion of cellobiose to 

gluconic acid over Au/Cs2HPW12O40 nanocomposite catalyst 

2.1 Background 

2.1.1 Introduction 

Cellulose is the most abundant source of biomass and holds potential as an alternative 

to the currently dominant but non-sustainable fossil feed stocks.28-31 Cellulose is a 

polysaccharide consisting of a linear chain of D-glucose connected via β-1,4-glycosidic 

linkage, normally in a robust crystalline form. Although some success has been achieved 

in catalytic conversion of cellulose into alcohols,32-35 the effective and environment 

friendly utilization of cellulose is still a challenge, mainly because cellulose is highly 

stable and insoluble in most solvents. Cellobiose is a glucose dimer connected by a β-

1,4-glycosidic bond, the basic repeating strutural unit as well as the major 

decomposition product of cellulose. Therefore, cellobiose is a good model compound 

for the studies on cellulose conversion.36 Gluconic acid is a widely used food additive 

and also an important intermediate for the synthesis of fine chemicals and 

pharmaceuticals, which is conventionally produced by fermentation of glucose.37 

Transition metal particles were recently used to catalyze the oxidation of glucose to 

gluconic acid,38-44 but the direct conversion of cellobiose to gluconic acid was seldom 

reported.45 Hence, selective oxidation of cellobiose to gluconic acid should attract both 

scientific and commercial interest, and the insight into the mechanism of this catalytic 
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reaction would be helpful for designing new strategies for the direct conversion of 

cellulose. 

 
 

 Scheme 2-1. Selective oxidation of cellobiose to gluconic acid with molecular oxygen 

over Au/Cs2HPW12O40 nanocomposite catalyst. 

The conversion of cellobiose to gluconic acid basically requires two successive steps, the 

hydrolysis of cellobiose and the oxidation of the produced glucose. The desired catalyst 

should therefore be acidic/oxidative bi-functional that can provide both acid sites for 

hydrolyzing the β-1,4-glycosidic bond and redox sites for activating oxygen to oxidize the 
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aldehyde to carboxyl group (Scheme 2-1). Besides, eco-benign reactions in water 

medium with heterogeneous catalysts are preferred. To this end, one would consider 

the use of a solid acid-supported transition metal catalyst. Gold nanoparticles (NPs) 

have been extensively employed as catalysts for various mild aerobic oxidation 

reactions.38-46 Herein we develop a novel heterogeneous cesium hydrogen 

phosphotungstate-supported Au catalyst (Au/Cs2HPW12O40) for the oxidation of 

cellobiose to gluconic acid. Cs2HPW12O40 is selected as the catalyst support for its strong 

acidity and solid form. More importantly, as discovered in this work, it possess a special 

ability to modulate the oxidative activity of Au NPs, leading to a specifically high 

selectivity towards gluconic acid. Density functional theory (DFT) calculations indicate 

that the strong metal-support interfacial interaction accounts for the catalytic activity 

modulation. 

2.1.2 Hydrolysis of biomass 

Polysaccharides such as cellulose, sucrose, cellobiose and etc., are organic polymers 

which can be hydrolyzed to smaller sugar molecules or monosaccharides by enzymes 

and chemical methods. Cellulose is the most valuable one in lignocellulose due to it can 

be converted into glucose which can be used for fermentation process and platform 

structure molecules.(Scheme 2-2.)47  

Cellulose can be first hydrolyzed to cellobiose by cellulase and further hydrolyzed to 

glucose by beta-glucosidase. Although enzymatic hydrolysis of cellulosic biomass offers 

the potential for higher selectivity, higher yields, lower energy costs and milder 
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operation conditions than chemical processes, limitation of enzymatic processes are 

also obvious in low efficiency and high enzymes costs.  
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Scheme 2-2. Utilization of lignocelluloses to produce chemicals and fuels. 

At the same time, chemical methods provided ways on the hydrolysis of cellulose to 

glucose with mineral acids, such as sulfuric acid which is well known as a typical acid for 

this reaction (Formula 2-1). However, the large-scale use of mineral acids suffers from 

reactor and environmental problems. In addition, use of mineral acids is intrinsically 

wasteful, and large amount of inorganic salts are formed as waste in their neutralization 

steps.48  

(C6H10O5)n
 + nH2O nC6H12O6

H2SO4
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Formula 2-1. hydrolysis of cellulose with sulfuric acid. 

Saccharification is also carried out with supercritical water under relative high reaction 

temperature (typically 100 oC to 500 oC), but formation of many byproducts is 

inevitable.49,50 Although supercritical treatment can overcome the difficulties in 

hydrolyzing cellulose to glucose though acid hydrolysis or enzymatic saccharification 

techniques, the new difficulty of low glucose yield from supercritical water treatment of 

cellulose comes out. And supercritical water conditions involve extremely high pressure 

and relative high temperature, which limit the application of this technology. 

Hydrolysis of cellulose into sugars with solid acids was paid more attention recently. 

Solid acids have various advantages to be catalysts in hydrolysis of cellulose than liquid 

acids. Ease of separating solid acids catalysts from hydrolysis products makes this kind of 

acid catalyst easy to be recover and reused, which is eco-benign and environmentally 

friendly. And solid acids have less damage to the reactors. Solid metal oxides with Lewis 

acid or both of Lewis and Brønsted acid, such as Nb-W oxide solid-acid catalyst51 and 

HNbMoO6 catalyst 52, were investigated for the hydrolysis of water-soluble sucrose, 

cellobiose, and even water-insoluble xylan and cellulose. However, the acidity of 

Brønsted acid is stonger than Lewis acid so that the catalysts with Brønsted acid sites 

have more potential in hydrolysis of cellulose with robust nature. Some polymers and 

magnetic solid acids with sulfuric group (-SO3H), and sulfonated carbonaceous based 

acidic materials were developed. 
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Heteropoly acids (HPAs) are a type of solid acid with ultrastrong acidity, even stronger 

than sulfuric acid. Keggin-type HPAs are the most common and widely used among the 

various heteropoly acids. So far, heteropoly acids have played good performance in 

hydrolysis of cellulose to glucose. Heteropoly acids showed better activity effects than 

mineral acids in the hydrolysis experiments of cellulose, especially H3PW12O40 and 

H4SiW12O40 catalysts. Stronger Brønsted acid is more favorable for the hydrolysis of β-

1,4-glycosidic bonds in cellulose.53 Under the optimized reaction conditions, higher than 

50% of glucose yield and 90% of glucose selectivity were obtained by H3PW12O40 catalyst 

in hydrolysis of microcrystalline cellulose. And H3PW12O40 catalyst can be easily 

separated by extraction with diethyl ether from production solution, and can be reused 

several runs with little loss.14 Water-Insoluble CsxH3-XPW12O40 catalyst shows easier 

separation from reaction solution with 85% selectivity and 27% yield of glucose in 

hydrolysis of cellulose.54 Using heteropoly acids catalysts can avoid extreme reaction 

conditions. It has been reported that highly negatively charged H5BW12O40 catalyst 

efficiently promoted saccharification of crystalline cellulose into water-soluble 

saccharides in concentrated aqueous solutions under very mild conditions. 77% yield of 

glucose can be obtained at 60 oC.48  

H-form zeolites were used as solid acid catalyst in hydrolysis of cellulose and the 

Brønsted acidity were the key role for the reaction. 
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2.1.3 Oxidation of glucose to gluconic acid, 2-ketogluconic acid and glucaric acid 

Selective oxidation of glucose was investigated over supported metal catalysts with 

oxygen, air or hydrogen peroxide to produce gluconic acid (Scheme 2-3.), which can be 

used for pharmaceutical and food applications.  
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Scheme 2-3. Selective oxidation of glucose to gluconic acid. 

The palladium and platinum catalysts were used for the conversion of glucose due to 

their strong absorption of oxygen on the surface.55 Pt/C catalyst could give 95% 

selectivity of gluconic acid at 90% conversion by controlling Oxygen diffusion. 

Furthermore, the bismuth atoms were used as promoter to enhance activity and 

selectivity of glucose conversion. The rate of glucose conversion to gluconate at pH 9 

was 20 times higher on Bi promoted Pd/C catalyst than on Pd/C catalyst.56 Moreover, 

many promoter enhanced catalysts and bimetallic catalysts were developed for enhance 
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the performance of the glucose oxidation reactions, such as Pd-Bi/C, Pd-Bi, Pd-Tl, Pd-Te 

and Bi-promoted Pd-Pt/C.57  

Supported gold nanoparticle catalysts attracted increasing interests in oxidation of 

glucose due to their high activity which relies on the reaction conditions, the particle 

sizes, preparation methods, supporters and promoters. Au/C catalyst showed 

comparable selectivity with commercial Bi-promoted Pt-Pd/C at a buffered high pH (9.5), 

however gold catalyst had a higher activity. Moreover gold catalyst has more stable 

activity during the recycling and reusing.38 Bi or trimetallic Au nanoparticles were 

synthesized, such as Au-Pd, Au-Pt, Ag-Au and Au-Ag-Pt, for enhancing the oxidation of 

glucose.57 The oxidation of glucose also can be carried with hydrogen peroxide instead 

of dioxygen. Comparing to the higher cost of hydrogen peroxide, the improved 

efficiency by using hydrogen peroxide looks like so limited, that dioxygen is more 

favorable to be used in the more studies.  

As shown in scheme 1-4, 2-ketogluconic acid and glucaric acid can be obtained via the 

further conversion of gluconic acid over solid metal catalysts. A remarkable 98% yield of 

2-ketogluconic acid was achieved on a carbon-supported 5wt%bismuth-5wt%platinum 

catalyst without pH regulation, which was attributed to the formation of the 

intermediate among the promoter-bismuth, and the carboxyl and hydroxyl group of 

gluconic acid.58 Oxidation of glucose to glucaric acid was seldom studied. Pt/C, Pt/SiO2 

and Pt-Au/TiO2 catalysts were investigated to transform glucose to glucaric acid and 

glucarate.57 
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2.1.4 Oxidation of cellobiose and cellulose to gluconic acid 

The conversion of cellobiose and cellulose combined oxidation with hydrolysis process 

can produce gluconic acid. Cellobiose is a dimer of glucose, also considered as a 

disaccharide. It can be selectively oxidized to gluconic acid over supported Pt or Au 

catalysts on various supports during hydrolysis and oxidation processes (scheme 2-4.). 

Through pH regulation (pH 9), Au/TiO2 catalyst can give a specific activity and selectivity 

(>99%) in oxidation of cellobiose with molecule oxygen.42 The Au/CNT catalyst yielded 

80% of gluconic acid at 98% conversion of cellobiose under molecular oxygen conditons, 

which was attributed to the presence of acidity on CNT surface pretreated by HNO3.45 

The same effect of solid acidic support to the gold catalyst was noticed with a 

bifunctional Pt/AC-SO3H catalyst prepared by sulfonation of Pd/AC catalyst.59  
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Scheme 2-4. Selectively oxidation of cellobiose to gluconic acid over supported Pt or Au 

catalysts on various supports during hydrolysis and oxidation processes. 

Cellulose, a water-insoluble polysaccharide, contains thousands of β-1,4-glycosidic 

bonds between glucose unites, and hydrogen bonds between glucose strands. Relative 

to the water-soluble cellobiose, conversion of cellulose with much more stability need 

harder reaction conditions, such as higher reaction temperature and pressure, more 
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concentrated acidic promoter, and etc. There are only few reports about direct selective 

oxidation of cellulose. 

 

2.2 Experimental section 

2.2.1 The chemicals 

The main chemicals and gases used in this section for catalysts synthesis and catalytic 

reactions are purchased from Sigma-Aldrich. 

2.2.2 The preparation of the catalysts 

A series of Au catalysts were prepared by loading AuCl3 on different support materials 

followed by reduction with hydrogen at 300 °C. The Au loading amount was controlled 

to be 1 wt% for all the catalysts. 

The Cs2HPW12O40 support material was prepared by a precipitation method. Typically, 

50 mL of 0.06 M aqueous solution of Cs2CO3 was added dropwise to 50 mL of 0.06 M 

H3PW12O40 aqueous solution under stirring at 323 K. The obtained white precipitate was 

recovered and dried at 353 K. ZSM-5 (CBV-2314, Si/Al=46) purchased from Zeolyst 

International was firstly exchange with 1 M ammonium nitrate solution at 80ºC for 40 h 

and then calcined at 823 K for 5 h to get H-type ZSM-5 (H-ZSM-5). Other supports 

including fumed SiO2, MgO and Al2O3 are purchased from Sigma-Aldrich and directly 

used as received. Heterogeneous Au catalysts were prepared on different support 

materials by impregnation method. Typically, desired amount of AuCl3 aqueous solution 

(1 wt%) was added dropwise onto the solid support with stirring and the mixture was 
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dried at 353 K. The obtained powders were then subjected to H2 reduction at 573 K for 1 

h. 

2.2.3 Characterization methods 

2.2.3.1 TEM & STEM & EDX 

Bright-field TEM and High-angle annular dark-field STEM images of nanocomposite 

catalysts were obtained using a FEI Titan ST electron microscope operated at 300 kV. 

EDX spectra were collected with the same instrument under STEM mode. The probe size 

of the microscope was approximately 2.0 Å for STEM imaging and EDX analysis. 

2.2.3.2 XPS 

XPS studies were carried out in a Kratos Axis Ultra DLD spectrometer equipped with a 

monochromatic  Al Kα X-ray source (hν = 1486.6 eV) operating at 150 W, a multi-

channel plate and delay line detector under 1.0 x10-9 Torr vacuum. Measurements were 

performed in hybrid mode using electrostatic and magnetic lenses. All spectra were 

recorded using an aperture slot of 300 μm x 700 μm. The survey and high-resolution 

spectra were collected at fixed analyzer pass energies of 80 and 20 eV, respectively. 

Samples were mounted in floating mode in order to avoid differential charging [1]. 

Powdered samples were spread over a carbon double-sided tape and care was taken to 

ensure that it was completely covered. This was then mounted to the stub with another 

double-sided tape with a piece of paper in between as an insulator. Charge 

neutralization was required for all samples. Binding energies were referenced to the C 
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1s binding energy of adventitious carbon contamination which was taken to be 285.0 

eV. 

2.2.3.3 DFT calculations (contributed by the cooperator) 

The DFT calculations were performed using DMOL3 code in Material Studio 5.0 of 

Accelrys Inc. Perdew-Burke-Ernzerhof (PBE) gradient-correct correlation functional 

(GGA-PBE) was used. The full electronic wave functions were expanded in a double-

numeric polarized basis set (DNP) and truncated at a real space cutoff of 4.9 Å. These 

basis functions are numerically exact atomic orbitals, with negligible superposition 

effects. The geometries of all chemical species were fully optimized. The solvent effect 

was estimated using COSMO model. For the XPS calculations, the core level shift was 

calculated according to the energy change of Au 4f orbital with respected to that of bulk 

gold. The choice of using Au20 cluster to resemble Au NPs is that the electronic structure 

of Au20 cluster (termed as Au NP here after) has been well studied theoretically and 

experimentally, and is the best model to study the cluster-substrate interaction for its 

high stability. To highlight the impact of interfacial interaction on O adsorption, we focus 

on comparing the O adsorption on different surfaces at the most stable and unstable 

interfacial sites, i.e. the atop site and the edge bridge site. The calculated HOMO-LUMO 

gap of free standing Au NP is 1.93 eV, which is well consistent with the experimental 

value of 1.82 eV, and previous theoretical results of 1.91 eV.   
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2.2.4 Evaluation and calculation of the catalysts performance 

The catalytic reactions were carried out in a Teflon-lined stainless autoclave (100 mL) at 

413 K for 3 h under 0.5 MPa O2 with vigorous stirring. Typically, 20 mL of H2O, 0.1 g of 

cellobiose and 0.05 g of catalyst were used for the reaction. The liquid reaction solution 

separated from solid catalyst by centrifugation was analyzed by HPLC (Agilent, 1200 

Series and 1260 infinity) with RI and UV detectors, which was equipped with a Waters 

Shodex SUGAR SH-1011 column (8×300 mm) using 0.05M H2SO4 aqueous solution as a 

mobile phase at 313K. Quantification of reactants and products was carried out using an 

external standard method, which involved the peak area calibration of series target 

agents (purchased directly from Sigma Aldrich) in aqueous solution with different 

concentrations. The derived exact amounts of reactants and products were then used 

for calculating catalytic selectivity and conversion. 

 

2.3 Results and discussion 

2.3.1 Characterization of catalysts 

A series of Au catalysts were prepared by loading AuCl3 on different support materials 

followed by reduction with hydrogen at 300 °C. The Au loading amount was controlled 

to be 1 wt% for all the catalysts. Transmission electron microscopy (TEM) image shows 

that the Au/Cs2HPW12O40 catalyst consists of irregular particles with overall sizes ranging 

from 15 nm to 40 nm (Figure 2-1). The Au nanoparticles deposited on the support are 

not clearly discernable in the TEM image because of their ultra-small sizes as well as the 
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fact that tungsten and gold have little difference in atomic number which results in low 

image contrast.  

 

Figure 2-1. TEM image of Au/Cs2HPW12O40 nanocomposite.  

Scanning transmission electron microscopy (STEM) was therefore employed to identify 

the Au particles on the support because in STEM the electron beam is focused into a 
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very fine (< 1 nm) probe to scan over the sample and this allows the elemental analysis 

by energy dispersive X-ray (EDX) spectroscopy to be conducted for specific region with 

nanometre precision. In the high-resolution STEM image, small particles (1-3 nm) 

dispersed on the highly crystalline substrate can be observed, which are confirmed to be 

Au particles by EDX analysis (Figure 2-2).  

 

Figure 2-2. STEM image and EDX spectra of Au/CsH2PW12O40 nanocomposite. The circles 

indicate the Au nanoparticles.  

Two regions in the STEM image are marked with 1 and 2 respectively, indicating the 

specific positions where the corresponding EDX spectra were collected. The EDX spectra 
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clearly shows that Au is present in position 1 but absent in position 2. Au nanoparticles 

were also found in the other positions marked with circles, as evidenced by EDX.   

 

Figure 2-3. TEM images of a) Au/H-ZSM-5 and b) Au/SiO2.  

Other Au catalysts such as Au/H-ZSM-5 and Au/SiO2 were also characterized by TEM. 

The results indicate that the Au particles formed on H-ZSM-5 (Si/Al=46) have similarly 

small particles sizes (1-3 nm) while those formed on fumed SiO2 are slightly larger (5-10 

nm) (Figure 2-3). 

 

2.3.2 Catalytic performance of catalysts in oxidative conversion of cellobiose to 

gluconic acid 

2.3.2.1 Performance of cellobiose conversion to gluconic acid over different Au 

catalysts 

The obtained Au catalysts were used for the conversion of cellobiose to gluconic acid 

with 0.5 MPa O2 at 418 K for 3 h, and the reactions were conducted in water media. As 
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summarized in Table 2-2, Au/Cs2HPW12O40 showed an outstanding performance among 

all the catalysts tested, giving a nearly complete cellobiose conversion of 97.5 % with a 

high selectivity of 98.9 % towards gluconic acid, and thus a yield of 96.4 %. Au/H-ZSM-5 

gave fair conversion (71.1 %) and selectivity (86.2 %), which are however apparently 

lower than those of Au/Cs2HPW12O40. Au NPs loaded on nitric acid-pretreated carbon 

nanotubes (CNT) could achieve 60-70 % gluconic acid yield under similar reaction 

conditions according to the previous study.45 When neutral SiO2 was used to support Au, 

despite the full cellobiose conversion (99.9 %), the gluconic acid yield was only 24.5 % as 

the result of poor selectivity. Al2O3-supported and MgO-supported Au catalysts did not 

give rise to high gluconic acid yield either. These results demonstrate that supports with 

stronger acidity are more favourable for this reaction. 

Table 2-1. Performances of different Au catalysts for selective oxidation of cellobiose [a] 

 Catalyst Cellobiose 

conversion (%) 

Gluconic acid 

selectivity [b] (%) 

Gluconic acid 

yield (%) 

1 Au/Cs2HPW12O40       97.5 98.9 96.4 

2 Au/H-ZSM-5        71.1 86.2 61.3 

3 Au/Al2O3       44.9 87.3 39.2 

4 Au/MgO       63.3 37.3 23.6 

5 Au/CNT [c]       75.0 81.0 61.0 

6 Au/SiO2       99.9 24.6 24.5 

[a] Reaction conditions: 0.1 g of cellobiose, 0.05g of catalyst (cellobiose/Au=115.09 in mole), 20 

mL of H2O, 0.5 MPa O2, 418 K, 3 h; the Au loading in all catalysts except for Au/CNT is 1 wt%; [b] 
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Other products include glucose, acetic acid, glycolic acid, oxalic acid, succinic acid etc.; [c] The 

results are cited from Reference [25]. Reaction condition: 0.1 g of cellobiose, 0.05g of catalyst 

with 0.5 wt% Au (cellobiose/Au=230.18 in mole), 20 mL of H2O, 0.5 MPa O2, 418 K, 3 h; [d] Liquid 

acid was added to Au/SiO2 catalytic system to provide the same amount of H+ (1.47×10-5 mol) as 

the Cs2HPW12O40 catalyst. 
 

2.3.2.2 Conversion of gluconic acid over different catalysts 

To study the origin of extremely high selectivity provided by Au/Cs2HPW12O40, we 

investigated the further conversion of gluconic acid over different catalysts under the 

oxidation reaction conditions by using gluconic acid as the reactant (Figure 2-4). Pure 

supports without Au loading were first investigated. Two liquid acids (H2SO4 and 

H3PW12O40) were also tested for comparison.53,60 It was found that Cs2HPW12O40 and 

H3PW12O40 showed very different behaviour from H2SO4. Over 87 % of gluconic acids 

were converted to other products including lactic acid, succinic acid, oxalic acid and 

glyceric acid etc. in the presence of H2SO4, indicating that H2SO4 is not a suitable co-

catalyst for oxidation synthesis of gluconic acid as it will cause significant extent of deep 

oxidation. In contrast, both Cs2HPW12O40 and H3PW12O40 were inactive to gluconic acid 

with conversions of < 5 %. Bare H-ZSM-5 and SiO2 substrates without Au did not convert 

much gluconic acid either (Figure 2-4). On the other side, the Au loaded nanocomposite 

catalysts were investigated. Notably, Au/Cs2HPW12O40 with both acidic and oxidative 

sites converted only 4.5 % of gluconic acid under the oxidation conditions. This was in 

sharp contrast to the cases of Au/H-ZSM-5 and Au/SiO2 that converted 29 % and 54.2 % 
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of gluconic acid respectively under the same conditions (Figure 2-4). These results imply 

that phosphotungstic acid/salt are not only inert to convert gluconic acid by themselves 

but also able to modulate (passivate) the oxidative activity of Au NPs and thus prevent 

gluconic acid from being further oxidized, which explains the superior selectivity of 

Au/Cs2HPW12O40 to other catalysts. 

 

Figure 2-4. The conversion of gluconic acid over different catalysts. Reaction conditions: 
0.1 g of gluconic acid, PO2=0.5 MPa, 20 mL of H2O, 418 K, 3 h. For the two liquid acid 
catalysts, the concentration of [H+] was adjusted to be 7.33×10-4 M, while 0.05 g of 
catalyst was used in all the other cases. 
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2.3.2.3 The effluence of introducing different functional acids into the cellobiose 

oxidative reactions catalyzed by the Au/SiO2 catalysts 

To confirm the function of phosphotungstic support, we re-examined the catalytic 

oxidation of cellobiose over Au/SiO2 by introducing different acids (H3PW12O40 or H2SO4) 

into the reaction system. As discussed earlier, Au/SiO2 without acidic additives gave rise 

to nearly full conversion of cellobiose but complex products with low selectivity (Table 

2-3, entry 1). This can be attributed to the high catalytic activity of nano-sized gold 

particle that results in the unselective oxidation of cellobiose. The addition of H2SO4 into 

the Au/SiO2 system did not enhance the selectivity (Table 2-3, entry 2). And, when 

H3PW12O40 was added, the selectivity towards gluconic acid was significantly increased 

to ~98 % (Table 2-3, entry 3). It was supposed that the introduced phosphotungstic acids 

were adsorbed on the Au NPs, forming a composite similar to Au/Cs2HPW12O40 and thus 

enhancing the selectivity. This finding clearly demonstrates the ability of 

phosphotungstic salt/acid to tune the manner of oxidation from a “non-selective” to a 

“selective” one.  

Table 2-2. Performances of different acids over Au/SiO2 catalysts for selective oxidation 
of cellobiose [a] 

 Catalyst Cellobiose 

conversion (%) 

Gluconic acid 

selectivity [b] 

(%) 

Gluconic acid 

yield (%) 

1 Au/SiO2       99.9 24.6 24.5 

2 Au/SiO2+H2SO4 
[c]               99.8 28.4 28.3 
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3 Au/SiO2+H3PW12O40 
[c]                 77.2 98.4 76.0 

4 Au/SiO2+H4SiW12O40 
[c]                 84.5 51.0 43.1 

[a] Reaction conditions: 0.1 g of cellobiose, 0.05g of catalyst (cellobiose/Au=115.09 in mole), 20 
mL of H2O, 0.5 MPa O2, 418 K, 3 h; the Au loading in all catalysts except for Au/CNT is 1 wt%; [b] 
Other products include glucose, acetic acid, glycolic acid, oxalic acid, succinic acid etc.; [c] Liquid 
acid was added to Au/SiO2 catalytic system to provide the same amount of H+ (1.47×10-5 mol) as 
the Cs2HPW12O40 catalyst. 

 

2.3.2.4 Different amount of the catalysts 

Table 2-3. Catalytic performances of different amount of Au/Cs2HPW12O40 
nanocomposite in selective oxidation of cellobiose [a] 

 Catalyst 

(g) 

Cellobiose 

conversion (%) 

Gluconic acid 

selectivity (%) 

Gluconic acid 

yield (%) 

1 0.025 76.7 96.4 74.0 

2 0.05 97.5 98.9 96.4 

3 0.1 99.4 89.9 89.4 

[a] Reaction conditions: 0.1 g of cellobiose, 20 mL of H2O, 0.5 MPa O2, 418 K, 3 h; the amount of 
the catalyst used is specified for each entry in the table. Other products besides gluconic acid 
include glucose, acetic acid, glycolic acid, oxalic acid, succinic acid etc.;  

 

Under the typical reaction conditions used in this study, the optimal amount of 

Au/Cs2HPW12O40 catalyst is 0.05 g. When 0.025 g of catalyst was used, the conversion of 

cellobiose at 3 h decreased to 76.7 %. When 0.1g of catalyst was used, the selectivity to 

gluconic acid decreased to 89.9 % despite the complete conversion (Table 2-4, entries 1-

3). 
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2.3.2.5 Catalysts reuse 

0.1 g of catalyst was used for catalyst reuse reactions. In the first run, the selectivity to 

gluconic acid is 89.9 % with the complete conversion of cellobiose (Table 2-5, entries 1). 

When separated from the reaction system after reaction, the Au/Cs2HPW12O40 catalyst 

can be directly reused for the next reaction cycle without the need of further treatment. 

The results of recyclability assessment showed that the selectivity of gluconic acid 

dropped by ~7.6 % in the second run comparing with the result of fresh catalyst and 

then stabilized in the following runs, while the changes in cellobiose conversion were 

even less significant (Table 2-5, entries 1-6).  

Table 2-4. Reusability of Au/Cs2HPW12O40 nanocomposite in selective oxidation of 
cellobiose 

 Catalyst 
(g) 

Cellobiose 
conversion 

(%) 

Gluconic 
acid 
selectivity 
(%) 

Gluconic 
acid yield 

(%) 

1 0.1 [b] 99.4 89.9 89.4 

2 0.1 [b] 98.4 83.8 82.5 

3 0.1 [b] 96.6 83.0 80.2 

4 0.1 [b]
 95.4 83.1 79.3 

5 0.1 [b] 96.1 84.0 80.7 

6 0.1 [b] 93.4 82.3 76.9 

[a] Reaction conditions: 0.1 g of cellobiose, 20 mL of H2O, 0.5 MPa O2, 418 K, 3 h; the amount of 
the catalyst used is specified for each entry in the table. Other products besides gluconic acid 
include glucose, acetic acid, glycolic acid, oxalic acid, succinic acid etc.; [b] Reusability of 
Au/Cs2HPW12O40 catalysts was evaluated and the results of six sequential runs are listed in entry 
1 to entry 6. 



51 
 

2.3.3 X-ray photoelectron spectroscopy (XPS) and DFT calculations 

X-ray photoelectron spectroscopy (XPS) and DFT calculations were conducted to provide 

mechanistic understanding of the interaction between Au NPs and phosphotungstic 

species. In DFT calculations, Au20 clusters and H3PW12O40 were used as the models for 

Au NPs and phosphotungstatic species respectively.  

 

Figure 2-5. Left) Au 4f XPS spectra of Au/SiO2 (A) and Au/Cs2HPW12O40 (B). Right) The 
calculated density of state (DOS) of free standing Au NPs (A) and Au/H3PW12O40 (B). 
Figure Caption. 

 

XPS results show that the Au 4f binding energy in Au/Cs2HPW12O40 and Au/SiO2 are 84.2 

eV and 83.8 eV respectively (Figure 2-5 Left), suggesting that more electrons from Au 

NPs are drawn by Cs2HPW12O40 compared with SiO2. This is in line with the DFT 

calculation that shows a positive Au 4f core level shift of 0.33 eV for Au/H3PW12O40 with 

respect to free standing Au NPs. The valence band structure evolutions were also 

evaluated theoretically. The results indicate that compared to the free standing 
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counterpart, Au NP supported on H3PW12O40 has significantly upshifted (weighted 

center: -2.16 eV vs. -2.76 eV) 5d band, and the density of state curves of Au NP and 

H3PW12O40 overlap over a large energy range [-10.0, -2.5 eV] (Figure 2-5 Right). In 

addition, the calculated adsorption energy of a Au20 cluster onto a H3PW12O40 support is 

much higher than onto a silica support (-3.13 eV vs. -0.41 eV). All these results imply 

that Au NPs strongly interact with phosphotungstate support while Au NPs supported 

on SiO2 resemble “free standing” ones. Moreover, the differential charge density 

analysis demonstrates the charge transfer from Au NPs to the phosphotungstate 

support and charge accumulations at the Au/H3PW12O40 interface and the corners of Au 

NP, where are the sites for oxygen adsorption and activation (Figure 2-6).  

 

Figure 2-6. The interface atomic structures (upper panel) and the contour plots of 
charge density difference (lower panel) of the Au20/H3PW12O40 composite. Four types of 
configuration have been considered. H3PW12O40 interacts with Au20 through three 3-fold 
oxygen atoms ((a) and (b)) or five 1-fold oxygen atoms ((c) and (d)). The three acidic H 
atoms of H3PW12O40 are located at the bottom ((a) and (c)) or in the latitude direction 
((b) and (d)). The dashed lines in the upper panel indicate the directions of the contour 
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plots. The charge accumulation regions and the charge depletion regions are denoted in 
red and blue respectively. The contour range is from -0.005 a.u. to 0.005 a.u. 

 

The sugar oxidation process over Au catalyst starts from the oxygen adsorption on Au 

surface to form active oxygen species (AOS), e.g. OOH, which then oxidize the co-

adsorbed sugar molecules.61 The reactivity of the AOS determines the selectivity of the 

reaction. The strong interaction with the phosphotunstate changes the electronic 

structure of Au NPs as discussed above, and thus the reactivity of AOS generated on Au 

surface. We use the adsorption energy of O atom to evaluate the reactivity of AOS 

because they scale linearly with each other as demonstrated in previous studies.62,63 The 

O adsorption energy on Au/H3PW12O40 is calculated as -0.89 eV, which is 0.45 eV higher 

than on free standing Au NPs (Table 2-6 & 2-7), suggesting that the AOS formed on 

Au/H3PW12O40 is more stable and thus less reactive.64-66 In contrast to the highly 

reactive AOS on free standing Au NPs that results in non-selective oxidation, AOS 

formed on Au/phosphotunstate has moderate reactivity and therefore leads to highly 

selective oxidation towards gluconic acid. We notice that other heteropoly acids exhibit 

similar activity modulation effect on Au NPs, suggesting that this may be a general 

phenomenon associated with α-Keggin type heteropoly anions. When H4SiW12O40 was 

added into Au/SiO2 system, for example, the selectivity of gluconic acid was increased to 

51.0% (Table 2-3, entry 9). The less significant selectivity enhancement may be due to 

the lower electronegativity of [SiW12O40]4- compared to [PW12O40]3- anion that leads to 

different charge accumulation on the metal/support interface. Since the acidity of 



54 
 

heteropoly acid is also associated with the type of hetero atom, the overall effects of 

different heteropoly acids on this reaction would be complicated, which needs more 

detailed investigation in subsequent works. 

Table 2-5. Optimized geometries and energies for oxygen dissociative adsorption on free 
standing Au20. [a]  

Adsorption structures Ead (eV) Ref 

 

-0.10 OAu20a 

  

-0.26 OAu20b 

 

-0.44 OAu20c 

 

0.11 OAu20d 

 

-0.10 OAu20e 
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-0.15 OAu20f 

 

[a] Ead refers to the energy of oxygen dissociative adsorption hereafter and is calculated 
as Ead = EAuNP+O − EAuNP − 1/2EO2. More negative Ead value means higher stability. 

 

 

Table 2-6. Optimized geometries and energies for oxygen dissociative adsorption on 
Au20/H3PW12O40 composite. [a]  

Adsorption structures Ead (eV) Ref Adsorption structures Ead (eV) Ref 

Au NP on 3-O[b]      

 

0.03 PWa1 

 

0.04 PWa3 

 

-0.57 PWa2 

 

-0.40 PWa4 

Au NP on 3-O[c]      

 

0.03 PWb1 

 

0.04 PWb3 
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-0.50 PWb2 

 

-0.41 PWb4 

Au NP on 5-O[d]      

 

0.05 PWc1 

 

0.07 PWc3 

 

-0.37 PWc2 

 

-0.31 PWc4 

Au NP on 2-O[e]      

 

-0.03 PWd1 

 

0.05 PWd3 

 

-0.40 PWd2 

 

-0.39 PWd4 

 

[a] Ead is calculated as Ead = EAuNP+O − EAuNP − 1/2EO2. More negative Ead value 
means higher stability.  
[b] 3 O atoms of H3PW12O40 are at the 3-fold sites of Au NP.  
[c] 3 O atoms of H3PW12O40 are at the atop sites of Au NP.  
[d] 5 O atoms of H3PW12O40 are at the atop sites of Au NP.  
[e] 2 O atoms of H3PW12O40 are at the atop sites of Au NP.  
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2.4 Conclusion 

In summary, the combination of Au nanoparticles with cesium phosphotungstic salt 

generates a highly efficient nanocomposite catalyst that promotes the complete 

oxidation conversion of cellobiose with specific selectivity towards gluconic acid in 

water media.  The phosphotungstate support plays multiple crucial roles in this reaction, 

which provides solid acid sites for hydrolysis and also modulates Au redox sites for 

selective oxidation. Meanwhile, it works as a heterogeneous supporting material of Au 

NPs, allowing the catalyst to be easily recycled and reused. The high gluconic acid 

selectivity is attributed to the strong interaction between phosphotungstic anions and 

Au NPs that results in the modulation of electronic structures at their interface. The 

findings in this work would inspire the development of novel heteropolyacid-based 

catalysts for the ultimate goal of direct and selective conversion of primitive biomass 

source, e.g. cellulose. 
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Chapter 3 Direct Conversion of Cellulose to Glycolic Acid with a 

Phosphomolybdic Acid Catalyst in a Water Medium 

 
3.1 Introduction 

Cellulosic biomass is a natural resource that is both abundant and sustainable. Its 

efficient utilization has long been the focus of research and development efforts with 

the aim to compete with and replace petroleum-based products. In addition to the 

production of biofuels (e.g., ethanol) from cellulosic biomass, which has been to some 

degree successful,29,67-70 its conversion to high value-added chemicals is equally 

important.34,70-73 In comparison with conventional fermentation processes, the use of 

catalysis would provide a greener and more cost efficient route for producing chemicals 

of commercial interest from biomass.69 There have been numerous studies on catalytic 

conversions of various carbohydrates to useful compounds or important chemical 

intermediates. For example, sorbitol and gluconic acid were produced from glucose or 

cellobiose by catalytic hydrogenation and oxidation, respectively;36,38,74,75 5-

hydroxymethylfurfural (5-HMF) and levulinic acid were prepared by catalytic dehydration 

of different carbohydrates;21,22,76,77 and high yields of methyl lactate were derived from 

sucrose, glucose and fructose using a Sn-doped Lewis acidic zeolite catalyst.78 Catalytic 

isomerization between fructose and glucose has also been studied.79,80 Despite the great 

success achieved with small-molecule biomass derivatives (e.g., mono- and 

disaccharides) in these studies, the direct catalytic conversion of cellulose remains a 

challenge, mainly because cellulose is highly stable and insoluble to most solvents. To 
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overcome this problem, ionic liquids are usually used as the solvent for their special 

abilities to dissolve cellulose,13,81,82 or, alternatively, reactions are run under extreme 

conditions.35,70,83,84  

We recently contributed the development of a novel composite catalyst, cesium 

hydrogen phosphotungstate-supported Au (Au/Cs2HPW12O40). It was found to be highly 

selective and able to convert cellobiose, a disaccharide, to gluconic acid with 95% yield. 

The phosphotungstate and Au nanoparticles respectively provided solid acid sites for 

hydrolysis and redox sites for selective oxidation.74 Advancing a step, we here report the 

direct conversion of primitive biomass, cellulose, via successive hydrolysis and selective 

oxidation in a noble metal-free system. Instead of using expensive ionic liquid to dissolve 

the reactant, we use water as the reaction medium and heteropoly acids (HPA) as the 

catalyst. Unlike conventional solid acid catalysts, HPAs are soluble in water and therefore 

more efficient for catalyzing the reactions of cellulose; on the other hand, they can be 

recovered in solid form after reaction by distilling out the products and solvent, which is 

a significant advantage over common volatile liquid acids. Indeed, it has been reported 

in recent studies that phosphotungstic acid and borotungstic acid are superior catalysts 

for hydrolyzing cellulose.14,48,53 However, we demonstrate that besides the strong acidity 

that facilitates the hydrolysis and fragmentation of cellulose, certain HPAs have 

moderate oxygen activation abilities that allow them to oxidize carbohydrates. The best 

result is achieved by H3PMo12O40, which enables the production of glycolic acid, an 

important compound widely used in organic synthesis, biodegradable polymer synthesis, 

skin-care products, industrial rust removal and food processing,85,86 from commercial α-
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cellulose powder with a yield of 49.3%. Here, HPAs were utilized as multi-functional 

catalysts for biomass conversion. Interestingly, H3PMo12O40 is even capable of converting 

raw cellulosic materials, such as bagasse and hay, to glycolic acid with remarkable yields 

of ~ 30%.  

 

3.2 Experimental section 

3.2.1 The chemicals 

The chemicals and catalysts used in these reactions were listed in Table 2.1. 

3.2.2 Preparation of catalyst 

In order to avoid the influence from different batches in synthesis of heteropoly acids, 

the different kind of pure commercial heteropoly acids were used in this project (in 

Table 2.1). 

3.2.3 Characterization methods and the simple preparation 

3.2.3.1 NMR 

Nuclear Magnetic Resonance (NMR) was used to identify products from cellulose 

oxidation reactions. The characterised samples were separated by HPLC at first. The 1H 

and 13C NMR spectra were recorded on a Bruker 500 MHz SB liquid NMR spectrometer 

operating at 500 and 125 MHz for 1H and 13C, respectively. Each sample was first 

collected separately after the separation on HPLC, and then prepared in NMR tube 

followed by the addition of 0.5 mL of deuterium oxide (D2O). For 1H NMR, the number 

of scans was set to 32 and the delay between scans was 2 s. On the other hand, for the 
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13C NMR, because the concentration of each sample solution was low, so the number of 

scans was set to 3000 and the delay between scans was 2 s.  

3.2.3.2 XPS 

XPS studies were carried out in a Kratos Axis Ultra DLD spectrometer equipped with a 

monochromatic  Al Kα X-ray source (hν = 1486.6 eV) operating at 150 W, a multi-

channel plate and delay line detector under 1.0 x10-9 Torr vacuum. Measurements were 

performed in hybrid mode using electrostatic and magnetic lenses. All spectra were 

recorded using an aperture slot of 300 μm x 700 μm. The survey and high-resolution 

spectra were collected at fixed analyzer pass energies of 80 and 20 eV, respectively. 

Samples were mounted in floating mode in order to avoid differential charging [1]. 

Powdered samples were spread over a carbon double-sided tape and care was taken to 

ensure that it was completely covered. This was then mounted to the stub with another 

double-sided tape with a piece of paper in between as an insulator. Charge 

neutralization was required for all samples. Binding energies were referenced to the C 

1s binding energy of adventitious carbon contamination which was taken to be 285.0 

eV. 
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3.2.3.3 The simple preparation of grass and bagasse feedstock for reactions 

Grass: 

 

 

Bagasse: 

 

 

3.2.4 Evaluation and calculation of the catalysts performance 

The catalytic reactions of cellulose were carried out in a Teflon-lined stainless autoclave 

(75 mL) at 180 ℃ for 1 h under 0.6 M Pa O2 with 1000 rpm stirring. Typically, 20 mL of 

H2O, 1.233 mmol glucose units of fibre cellulose (200 mg) and 0.3 mmol of HPMo 

catalyst were used for the reaction. The same amount of other different heteropoly 

acids as HPMo, and other Mo catalysts with the same amount of molybdenum were 

tested. Other different sacchariferous substrates, sugar alcohols, sugar acids and natural 

Collection of grass Drying at 120 
o
C 

  

Sample 

  

Purchased sugar 
cane 

Crushing, water washing and  

drying at 120 
o
C 

Sample 
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raw cellulose with the same mass as cellulose were reacted. The liquid reaction solution 

after centrifugation was analysed by HPLC (Agilent, 1200 Series and 1260 infinity) with 

RI and UV detectors, which was equipped with a Waters Shodex SUGAR SH-1011 column 

(8×300 mm) using 0.05 M H2SO4 aqueous solution as a mobile phase at 40 ℃. 

Quantification of reactants and products was carried out using an external standard 

method, which involved the peak area calibration of series target agents (purchased 

directly from Sigma Aldrich) in aqueous solution with different concentrations. The 

derived exact amounts of reactants and products were then used for calculating 

catalytic conversion and yield. 

 

3.3 Results and discussion 

3.3.1 Identification and verification of products 

The major products were identified by high-performance liquid chromatography (HPLC). 

Purity and verification of the product identified as glycolic acid by HPLC was confirmed 

with NMR spectroscopy. The positions from 1HNMR and 13CNMR are matched with the 

standard. And the result of glycolic acid calculated by the peak from HPLC is correct. 
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1HNMR 

 

 

 

13CNMR 

 

Figure 3-1. NMR spectro of the sample separated from HPLC for the identification of 

glycolic acid. 
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3.3.2 Catalytic performance of different catalysts in cellulose conversion  

Four types of Keggin-type HPAs, including H3PW12O40 (HPW), H3PMo12O40 (HPM), 

H4SiW12O40 (HSW), and H4SiMo12O40 (HSM), were tested as catalysts for the conversion 

of α-cellulose powder at 180oC in water under 0.6MPa oxygen using an autoclave setup. 

Typically, the reaction mixture comprised 20 mL of H2O, 200 mg of α-cellulose powder 

(containing 1.23 mmol glucose units), and 0.3 mmol of HPA catalyst. The reaction was 

rather complex with over twenty products generated. The major products were 

identified by high-performance liquid chromatography (HPLC).  

Table 3-1: Yields (%) of the main products derived from cellulose using different catalysts 
a 

Products 
                              Catalysts 

HPW HPM HSW HSM MOb NaMOb 

Glycolic acid 6.2 49.3 5.3 46.5 24.5 1.8 

Formic acid 9.7 9.6 10.9 12.6 10.8 2.2 

Acetic acid 0.5 4.0 7.8 4.7 4.6 1.6 

Glucose 18.5 1.6 16.6 0.9 1.2 0.5 

Fructose 4.2 5.2 3.2 4.8 4.3 0.9 

Levulinic acid 17.7 5.5 25.4 6.8 6.9 0.2 

5-HMF 4.6 0.1 2.6 0.5 1.2 1.0 

Others c 4.4 7.9 5.1 6.3 5.4 1.1 

Total yield  65.7 83.3 76.8 83.2 58.7 9.2 

Conv. (%) d 88.3 90.5 89.6 96.2 75.7 21.0 

a 200 mg of α-cellulose powder containing 1.23 mmol glucose units, 0.3 mmol of HPA catalyst 
and 20 mL of H2O were stirred (1000 rpm) in a Teflon-lined stainless autoclave (75 mL) at 180 ℃ 
for 1 h under 0.6 M Pa O2. Yields are calculated on a carbon basis and given as mean values. b 

Equivalent molar amount of Mo as for the Mo-containing HPA catalysts. c Other identifiable 
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products include propionic acid, glyceric acid, glycolaldehyde dimer, glycolaldehyde, 
formaldehyde. d Conversion of cellulose.  

 

As summarized in Table 3-1, all tested HPA catalysts converted over 90% cellulose under 

the reaction conditions, among which HPM and HSM showed specific selectivity towards 

glycolic acid, giving high yields of 49.3% and 46.5%, respectively. The two heteropoly 

tungstic acids (HPW and HSW), however, showed very different catalytic behaviors. They 

produced only a small amount of glycolic acid in yields of less than 6%, as well as the 

major products of glucose, levulinic acid and 5-HMF (Table 3-1), which were formed 

through the hydrolysis of cellulose and subsequent isomerization and dehydration 

processes.14,21,22 These results suggested that the reaction pathway is mainly determined 

by the type of addenda atom in the HPA catalyst and that Mo favors a selective oxidation 

reaction. This suggestion was confirmed by the fact that MoO3 (MO), which forms 

molybdic acid in water, also led to a remarkable cellulose conversion of 75.7% and a 

glycolic acid yield of 24.5% (Table 3-1). Basic molybdate Na2MoO4 (NaMO), however, 

performed badly with a low cellulose conversion of 21%. We thus demonstrated that the 

molybdate species accounted for the high glycolic acid selectivity while the strong 

acidity was needed to initiate the reaction by hydrolyzing cellulose. 

 

 

3.3.3 Detailed products for the catalytic conversion of glucose to glycolic acid over 

HPMo catalysts 
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Table 3-2: Detailed products for the catalytic conversion of glucose to glycolic acid over 
HPMo catalysts 

Products \ Feedstocks Glucose Glucose*1 Glucose*2 

Glycolic acid 42.4% 25.9% 27.4% 

Formic acid 14.6% 15.5% 5.7% 

Acetic acid 5.6% 2.2% 3.9% 

Glucose 4.3% 14.8% 22.0% 

Fructose 11.3% 27.6% 31.7% 

Levulinic acid 7.4% 0.3% 0.7% 

HMF 1.0% 0.1% 0.8% 

Propionic acid 2.4% 0.1% 0.0% 

Glyceric acid 6.7% 6.6% 7.1% 

Glycolaldehyde dimer 0.2% 0.0% 0.2% 

Glycolaldehyde <0.1% 0.2% 0.1% 

Formaldehyde 0.2% 0.5% 0.2% 

Total accounted products 91.8% 78.9% 77.8% 

Feedstock conversion 95.7% 85.2% 78.0% 

200 mg of α-cellulose powder containing 1.23 mmol glucose units, 0.3 mmol of HPA catalyst and 
20 mL of H2O were stirred (1000 rpm) in a Teflon-lined stainless autoclave (75 mL) at 180 ℃ for 1 
h under 0.6 M Pa O2. Yields are calculated on a carbon basis and given as mean values. *1 At the 
lower reaction temperature 120 ℃. *2 For the shorter reaction time 10min. 
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3.3.4 The proposed reaction pathway for the conversion of cellulose to glycolic acid. 
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Figure 3-2. The proposed reaction pathway for the conversion of cellulose to glycolic 

acid. 

 

The overall reaction involved a series of successive or parallel steps: the hydrolysis of 

cellulose to glucose, the isomerization of glucose to fructose, the dehydration or 

fragmentation of hexoses, and the oxidation of the as-produced shorter carbohydrates. 

It has been shown that glucose and fructose undergo fragmentation in supercritical 

water to form C2 to C4 carbohydrate products via a retro-aldol reaction.78,87,88 This 

observation was also used to explain the formation of lactic acid derivatives from 

sugars.78,87,88 Considering the similar reaction conditions, we assume that the Mo-

containing HPA-catalyzed reaction in this study proceeds along the pathway depicted in 

Figure 3-2, where the hexoses are fragmented via retro-aldol reactions. Specifically, 
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glucose obtained from the hydrolysis of cellulose undergoes successive retro-aldol 

reactions to form C2 α-hydroxylaldehyde (glycolaldehyde), which is then converted to 

glycolic acid through oxidation; in parallel, the isomerization of glucose gives rise to 

fructose, which can also be converted by retro-aldol reactions through dihydroxyacetone 

and glyceraldehyde, to glycolaldehyde and formaldehyde, and finally to glycolic acid and 

formic acid by oxidation. The absence of sugar acids with higher carbon numbers, e.g., 

gluconic acid and erythronic acid, in the products implies that the retro-aldol reaction is 

faster relative to the oxidation of sugars to sugar acids. 

Table 3-3. Catalytic conversion of sugar alcohols, sugar acids and glucuronic acid to 
glycolic acid over HPMo catalysts in water media and O2 atmosphere.  

Feedstock  
Oxidative 

Conversion 

Glycolic acid 

Yield 

Oxalic acid 

Yield 

Mannitol 

 

< 1% N/A N/A 

Sorbitol 

 

< 1% N/A N/A 

Xylitol 

 

< 1% N/A N/A 

Erythritol 

 

< 1% N/A N/A 

Glycerol 
 

< 1% N/A N/A 
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Ethylene Glycol 

 

< 1% N/A N/A 

Gluconic Acid 

 

< 1% N/A N/A 

Glucuronic 

Acid 
 

88.6% 25.3% 3.5% 

The reactions were carried out in a Teflon-lined stainless autoclave (75 mL) at 150 ℃ for 1 h 
under 2 M Pa O2 with 1000 rpm stirring. 20 mL of H2O, 200 mg feedstock, 0.3 mmol HPMo 
catalysts were used for the reaction. 

 

We conducted a series of control experiments to validate the proposed reaction 

pathway. Various monosaccharide alcohols, including mannitol, sorbitol, xylitol, 

erythytol, and glycerol, were first tested as reactants. None of them was converted 

under the reaction conditions used in this study (Table 3-2), indicating that HPM is 

incapable of catalyzing the oxidation of hydroxyl groups in sugar derivatives. Hence, it is 

unlikely that the C1-C4 products from the cellulose reaction were formed from the direct 

decomposition through oxidation of hexoses. When gluconic acid, a monosaccharide 

acid, was used as the reactant, there was also just a negligible conversion observed. It is 

very interesting to note that under identical reaction conditions, glucuronic acid, which 

has the same molecular structure as gluconic acid except for the terminal group 

(carbonyl vs. hydroxyl), was nearly completely converted, yielding glycolic acid and oxalic 

acid as the main products (Figure 3-3). These results support the proposed reaction 

O
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pathway in two respects: (i) only the sugar derivatives with carbonyl groups, which are 

eligible for the retro-aldol reaction, can be converted; (ii) the fragmentation products of 

glucuronic acid via retro-aldol are glycolaldehyde and glyoxylic acid, which can be 

subsequently oxidized to form glycolic acid and oxalic acid, respectively, consistent with 

experimental observations. 
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Figure 3-3. The proposed machenism of glucuronic acid conversion over HPMo catalyst. 
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3.3.5 The conversion of different sacchariferous reactants using HPM as the catalyst 

and detection of the proposed intermediates in the reactions 

From another point of view, the proposed reaction pathway implies that using glucose 

rather than fructose as the reactant should lead to higher selectivity of glycolic acid. 

Likewise, it should be expected that polysaccharides containing more glucose segments 

would produce more glycolic acid. To verify these expectations, we conducted reactions 

using glucose, fructose, cellobiose (a disaccharide of glucose) and sucrose (a 

disaccharide of fructose and glucose) as the reactants. The glycolic acid yields from 

these reactants were as follows: glucose (42.4%) ≈ cellobiose (40.0%) > sucrose (35.9%) 

> fructose (24.6%), in good agreement with our expectations (Table 3-3). Accordingly, 

these reactants also produced glyceric acid, which is an oxidative byproduct from the 

retro-aldol fragmentation of fructose (Figure 3-2), at yields in the opposite order (Table 

3-3). These results provide strong support for the proposed reaction pathway and also 

demonstrate that the isomerization between glucose and fructose was slow under our 

reaction conditions. To provide additional evidence that the retro-aldol reaction directs 

this reaction pathway, we intentionally decreased the reaction rate in another parallel 

experiment by using only one-twelfth of the original amount of HPM catalyst to capture 

the proposed reaction intermediates. Although some of the expected intermediates, 

such as erythrose, dihydroxyacetone and glyceraldehyde were not detected, possibly 

because of their instability, formaldehyde and glycoaldehyde were clearly identified by 

HPLC in the products, which were formed via the retro-aldol reaction from fructose and 

glucose, respectively (Figure 3-2 & Table 3-3). Taken together, our results suggest that 
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the conversion of cellulose by HPA catalysts is strongly dependent on the type of 

addenda atom. Like other Brönsted acids in previous reports,89 tungsten-based HPAs 

favor dehydration of the sugars and thus mainly produce levulinic acid and 5-HMF. 

Molybdenum-based HPAs, on the other hand, demonstrate a special ability to facilitate 

the fragmentation of monosaccharides and moderate the activity of subsequent 

oxidation reactions, leading to high selectivity of glycolic acid. 

Table 3-4. Yields of all the identified products from the conversion of different 

sacchariferous reactants using HPM as the catalysta 

Products  
Reactants 

Glucose  Fructose  Cellobiose  Sucrose  Cellulose b 

Glycolic acid  42.4% 24.6% 40.0% 35.9% 24.2% 

Formic acid  14.6% 12.6% 14.1% 13.0% 5.6% 

Acetic acid  5.6% 6.3% 5.0% 3.9% 2.9% 

Glucose  4.3% 7.6% 5.2% 3.3% 1.0% 

Fructose  11.3% 4.6% 13.7% 7.9% 2.1% 

Levulinic acid  7.4% 8.8% 7.6% 3.3% 1.5% 

5-HMF  1.0% 2.0% 1.4% 0.5% 0.9% 

Propionic acid  2.4% 1.1% 0.0% 13.7% 4.0% 

Glyceric acid  6.7% 23.3% 6.2% 14.5% 3.0% 

Glycolaldehyde dimer  0.2% 0.2% 0.3% 0.1% 0.0% 

Glycolaldehyde  <0.1% <0.1% <0.1% <0.1% 0.5% 

Formaldehyde  0.2% 0.3% 0.1% 0.3% 1.5% 

Total yield 91.8% 86.6% 93.7% 96.1% 47.2% 

Reactant conversion  95.7% 95.4% 100% 100% 51.2% 
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a 200 mg of reactant, 0.3 mmol of HPM catalyst and 20 mL of H2O were stirred (1000 rpm) in a 
Teflon-lined stainless autoclave (75 mL) at 150 ℃ for 1 h under 0.6 M Pa O2. Yields are calculated 
on a carbon basis and given as mean values. b 0.025 mmol of the HPM catalyst was used. 

 

3.3.6 The conversion of different “raw” cellulosic biomass using HPM as the catalyst 

Previous studies have pointed out that the conversion efficiency of cellulose may be 

highly dependent on the form of the starting material and that special pre-treatments 

(e.g., ball milling or ultrasonic processing) are usually necessary to achieve effective 

conversion.90-93 In this sense, it is worth highlighting that besides commercially available 

α-cellulose powders, which are essentially purified “chemicals”, HPM can also catalyze 

the conversion of “raw” cellulosic biomass. For example, we used dried but otherwise 

untreated bagasse and hay as the starting materials for the reaction and found that they 

were both converted to glycolic acid with high selectivity. Assuming that these two raw 

biomass materials were comprised of 100% cellulose, the glycolic acid yields were 32.2% 

and 27.9% for bagasse and hay, respectively (Table 3-4). If the presence of unconvertible 

components is taken into account, the real glycolic acid yields from cellulose are even 

higher. These results suggest the general applicability of HPM for directly converting 

various types of crude cellulosic biomass. Notably, few studies have reported such 

efficient catalytic production of value-added chemicals from raw biomass feedstock.48,94 
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Table 3-5. Yields of all the identified products from the conversion of different “raw” 

cellulosic biomass using HPM as the catalysta 

Products  

Reactants 

Bagasse  Hay  

Glycolic acid  32.2% 27.9% 

Formic acid  10.1% 8.4% 

Acetic acid  10.9% 6.7% 

Glucose  1.2% 3.9% 

Fructose  4.7% 4.7% 

Levulinic acid  

5-HMF  

5.8% 

0.8% 

4.9% 

0.6% 

Propionic acid  1.4% 5.1% 

Glyceric acid  4.6% 5.1% 

Glycolaldehyde dimer  0.4% 0.3% 

Glycolaldehyde  <0.1% <0.1% 

Formaldehyde  0.2% 0.2% 

Total yield 72.4% 67.8% 

Reactant conversion  91.7% 80.1% 
a 200 mg of reactant, 0.3 mmol of HPM catalyst and 20 mL of H2O were stirred (1000 rpm) in a 
Teflon-lined stainless autoclave (75 mL) at 180 ℃ for 1 h under 0.6 M Pa O2. Yields are calculated 
on a carbon basis and given as mean values.  

 

3.3.7 The reusability of HPM catalyst in cellulose conversion 

We also investigated the reusability of HPM catalyst in cellulose conversion. After each 

reaction cycle, the liquid phase including the products and the catalyst was first 

separated from the unreacted cellulose by filtration. The water was then removed by 

low-temperature rotary evaporation. Methanol was added to react with the glycolic acid 

and other acids to form methyl esters, which could be easily collected by vacuum 
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distillation. The residual solid material was then hydrothermally treated with oxygen to 

decompose the remaining trace amounts of sugars, e.g., glucose and fructose, 

completely to obtain a clean HPM catalyst for the next reaction run. The last step is 

solely for getting accurate yield of the next reaction run, but unnecessary in practical 

applications. As indicated in Figure 3-4, our HPM catalyst exhibited constant catalytic 

performance during nine reaction runs with a stable yield of ~ 50% glycolic acid. X-ray 

photoelectron spectroscopy (XPS) showed that the oxidation state of Mo in HPM catalyst 

was unchanged after successive reactions (Figure 3-5). The easy recovery and good 

reusability suggest that HPA catalysts are better candidates for practical applications 

compared with volatile and corrosive liquid acids. 

 

Figure 3-4. Glycolic acid yields in sequential cellulose conversion reactions using the 

HPM catalyst. 
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Figure 3-5. Molybdenum (3d) XPS spectra of the fresh (a) and used (b) HPM catalyst. For 

both cases, the 3d3/2 and 3d5/2 peaks are centered at 235.6 eV and 232.4 eV, 

respectively, indicating the oxidation state of +6. 
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3.4 Conclusion 

In summary, Mo-containing HPAs are effective catalysts for the conversion of various 

cellulosic biomass materials. Their strong Brönsted acidity facilitates the hydrolysis of 

cellulose while the moderate oxidative activity allows selective oxidation of the aldehyde 

groups in the fragmentation products. Among a large number of parallel competing 

reactions, successive retro-aldol reactions dominate the fragmentation of 

monosaccharides generated from cellulose hydrolysis, resulting in high selectivity of 

glycolic acid. Given that the reactions are conducted in water with little restriction on 

the type of starting material, our findings provide a new cost-effective and eco-benign 

route for biomass conversion in which HPAs, which combine the merits of homogeneous 

and heterogeneous catalysts, play a crucial role. 
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Chapter 4 Catalytic oxidative conversion of cellulosic biomass to formic 

acid and acetic acid with exceptionally high yields 

4.1 Background 

4.1.1 Introduction 

The use of biomass to produce biofuels, such as bio-diesel, ethanol, and hydrogen (H2), 

which are sustainable alternatives to fossil fuels with reduced carbon dioxide (CO2) 

emission, has been extensively explored. Of equal importance is the conversion of 

biomass to various fine chemicals, because currently their production is also based on 

the depleting fossil raw materials. However, biomass conversion is usually a very 

complex process with many parallel reactions involved, resulting in low yields to the 

designated products. Consequently, very few processes for directly converting biomass 

raw materials into value-added chemicals have been practically successful.    

Formic acid (FA) and acetic acid (AA) are both important commodity chemicals in high 

demand in the chemical, pharmaceutical and agricultural industries. Particularly, as new 

processes were developed to store/generate H2 using FA as a carrier,95-107 FA has 

attracted substantial research interest in recent years in the context of the future 

hydrogen economy. The current production of FA and AA is mainly based on fossil 

materials through carbonylation of methanol.108,109 Developing alternative routes to 

directly produce them from biomass is desirable from both economic and ecological 

perspectives. To avoid conflict with food supply as well as to be cost-effective, widely 

available crude cellulosic biomass materials, such as bagasse and hay, are preferred 
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substrates for the conversion. Non-catalytic conversions of biomass into FA and AA by 

hydrothermal treatment in subcritical water with H2O2 as an oxidant have been 

reported, but high yields could only be achieved when water soluble substrates, e.g. 

glucose, was used.110-112 More efficient processes that allow the conversion of crude 

biomass to FA and AA under milder conditions remain to be developed. FA is often 

detected as a byproduct with a low yield in various catalytic biomass conversion 

systems, which aim to produce other compounds, such as levulinic acid,76,113,114 

sorbital,32,36 ethylene glycol,35 5-hydroxymethylfurfuran (5-HMF),22 lactic acid,78 glycolic 

acid,115 and gluconic acid.116 For example, the rehydration of 5-HMF, which is a 

dehydrated intermediate from hexoses, generates levulinic acid along with FA. Recently, 

selective conversion of cellulose and biomass-derived carbohydrates to FA by catalytic 

oxidation has been investigated by different research groups. Wasserscheid et al. 

reported that a Keggin-type heteropoly acid H5PV2Mo10O40 catalyst can effectively 

convert water soluble mono- and disaccharides to FA with yields of ~50%.117 They later 

optimized the reactions by use of additives, reaching 53% and 22% yields of FA from 

water-insoluble xylan and cellulose respectively.104 Fu et al. independently reported the 

use of H5PV2Mo10O40 as a selective oxidation catalyst for biomass conversion. In their 

system, the highest yield of FA was 35% when cellulose was used as the substrate.107 By 

comparison, catalytic conversion of biomass to AA has rarely been reported because of 

the low selectivity. Although the production of AA from biomass can in principle be 

realized through selective oxidation of bio-ethanol, a one-step direct conversion process 

with a fair yield would be more attractive.     
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We recently reported the direct conversion of cellulose to glycolic acid with remarkably 

high yields (~ 50%) using molecular oxygen in a water medium, in which a 

phosphomolybdic acid (H3PMo12O40) acts as a bi-functional catalyst to catalyze both the 

hydrolysis of cellulose and the subsequent oxidation reactions.115 We have 

demonstrated that many heteropoly acids (HPAs) can effectively convert cellulose under 

oxidative conditions due to their strong Brönsted acidity, while the reaction pathway is 

largely determined by the type of addenda atom in the HPA catalyst. Here, we report 

selective oxidation of cellulose to FA and AA catalyzed by vanadium-substituted 

phosphomolybdic acids (H3+nPVnMo12-nO40) under mild reaction conditions in water 

using molecular oxygen (O2) as an oxidant. Our work is different from the above-

mentioned studies 104,107 of biomass conversion by H5PV2Mo10O40 in three respects: (i) 

we found that the concentration of vanadium (V) has an important influence on the 

selectivity, i.e., H4PVMo11O40 could yield much more FA than H5PV2Mo10O40; (ii) under 

optimized reaction conditions, a FA yield of 67.8% was obtained from cellulose, which is 

almost double the results achieved in previous studies; (iii) in addition to FA, a 

remarkable quantity of AA was produced simultaneously, giving a total yield as high as 

81.2 % (FA: 66.0% and AA: 15.2%). These results demonstrate that the incorporation of 

vanadium in a phosphomolybdic acid catalyst can significantly change the reaction 

pathway by its special ability to cleave C-C bonds of vicinal diols to carboxylic acids.118,119 

More importantly, H4PVMo11O40 is also capable of converting crude cellulosic materials, 

such as bagasse and hay, to FA and AA with remarkable yields.   
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4.1.2 Oxidation of biomass to formic acid (FA)  

FA and AA are both important commodity chemicals in high demand in the chemical, 

pharmaceutical and agricultural industries.108,109 Particularly, as new processes for H2 

storage/generation were developed, FA has attracted substantial research interest in 

recent years for its potential to be used as an energy carrier by chemical storage of 

hydrogen.95-103,105,106,120,121 In 2006, Switzerland researchers first reported the use of 

formic acid for hydrogen storage. Formic acid has high hydrogen storage capacity, 

containing 53 g L−1 hydrogen at room temperature and atmospheric pressure, which is 

three and a half times as much as compressed hydrogen gas at 350 bar pressure (14.7 g 

L−1). By weight, pure formic acid stores 4.3 % hydrogen. Currently, their production is 

mainly based on fossil raw materials through carbonylation of methanol. For the 

production of FA, methanol reacts with CO to form methyl formate, and hydrolysis of 

methyl formate produces formic acid. The production of AA is by methanol 

carbonylation, which actually involves iodomethane as an intermediate, and occurs in 

three steps. Metal carbonyl is needed as a catalyst for the carbonylation. Note that 

these two processes both rely on the fossil based raw materials. Producing these 

compounds directly from biomass is desirable from both economic and ecological 

perspectives.   

Direct production of FA and AA from biomass through selective oxidation has been 

attempted. As mentioned earlier, biomass conversion usually gives low selectivity, 

especially via oxidative processes.  In a paper published in 1984, the authors used Iron 
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catalyst to convert some model carbohydrate compounds with O2 at high reaction 

temperature.122 In this way, they could get certain amount of FA, but the yields are not 

high, especially when cellulose was used as the reactant (21%). In a paper published in 

green chemistry in 2008, glucose was converted to FA with an excellent yield of 75%.111 

However, this is non-catalytic process. It needs rigorous reaction conditions, for 

example using hydrogen peroxide as oxidant, alkali as additive, and high reaction 

temperature of 250 °C. Moreover, only small carbohydrates like glucose were tested, 

while more difficult cellulose conversion was not investigated. Recently, two research 

groups independently reported the use of HPMoV2 catalyst for producing FA from 

biomass with molecular O2. For example, Wasserscheid’s group reported a 53% formic 

acid yield from xylan substrate using HPMoV2 catalyst. But they could not convert the 

more stable biomass (e.g. cellulose) under their conditions, even by using p-

toluenesulfonic acid as a reaction promoter.104 The same catalyst was used by Fu et al. 

to convert biomass to formic acid with molecular oxygen.107 In this case, the authors 

reported ~60 % formic acid yield from glucose. However, similar to the last case, when 

cellulose was used as the reactant, much lower FA yield could be obtained. 

4.1.3 Oxidation of biomass to acetic acid (AA) 

In comparison with FA, the production of AA from cellulosic biomass is less studied due 

to the even lower selectivity. In literature, both non-catalytic and catalytic processes 

have been used, but only about 15% yield of AA could be achieved if cellulose was used 

as the starting material. For example, Jin’s group obtained 16.3% AA from cellulose by 
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using subcritical water media and H2O2 as oxidant in a two-step process.110 In a paper 

published in Angew Chem, it was reported that ethanol can be selectively oxidized to AA 

over a heterogeneous Au catalyst with a yield as high as 83%.123 Although ethanol can 

now be produced in large quantity from biomass, direct biomass conversion to AA with 

a reasonable yield is still challenging.  

Building a green, clean, and highly effective process through the utilization of the 

renewable biomass to produce formic acid and acetic acid will reduce the dependency 

on limited fossil fuels. Meanwhile, the concept from biomass to energy requires that 

these biomass substrates should avoid competition with human food. So the 

development of processes from non-food and widespread nature biomass, such as 

cellulose, bagasse and hay which are abundant and sustainable, shows more practical 

values in catalytic transformation of biomass. 

 

4.2 Experimental section 

4.2.1 The chemicals 

The chemicals and catalysts used in these reactions were listed in Table 2.1. 

4.2.2 Preparation of catalyst 

In order to keep the results comparable and stable without influence from different 

batches in synthesizing heteropoly acids, pure commercial heteropoly acids were used 

in this project (in Table 2.1). Vanadium substituted heteropoly acids as catalysts were 

synthesized according to the literature.124 
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4.2.3 Evaluation and calculation of the catalysts performance 

The catalytic reactions of cellulose were carried out in a Teflon-lined stainless autoclave 

(gross capacity 75 mL) at 453 K for 3 hours under 0.4 MPa – 2 MPa O2 with stirring rate 

of 600 rpm. Typically, the reaction mixture comprised 20 mL of H2O, 0.2 g of α-cellulose 

powder (containing 1.23 mmol glucose units), and 0.1 mmol of HPA catalyst. In the 

reactions withother substrates, a fixedamount (200 mg) of reactant was used. Most of 

the reactions, the reaction condition is enough to make substrates converted 

completely. For the incomplete substrates after the reaction, the solution was 

centrifuged to remove the left substrate. The supernatant liquid was analysed by HPLC 

(Agilent, 1260 Infinity Quaternary System) equipped with refractive index (RI) and 

ultraviolet (UV) detectors, and a Waters Shodex SUGAR SH-1011 column (8×300 mm) 

with 0.05 M H2SO4 aqueous solution as the mobile phase at 313 K. And GC equipment 

(Agilent) with FID detector assists to identify and calculate the products. Quantification 

of products was carried out by HPLC and GC together using an external standard 

method. Calibration was done by analysing a series of standards covering the 

concentration range of interest. The peak for each component was integrated and the 

peak area was plotted against concentration to give a calibration curve. The 

concentrations of the major products were determined from the calibration curves and 

used for calculating the yields with carbon balance.  
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4.3 Results and discussion 

4.3.1 The oxidation of cellulose using different HPA catalysts. 

Previous studies have demonstrated that V atoms in the HPA catalyst account for the 

selective oxidative cleavage of C-C bonds in the conversion of carbohydrates to FA. 

However, it remains unknown how the V concentration in the catalyst influence the 

reaction selectivity, because only one catalyst (i.e. H5PV2Mo10O40) has thus far been 

investigated. To provide more insight into this, we prepared three 

phosphovanadomolybdic acids with different contents of vanadium, namely 

H4PVMo11O40, H5PV2Mo10O40 and H6PMo9V3O40, and evaluated their catalytic 

performance for the conversion of cellulose. For comparison purpose, we also prepared 

another three kegging-type HPA catalysts including two V-free HPAs (H3PW12O40 and 

H3PMo12O40) and one phosphovanadotungstic acid (H5PV2W12O40). Although relatively 

low temperatures (~ 373 K) were used to convert soluble carbohydrates,104,107 a higher 

reaction temperature (> 423 K) is essential to an effective conversion of water-insoluble 

biomass (e.g. cellulose) with HPAs. 14,107,115 Initially, we tested the six HPA catalysts for 

the conversion of cellulose in water at 453 K under an oxygen atmosphere of 2 Mpa. In 

each reaction, 0.2 g of α-cellulose powder containing 1.23 mmol glucose units was used 

as the substrate and the catalyst load was 0.1 mmol. The yields of FA and AA for each 

catalyst are shown in Figure 4-1. As cellulose was fully converted by these selected HPA 

catalysts, the yields of FA and AA are equal to their selectivities. Our recent studies 

indicated that under similar aqueous phase aerobic oxidation conditions, H3PW12O40 can 

efficiently catalyze the hydrolysis of cellulose to glucose but is nearly inactive for the 
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catalytic oxidation of monosaccharide,14,53 while H3PMo12O40 selectively converts 

cellulose to glycolic acid with FA as a secondary product.115 These results were well 

reproduced in this study, i.e., H3PW12O40 and H3PMo12O40 gave low yields (< 10%) for FA 

and AA (Figure 4-1). In contrast, the four V-substituted HPAs all showed remarkable 

yields of FA (> 35%) along with small amounts of AA (~ 5%), indicating the important role 

of V on the selectivity in oxidative conversion of cellulose.28,31 We noted that in these 

reactions, FA and AA were the major products in the liquid phase and CO2 was the sole 

product detected in the gas phase. 107,119 Among the four V-substituted HPAs, HPWV2 

gave the lowest FA yield (35%) and the highest CO2 yield (62%) as compared to the 

phosphovanadomolybdates (Figure 4-1), possibly because its stronger acidity promoted 

the over-oxidation of the produced FA to CO2. Further investigation was therefore 

focused on phosphovanadomolybdic catalysts. 
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Figure 4-1. Yields of FA and AA derived from oxidation ofcellulose using different HPA 
catalysts. Reaction conditions: α-Cellulose powder (0.2 g) containing 1.23 mmol glucose 
units, 0.1 mmol of HPA catalysts, and 20 mL of H2O was stirred (600 rpm) in a Teflon-
lined stainless autoclave (75 mL) at 453 K for 3 h under 2 MPa O2. Yields are calculated 
on a carbon balance. Main gas-phase product is CO2. The same 0.2 mmol of V amount in 
the reactions: a, 0.2 mmol of HPMoV1; b, 0.1 mmol of HPMoV2; c, 0.066 mmol of 
HPMoV3. 
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It was interesting to observe that the selectivity of FA increased with decreasing 

vanadium contents in the phosphovanadomolybdic catalysts. The FA yields given by the 

three catalysts follow the order: H4PVMo11O40 (60.9%) > H5PV2Mo10O40 (44.9%) > 

H6PV3Mo9O40 (42.0%). One may wonder whether these results are associated with the 

different intrinsic activities of the three catalysts or simply due to the different absolute 

amounts of V in the three reaction systems. To address this question, we adjusted the 

catalyst loadings to ensure that the absolute amounts of V were identical in the three 

reaction systems. Specifically, we carried out two more reactions using 0.2 mmol of 

H4PVMo11O40 and 0.066 mmol of H6PV3Mo9O40, respectively, with other conditions 

unchanged, to compare with the case using 0.1 mmol of H5PV2Mo10O40 (Figure 4-1). The 

results showed that with the absolute V amounts normalized (0.2 mmol), H4PVMo11O40 

was still superior to the other two catalysts in terms of FA selectivity. This confirms that 

mono-V-substituted phosphomolybdic acid intrinsically has a higher selectivity towards 

FA and a lower tendency to produce CO2 than do its multi-substituted counterparts. We 

propose that in comparison with the single V atom in H4PVMo11O40, the V atoms in 

H3+nPVnMo12-nO40 (n = 2, 3) molecules may have a synergetic effect to cause over-

oxidation, as implied by their higher yields of CO2. Notably, the FA yield from cellulose 

that we achieved with H5PV2Mo10O40 is comparable with those reported in the literature 

using the same catalyst and similar reaction conditions,107 whereas our new finding is 

that H4PVMo11O40 performs even better for this reaction than does H5PV2Mo10O40.  

Besides, we detected the presence of AA as a minor product in our experiments, which 

was not observed in previous similar reaction systems.  
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4.3.2 The effect of temperature to oxidation of cellulose  
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Figure 4-2. The catalytic performance of HPMoV1 catalyst for the oxidation ofcellulose at 
different temperature. Reaction conditions: α-Cellulose powder (0.2 g) containing 1.23 
mmol glucose units, 0.1 mmol of HPMoV1 catalyst, and 20 mL of H2O was stirred (600 
rpm) in a Teflon-lined stainless autoclave (75 mL) at different temperature for 3 h under 
2 MPa O2. Yields are calculated on a carbon balance. Main gas-phase product is CO2. 
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To optimize the reaction conditions for the H4PVMo11O40 catalyst, we first investigated 

the effect of reaction temperature on the conversion of cellulose, and the yields of FA 

and AA. Experiments were carried out at 373 K, 393 K, 413 K, 433 K, 453 K and 473 K, 

under 2 MPa O2 for 3 h. As shown in Figure 4-2, cellulose could be completely converted 

only when the reaction temperature was higher than 433 K. This is consistent with 

earlier studies,14,115 which demonstrated that complete conversion of highly stable and 

water insoluble cellulose required a high reaction temperature combined with a strong 

acid to facilitate its hydrolysis and fragmentation. Both the yields of FA and AA increased 

with the reaction temperature and the maximum values (60.9% for FA and 4.7% for AA) 

were obtained at 453 K. As the FA starts to decrease at temperatures above 453 K, 453 

K would be the optimal temperature for the conversion of cellulose to FA and AA.  

4.3.3 The effect of oxygen pressure to the cellulose conversion using HPMoV1 catalyst 

When glucose was used as substrate to produce FA with molecular oxygen at low 

temperatures (< 373 K), higher oxygen pressures (> 2 Mpa) were beneficial to the 

reaction that significantly enhanced the glucose conversion rate. 107 However, such high 

oxygen pressures are not necessary in our system because of the high reaction 

temperature. As revealed in Table 4-1, cellulose could be completely converted in 3 h at 

453 K under moderate oxygen pressures (>0.5 MPa). More significantly, we found that 

with decreasing the oxygen pressure, the FA yield gradually increased from 60.9% at 2 

MPa to 67.8% at 0.6 MPa. The yield of AA followed the same trend and the maximum 

(15.2%) was obtained at oxygen pressure of 0.5 MPa, leading to a total yield of FA and 
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AA as high as 81.2% (Table 4-1). To the best of our knowledge, direct conversion of 

cellulose with such high efficiency and selectivity has rarely been reported before. 

Further decreasing oxygen pressure resulted in incomplete conversion of cellulose and 

consequently decreased the yields of FA and AA. The optimal oxygen pressure is 

therefore determined to be 0.5–0.6 MPa. The effect of substrate-to-catalyst ratio on the 

FA and AA yields was also investigated (Table 4-1). These results suggest that the 

deficiency of oxygen to the substrate helps to suppress over-oxidation to a certain 

extent, and thus favor the production of AA. 

Table 4-1. Yields of FA and AA derived from cellulosic biomass using HPMoV1 catalyst 
under different O2 supply a 

Substrates 

amount (g) 

O2 supply 

(MPa) 
Conversion (%) 

Total 

yield (%) 
FA yield (%) AA yield (%) 

Cellulose 0.2 g 2.0 100 65.6 60.9 4.7 

Cellulose 0.2 g 1.5 100 69.6 64.8 4.8 

Cellulose 0.2 g 1.0 100 73.2 65.4 7.8 

Cellulose 0.2 g 0.6 100 80.1 67.8 12.3 

Cellulose 0.2 g 0.5 100 81.2 66.0 15.2 

Cellulose 0.2 g 0.4 Not complete / 
n.d. 

75.9 61.1 14.8 

a Reaction conditions: 0.1 mmol of HPMoV1 catalyst, and 20 mL of H2O was stirred (600 rpm) 
in a Teflon-lined stainless autoclave (75 mL) at 180 °C for 3 h under different pressure of O2. 
Yields are calculated on a carbon balance, and the containing of carbon in the substrates 
determined via C elemental analysis. Main gas-phase product is CO2. 
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4.3.4 The effect of substrate amount to the cellulose conversion using HPMoV1 

catalyst 

When the mass of cellulose powder was increased from 0.2 g to 0.5 g for the conversion 

under 2 MPa oxygen at 435 K, the substrate could still be completely converted in 3 h 

with the total yields of FA and AA nearly unchanged (∼65%). However, the proportion of 

AA in the product was markedly increased from 4.7% to 12.6% along with a decrease of 

the FA yield from 60.9% to 51.7%. Increasing the mass of cellulose substrate to 1 g 

resulted in incomplete conversion, whereas the yield of AA was further increased to 

16.0% (Table 4-2).These results suggest that the deficiency of catalyst relative to the 

substrate helps to suppress over-oxidation to a certain extent, and thus favor the 

production of AA. 

Table 4-2. Yields of FA and AA derived from cellulosic biomass using HPMoV1 catalyst 
under different amount of substrate a 

Substrates 

amount (g) 

O2 supply 

(MPa) 
Conversion (%) 

Total 

yield (%) 
FA yield (%) AA yield (%) 

Cellulose 0.2 g 2.0 100 65.6 60.9 4.7 

Cellulose 0.5 g 2.0 100 64.3 51.7 12.6 

Cellulose 1.0 g 2.0 Not complete / 
n.d. 

50.8 34.8 16.0 

a Reaction conditions: 0.1 mmol of HPMoV1 catalyst, and 20 mL of H2O was stirred (600 rpm) 
in a Teflon-lined stainless autoclave (75 mL) at 180 °C for 3 h under different pressure of O2. 
Yields are calculated on a carbon balance, and the containing of carbon in the substrates 
determined via C elemental analysis. Main gas-phase product is CO2. 
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4.3.5 The reusability of HPMoV1 catalyst 

We also evaluated the reusability of H4PVMo11O40 catalyst for cellulose conversion. 

Despite being a homogeneous catalyst, H4PVMo11O40 can be recovered in solid form 

after reactions by distilling the products and solvent out, which is a noteworthy 

advantage over common volatile liquid acids. After each reaction cycle, the water and 

products were removed by rotary evaporation at 363 K. The remaining solid material 

was re-dissolved in water. The resulting solution contains only H4PVMo11O40 without 

residual FA or AA, as determined by HPLC, which was then added with new cellulose 

substrate for the next reaction run. As indicated in Figure 4-3, the H4PVMo11O40 catalyst 

exhibited constant catalytic performance during four successive reaction runs with 

steady yields of ~ 65% for FA and ~ 15 % for AA.   
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Figure 4-3. Results of HPMoV1 catalyst reuses in sequential cellulose conversion 
reactions using the Reaction conditions: α-Cellulose powder (0.2 g) containing 1.23 
mmol glucose units, 0.1 mmol of HPMoV1 catalyst, and 20 mL of H2O was stirred (600 
rpm) in a Teflon-lined stainless autoclave (75 mL) at 180 °C for 3 h under 0.5 MPa of O2. 
Yields are calculated on a carbon balance. Main gas-phase product is CO2. 

 

4.3.6 The investigation of the mechanism 

The exact mechanism of selective oxidation of cellulose to FA and AA over vanadium-

substituted phosphomolybdic acids remains unclear. We propose that cellulose was 
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firstly hydrolyzed in the strongly acidic solution to produce glucose that was 

subsequently converted to FA and AA by selective oxidation. An electron transfer and 

oxygen transfer (ET-OT) reaction mechanism was widely accepted for explaining the 

oxidative C-C bond cleavage of primary alcohol and vicinal diols catalyzed by 

H5PV2W12O40. However, in previous studies that used H5PV2W12O40 to convert glucose to 

FA, it was suggested that the intermediates of this conversion be aldehyde group-

containing compounds107 and that there are more than one mechanisms involved in 

their oxidative degradation.117 To investigate the application scope of H4PVMo11O40 as 

well as to attempt to understand the conversion mechanism, we tested different 

substrates including sugars, polyols, and possible reaction intermediates for the 

conversion under the above-described typical reaction conditions (see Table 4-3). From 

the data shown in Table 4-3, we can see the followings. First, when FA was used as the 

substrate, no obvious decomposition of FA was observed after 3 h and accordingly little 

CO2 was detected in the gas phase. This result reveals that FA is stable in this catalytic 

reaction system, and thus that the CO2 produced in cellulose oxidation is not from the 

degradation of FA. This conclusion is supported by the observation that varying the 

catalyst amount for cellulose conversion did not much change the selectivity of FA and 

CO2 (Figure 4-1). Second, when methanol and formaldehyde were used as the 

substrates, slower conversion with lower FA yields were observed, as compared with the 

cases of cellulose, glucose and many other substrates (Table 4-3). This result excludes 

methanol or formaldehyde to be the intermediates during the production of FA in this 

system. Third, all the tested substrates containing either aldehyde groups or a pinacol 
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structure could be completely converted; the FA yields were substrated dependent, 

ranging from 33.1% for xylose to 84.3% for glyoxal. The only exception is ethylene glycol, 

which gave a slower conversion (88.1% in 3 h) but also a rather high FA yield of 63.3%. 

These observations are essentially consistent with the conclusions drawn in previous 

studies on the oxidative conversion of glucose to FA using H5PV2W12O40 at lower 

temperatures, whereas the FA yields achieved in our system are much higher.  

Table 4-3. Different substrates as starting substrates catalyzed by HPMoV1 catalyst  

Substrates amount (g) Chemical Formula Conversion (%) Formic acid yield (%) 

Glucuronic acid a 
 

100 34.6 

Sorbitol  
 

100 43.7 

Glucose  O

OH

OH

OH

OH

HO

 
100 54.5 

Fructose  OH

OH

OH

OH

HO

O

 
100 54.6 

Xylose  O

OH

OH

OH

OH

 
100 33.1 

Erythrose  O

OH

OH

OH

 
100 38.0 

Glyceraldehyde a 
OH

HO O 100 52.0 

Glycolaldehyde a OH
O

 100 70.8 

Ethylene glycol  HO
OH  88.1 63.3 

Glycolic acid a HO

O

OH 
100 73.9 

Glyoxal a 
O

O 100 84.3 

O

OH

OH

OH

OH

O

HO

OH

OH

OH

OH

OH

HO
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Glyoxylic acid a O

O

OH 100 39.1 

Methanol  OH  5.8 0.3 

Formaldehyde  O  43.9 36.8 

Formic acid OHO  15.8 - 

Formic acid b OHO  9.8 - 

Acetic acid  
O

OH  5.7 - 

Acetic acid b 
O

OH  4.9 - 

Reaction conditions: 0.2 g substrate, 0.1 mmol of HPMoV1 catalyst and 20 mL of H2O was stirred 
(600 rpm) in a Teflon-lined stainless autoclave (75 mL) at 180 °C for 3 h under 2 MPa O2. a 150 °C 
; b 0.5 MPa O2 
 

4.3.6 The catalytic performance in the conversion of crude cellulosic biomass materials 

using HPMoV1 catalyst 

Table 4-4. Yields of FA and AA derived from crude cellulosic biomass using HPMoV1 
catalyst under different O2 supply a 

Substrates 

amount (g) 

O2 supply 

(MPa) 
Conversion (%) 

Total 

yield (%) 
FA yield (%) AA yield (%) 

Bagasse 0.2 g 2.0 100 74.3 57.0 17.3 

Bagasse 0.2 g 0.6 100 81.3 61.0 20.3 

Bagasse 0.2 g 0.5 Not complete / 
n.d. 

77.5 56.7 20.8 

Hay 0.2 g 2.0 100 68.8 54.5 14.3 

Hay 0.2 g 0.6 Not complete / 
n.d. 

69.0 52.3 16.7 

Hay 0.2 g 0.5 Not complete / 
n.d. 

64.1 50.4 13.7 

a Reaction conditions: 0.1 mmol of HPMoV1 catalyst, and 20 mL of H2O was stirred (600 rpm) in a 
Teflon-lined stainless autoclave (75 mL) at 180 °C for 3 h under different pressure of O2. Yields 
are calculated on a carbon balance, and the containing of carbon in the substrates determined 
via C elemental analysis. Main gas-phase product is CO2. 
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H4PVMo11O40 can also catalyze the conversion of crude cellulosic biomass materials. For 

example, we used dried but otherwise untreated bagasse and hay as the substrates for 

the reaction and found that they were both converted to FA and AA with high selectivity 

(see Table 4-4). Under optimized reaction conditions, remarkable FA yield 61.0 % and AA 

yield of 20.3 % were obtained from bagasse; for hay, the highest yields of FA and AA 

were 52.3 % and 16.7 %, respectively (Table 4-4). These results suggest the general 

applicability of H4PVMo11O40 for directly converting various types of raw cellulosic 

biomass to FA and AA and the great potential of this oxidative conversion process for 

commercial applications.  

 

4.4 Conclusion 

Following our earlier work on the conversion of cellulosic biomass to chemicals by HPA 

catalysts, we further demonstrated in this study that the type of metal addenda atom in 

the HPA catalyst plays an essential role in determining the reaction pathway and thus 

the product selectivity. A series of vanadium-substituted phosphomolybdic acids were 

tested for converting cellulose with molecular oxygen in water media, and they all 

exhibited specific selectivity to FA and AA. Among all the tested catalysts, H4PVMo11O40 

has proved to be the most efficient for this reaction, giving the highest FA yield of 67.8% 

and total yield of 81.2% under optimized conditions. This catalyst is also capable of 

converting raw cellulosic materials, such as bagasse and hay, to FA and AA with 

remarkable yields of ∼60% and ~20%, respectively. The high conversion efficiency along 
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with the simple product compositions allows easy separation and recovery of the 

catalyst. Our findings thus provide a new cost-effective and eco-benign route to biomass 

conversion to important commodity chemicals.  
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Chapter 5 Selective oxidation of glycerol with molecular oxygen to formic 
acid for hydrogen storage over highly active V-substituted heteropoly 

acids under mild conditions 

5.1 Background 

5.1.1 Introduction 

In the context of the future hydrogen economy, effective production of H2 from readily 

available and sustainable resources is of crucial importance.125,126 Currently, H2 is mainly 

produced from nonrenewable natural gases, petroleum and coal through the reforming 

process, while technologies for producing H2 from water by solar energy are not yet 

mature.127 Therefore, the strategy of generating H2 from biomass resource that is both 

abundant and sustainable has attracted substantial research efforts in the last decade, 

and various technologies have been developed including fermentation,128 enzymatic 

conversion,129,130 gasification,131 and steam/aqueous reforming.132,133 However, high-

yield low-cost production of H2 from biomass remains a challenge. As a traditional 

commodity chemical in high demand in chemical, pharmaceutical and agricultural 

industries, formic acid (FA) has recently received particular attention because it was 

demonstrated to be an efficient storage medium for H2.96,134,135 With the development 

of new processes that allow selective decomposition of FA into H2 and CO2,95,103,105,136-141 

FA can also be contemplated as a precursor for hydrogen production, which is 

economically and ecologically meaningful only when FA can be produced from 

renewable feedstock with low cost processes.  
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The significantly increased global demand for biodiesel results in the large surplus of 

glycerol, the main byproduct in manufacturing biodiesel fuels by the triglyceride 

transesterification process. (Scheme 1) As a consequence, the price of glycerol has 

remarkably dropped in the last 10 years and it will certainly further fall along with the 

increase of biodiesel production. This makes glycerol a promising feedstock to be 

converted to various high-valued products.23,142,143 On the other hand, the use of 

glycerol to produce H2 would fully integrates biodiesel in the renewable fuel concept, 

considering that in addition to itself, the H2 obtained from its by-product is clean fuel. 

132,144-147. Hydrogen generation from glycerol has been investigated, mainly by means of 

aqueous phase reforming (APR) processes.148-150 A major challenge for APR of glycerol is 

to achieve a high selectivity to H2. Due to a series of parallel reactions, the products 

always contain small amounts of CO and light alkanes (e.g. methane and ethane) in the 

gas phase as well as glycerol derivatives such as C1-C3 alcohols and acids in the liquid 

phase. Another issue is that APR process can only be applied to very diluted (~ 1%) 

aqueous solution.132,145 Gas phase reforming of glycerol has been less investigated, 

which requires high reaction temperature (> 773 K) and suffers from low yields to H2 as 

well as the coke formation that causes the deactivation of the catalyst.144,147 Processes 

that enable selective reforming of concentrated glycerol solution at low temperatures 

remain to be developed.    
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Scheme 5-1. A new efficient pathway from renewable resources to formic acid, as H2 

storage material, through glycerol oxidation process 

Herein, we report that glycerol can be selectively oxidized to FA in aqueous solution 

with molecular oxygen by using vanadium-substituted phosphomolybdic acids as 

catalysts. Given that many efficient catalytic systems have been developed for 

dehydrogenating FA to generate H2, the selective conversion of glycerol to FA offers an 

alternative route to the direct extraction of H2 from glycerol. In comparison with 

conventional APR processes, this catalytic system requires a lower temperature (423 K) 

and gives higher selectivity; more importantly, it can work with highly concentrated 

glycerol solution (up to 75%) to give rise to much higher conversion efficiency, i.e. 

higher potential H2 yields per unit volume of reactor. The liquid product FA also holds 

advantages over H2 for the ease of storage and transportation, and its readiness to 

release H2 when needed.   
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In our recent studies, we have demonstrated that many heteropoly acids (HPAs) can 

effectively convert biomass substrates under oxidative conditions due to their strong 

Brönsted acidity, while the reaction pathway is largely determined by the type of 

addenda atom in the HPA catalyst.115,116,151 For example, we reported the direct 

conversion of cellulose to glycolic acid with high yields (~ 50%) using molecular oxygen 

in a water medium, in which a phosphomolybdic acid (H3PMo12O40) acts as a bi-

functional catalyst to catalyze both the hydrolysis of cellulose and the subsequent 

oxidation reactions. Further study indicated that the product selectivity of this system 

changed from glycolic acid to formic acid if some molybdenum (Mo) atoms in 

H3PMo12O40 catalyst were substituted by vanadium (V).151 Similar results were also 

reported by other research groups,104,107,117 which were attributed to the ability of V 

atoms in HPA for selective oxidative cleavage of C-C bonds.  Inspired by these precious 

works, we attempted to use vanadium-substituted phosphomolybdic acids 

(H3+nPVnMo12-nO40) as catalysts to convert glycerol through oxidation. The reactions 

were carried out at 423 K for 3 hours under 2 MPa – 4 MPa O2, using a Teflon-lined 

stainless autoclave reactor (75 mL) that contains 10 mL of glycerol aqueous solution 

with a designated concentration and 0.1 mmol of catalyst.     

5.1.2 Oxidation of glycerol 

The oxidation of glycerol could follow complex reaction pathways to produce various C3 

products combined with some C2 and C1 products, such as oxalic acid, glycolic acid and 

formic acid (Scheme 5-2.). Most of the studies focused on the selective formation of 



105 
 

dihydroxyacetone and glyceric acid. And recently, tartronic acid also attracted increasing 

interests. These new processes, compared to the traditional processes, trend to oxidize 

glycerol selectively under low atmosphere pressure at temperatures lower than 100 oC.  

OH
OH

HO

glycerol

OH

HO O

glyceraldehyde

dihydroxyacetone

OH

O

HO

OH

HO

O

OH

glyceric
 acid

OH

O

OH

O

HO

tartronic
 acid

O

O

OH

O

HO

mesoxalic
 acid

O

O

OHHO

hydroxypyruvic
 acid

HO
O

OH
glycolic

 acid

O

HO
O

OH

oxalic
 acid

 

Scheme 5-2. Oxidation of glycerol under complex reaction pathways to produce various 

C3 products. 

Hihydroxyacetone (DHA) can be used for cosmetic products to make skin tanning 

sunlessly. It can be produced industrially via biocatalytic processes. Different Pt catalysts 

were used for synthesizing DHA through oxidation of glycerol with oxygen under varied 

reaction conditions. The highest yield is around 50% obtained over Pt-Bi/C catalysts.152-

154 Pd-Ag/C catalyst recently also played good performance in oxidation of glycerol to 

DHA.155  

Glyceric acid used as an emulsifying agent can be obtained from oxidation of glycerol on 

palladium, platinum and gold catalysts under oxygen atmosphere. Basic and basic-free 

conditions were investigated together since the product was glycerate, which required 

subsequent treatment to obtain glyceric acid. But high pH increases the reaction activity, 
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product selectivity and catalyst stability. During the last ten years, gold catalysts which 

had a better resistance to oxygen poisoning than Pt based catalysts were investigated 

extensively. It was reported that the maximum yield of glycerate was 92% over Au/C 

catalyst.156 

Tartronic acid can be used in the pharmaceutical application and as an anticorrosive 

agent. It can be obtained from the oxidation of glycerol, or the oxidation of glyceric acid 

and glycerate. Starting from glycerol, Au/TiO2 catalyst can convert glycerol at 100% to 

tartronate at 44% selectivity.157 When starting material was changed to glyceric acid or 

glycerate, the higher selectivity of tartronate can be observed. Under basic conditions 

(pH 10-11), 83% yield of tartronate at 85% conversion of calcium glycerate was obtained 

over Pt-Bi/C catalyst. Using the same catalyst under acidic condition (pH 3-4), 64% yield 

of β-hydroxypyruvic acid was produced at 80% conversion.158 93% selectivity of β-

hydroxypyruvic acid and 95% conversion of glyceric acid was achieved when stronger 

acidic condition was used over another Pt-Bi/C catalyst.159 

Other products also can be obtained from oxidation of glycerol and its oxidative derives, 

such as ketomalonic acid, glycolic acid and lactic acid. Oxidation of tartronic acid over 

Pt-Bi/C catalyst can produce ketomalonic acid, a chelating agent.158 Oxidation of glycerol 

to glycolic acid was carried out over supported Pd catalyst by using hydrogen 

peroxide.160 Lactic acid can be obtained through oxidation of glycerol over Au-Pt/TiO2 

catalyst in alkaline aqueous solutions and over AuPd/TiO2 catalyst under acidic 

conditions, respectively.161,162 
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5.2 Experimental section 

5.2.1 The chemicals 

The chemicals and catalysts used in these reactions were listed in Table 2.1. 

5.2.2 Preparation of catalyst 

In order to keep the results comparable and stable without influence from different 

batches in synthesizing heteropoly acids, pure commercial heteropoly acids were used 

in this project (in Table 2.1). Vanadium substituted heteropoly acids as catalysts were 

synthesized according to the literature.124 

5.2.3 Evaluation and calculation of the catalysts performance 

The catalytic reactions of glycerol were carried out in a Teflon-lined stainless autoclave 

(gross capacity 75 mL) at 423 K for 3 hours under 2 MPa – 4 MPa O2 with stirring rate of 

600 rpm. Typically, the reaction mixture comprised 10 mL of glycerol solution and 0.1 

mmol of HPA catalyst. After reaction, the liquid samples were analysed by HPLC (Agilent, 

1260 Infinity Quaternary System) equipped with refractive index (RI) and ultraviolet (UV) 

detectors, and a Waters Shodex SUGAR SH-1011 column (8×300 mm) with 0.005 M 

H2SO4 aqueous solution as the mobile phase at 313 K. Quantification of products was 

carried out by HPLC using an external standard method. Calibration was done by 

analysing a series of standards covering the concentration range of interest. The peak 

for each component was integrated and the peak area was plotted against 

concentration to give a calibration curve. The concentrations of the major products 

were determined from the calibration curves.  



108 
 

5.3 Results and discussion 

5.3.1 Selective oxidation of glycerol over HPMoV1 catalysts. 
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Figure 5-1. Selective oxidation of glycerol over HPMoV1 catalysts. Reaction conditions: 
10 g solution with different glycerol concentration (water media), 0.1 mmol of HPMoV1 
catalysts were stirred (600 rpm) in a Teflon-lined stainless autoclave (75 mL) at 423 K for 
3 h under O2 pressure kept at 2 MPa. 

 

We first used mono-V-substituted phosphomolybdic acid (H4PV1Mo11O40) as the catalyst 

to convert glycerol in aqueous solution of different concentrations ranging from 1 wt% 

to 90 wt%. Full conversion of glycerol was achieved for 1 wt% solution with three major 

products detected in the liquid phase including formic acid (selectivity: 51.2 %), acetic 
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acid (selectivity: 8.3 %), and formaldehyde (selectivity: 7.2 %), while the only product 

detected in the gas phase is CO2. For a 5 wt% glycerol solution, the conversion of 

glycerol was 98 % and the product selectivities were nearly unchanged. However, it is 

worth noting that the absolute yields of the products, which are defined as their weight 

percentages relative to the initial reaction mixture, are remarkably increased in this case 

due to the five times higher substrate concentration (Figure 5-1). Further increasing the 

concentration of glycerol substrate resulted in gradually decreased conversion, 

disappearance of formaldehyde in the products, and continuously increased absolute 

yields of formic acid (AA) and acetic acid (AA). As shown in Figure 5-1, the maximum 

absolute yields (29.2 wt% for FA and 17.7 wt% for AA) were obtained in the system that 

initially contained 50 wt% of glycerol. These values are exceptionally high, considering 

that conventional oxidative biomass conversion reactions are usually performed in 

diluted solution (< 5 wt%).163-165 With the initial glycerol concentration exceeding 50 

wt%, the conversion as well as the selectivity of FA dramatically decreased, giving rise to 

lower absolute yields of FA. When a 90 wt% glycerol solution was used for the reaction, 

for example, the conversion of glycerol was 25% and AA was the only detectable 

product in the liquid phase (Figure 5-1). These results suggest that higher water content 

in the reaction system favors the formation of FA. We note that glycerol has been 

converted through selective oxidation to various high-value chemicals, such as glyceric 

acid166, tartronic acid167,168, ketomalonic acid169, and dihydroxyacetone170,171, and that 

the use of HPAs to catalyze the dehydration of glycerol to acrolein172-174 or glycerol 

acetylation175 has also been reported. However, to the best of our knowledge, 
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conversion of glycerol to FA with such a high selectivity and efficiency has never been 

achieved prior to this study. Notably, the yield of acetic acid, another useful chemical 

with important applications, is also remarkable in this reaction. 

5.3.2 Effect of different vanadium content in the phosphovanadomolybdic catalyst to 

the products 

It was interesting to note that the conversion efficiency of glycerol to FA can be further 

enhanced by increasing vanadium content in the phosphovanadomolybdic catalyst. 

Under the identical reaction conditions, multi-V-substituted phosphomolybdic acid 

catalysts (H5PV2W12O40 and H6PV3Mo9O40) gave rise to more FA and less AA than their 

mono-substituted counterpart, and the highest absolute yield of FA (36.4 wt%) was 

achieved by H6PV3Mo9O40 (Table 5-1).   

Table 5-1. The performance of different V-substituted HPMo catalysts. 

Catalysts Substrates Substrates original 
[wt%] Conv. [%] Yield FA 

[%] 
Yield AA 

[%] 

HPMoV1
[a] glycerol 50 90.6 37.3 17.4 

HPMoV2
[a] glycerol 50 93.0 45.1 12.1 

HPMoV3
[a] glycerol 50 94.8 48.6 10.6 

HPMoV1
[b] glycerol 1 99.5 50.9 8.3 

HPMoV2
[b] glycerol 1 100 55.2 2.9 

HPMoV3
[b] glycerol 1 100 60.0 2.8 

HPMo[b] glycerol 1 - - - 
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Reaction conditions: Glycerol solution 10 g, 0.1 mmol of V-substituted HPMo catalyst was stirred 
(600 rpm) in a Teflon-lined stainless autoclave (75 mL), [a] at 423 K for 3 h under 4 MPa O2; 

[b] at 
423 K for 3 h under 2 MPa O2; The products were analysized by HPLC 

 
5.3.3 Discussion about machenism 

The oxidative C-C bond cleavage of primary alcohol and vicinal diols catalyzed by 

H5PV2W12O40 was believed to follow an electron transfer and oxygen transfer (ET-OT) 

reaction mechanism.119 Meanwhile, previous studies suggested that in the conversion of 

glucose to FA catalyzed by H5PV2W12O40, the intermediates are aldehyde group-

containing compounds and there are more than one mechanisms involved in the 

reaction.107,117 A recent study of using a AuPd/TiO2 catalyst for glycerol selective 

oxidation proposed that FA and AA were generated through the oxidative 

decomposition of lactic acid, which was the major product of that system.162 In our 

system, we found that lactic acid can indeed be converted to FA and AA with high 

selectivities (7.4 % and 38.2 %) (Table 5-2). On the other hand, when methanol and 

formaldehyde were used as the substrates, slower conversion with lower FA yields were 

observed, as compared with the cases of glycerol (Table 5-2). This result excludes 

methanol or formaldehyde to be the intermediates for the production of FA in this 

system. However, the exact reaction pathway of selective oxidation of glycerol to FA and 

AA over vanadium-substituted phosphomolybdic acids remains unclear, due to the 

complexity of this reaction.  
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Table 5-2. Conversion of different substrates. 

Catalysts Substrates Substrates 
original [wt%] Conv. [%] Yield FA 

[%] 
Yield AA 

[%] 

HPMoV1
[a] Lactic acid 1 100 7.4 38.2 

HPMoV1
[b] methanol 1 5.8 0.3 - 

HPMoV1
[b] formaldehyde 1 43.9 36.8 - 

HPMoV1
[a] formic acid 50 4.7 - - 

Reaction conditions: Glycerol solution 10 g, 0.1 mmol of V-substituted HPMo catalyst was stirred 
(600 rpm) in a Teflon-lined stainless autoclave (75 mL), [a] at 423 K for 3 h under 2 MPa O2; 

[b] at 
453 K for 3 h under 2 MPa O2. The products were analysized by HPLC 
 

Except the main products formic acid and acetic acid, formaldehyde is a by-product in 

our reaction. And in some reactions, trace glycolic acid can be found. Only a proposed 

possible pathway for this reaction can be given out. 
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Scheme 2. Proposed pathway of glycerol oxidation to formic acid. 
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5.3.4 The decomposition of formic acid 

We also investigated the stability of FA in this catalytic system, and found that only ~ 5% 

of FA was decomposed under the reaction conditions by using FA (50 wt% in water) as 

the substrate. (Figure 5-2) The decomposition of formic acid in blank reactions is only a 

little bit less than in the reaction loading HPMoV1 catalyst. This result reveals that FA is 

stable in this catalytic reaction system. Therefore, the CO2 produced in this reaction is 

not from the degradation of FA, as supported by the observation that varying the 

glycerol/catalyst ratio did not much change the selectivity of FA and CO2 (Figure 5-1). In 

addition, we can conclude from this result that the absence of FA in the products of high 

concentration (e.g. 90 wt%) glycerol conversion is not due to its decomposition but 

more likely associated with the low water content in the reaction system. 
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Figure 5-2. Experiments about decomposition of formic acid with different 

concentration. Reaction conditions: None of catalyst or 0.1 mmol HPMoV1 catalyst, 10 g 

formic acid solution with different initial concentration was stirred (600 rpm) in a 

Teflon-lined stainless autoclave (75 mL) at 423 K for 3 h under O2 pressure kept at 2 MPa. 

 

5.4 Conclusion 

In summary, we demonstrated that V-substituted phosphomolybdic acid catalysts 

enable the selective oxidation of glycerol to formic acid in highly concentrated aqueous 

solution using molecular oxygen. The preliminary results show that the absolute yield of 

formic acid could reach 36.4 wt% of the initial reaction mixture, representing 

exceptionally high conversion efficiency. This reaction provides an alternative route to 
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the production of H2 from glycerol, given that formic acid can be readily and selectively 

converted to H2. In comparison with conventional reforming processes, this process 

requires lower energy input while offering higher selectivity and yield. Taking the 

advantage of the large surplus of glycerol, it fully integrates biodiesel in the renewable 

fuel concept. A noteworthy advantage of the HPA catalysts used in this study is that 

they can be recovered in solid form after reactions by distilling the products and solvent 

out, and their good reusability has been demonstrated in our previous studies.151    
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Chapter 6 Summaries and Perspectives 

In this dissertation, we focus on the development of new catalytic oxidative routes for 

biomass conversion. In comparison with other conversion routes, such as hydrogenation 

and dehydration, the oxidative conversion route has been relatively less investigated in 

the literature due to the poorer selectivity. However, oxidative conversion can give 

unique products, various carboxylic acids, which cannot be obtained from other routes. 

Different from many previous research works, which either chose soluble biomass 

derivatives for the conversion or employed extreme conditions to convert primitive 

biomass materials, e.g., cellulose, we aim to achieve effective and selective conversion 

of primitive biomass under relatively mild and eco-friendly reaction conditions (e.g. 

using molecular oxygen in water media under temperatures below 200 C). To this end, 

we choose to use HPAs as catalysts or catalyst supports because of their strong acidity 

that can facilitate the hydrolysis of cellulose, and their tunable oxidation ability 

associated with the type of addenda atoms or supported metals that can be utilized to 

control the product selectivity.  

In this first project, we used water soluble cellubiose (a glucose dimer) as a model 

compound to demonstrate the concept of biomass conversion over HPAs, where Au 

nanoparticles supported on Cs2HPW12O40, acted as the catalyst. We found that this 

catalyst showed an outstanding performance, giving cellobiose conversion of 97.5 %, 

gluconic acid selectivity of 98.9 %, and gluconic acid yield of 96.4 %. Such a high 

selectivity has rarely been achieved in biomass conversion systems, especially by 
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oxidation. We proposed that the phosphotungstate support plays multiple crucial roles 

in this reaction, which provides solid acid sites for hydrolysis to enhance the cellobiose 

conversion and also modulates Au redox sites for high selectivity of gluconic acid. We 

also demonstrated that this composite catalyst can be recycled and reused with 

unchanged activity and selectivity. In the second project, we advanced one step further 

to use HPA alone (without supporting noble metals) to convert water insoluble biomass 

materials, i.e., cellulose powders. In this system, the selected catalyst is HPMo that 

produced glycolic acid with high yields (49.3% under optimized conditions). Notably, 

there was no report in the literature on the direct conversion of cellulosic biomass to 

glycolic acid. We investigated the reaction pathway of this catalytic process, and 

attributed the high selectivity of glycolic acid to successive retro-aldol reactions. More 

interestingly, we demonstrate that this catalytic system can even convert raw biomass 

materials, such as hay and bagasse, to glycolic acid with impressively high yields (> 30%). 

In the literature, few studies have reported such efficient catalytic production of value-

added chemicals from raw biomass feedstock. In the third and the forth projects, we 

used the same HPA catalyst, the V-substituted HPMo, to convert different biomass 

feedstock: cellulose in project 3 and glycerol in project 4. We found that the 

incorporation of V significantly changed the selectivity of HPMo, producing formic acid 

and acetic acid as the two major products.  In the third project, H4PV1Mo11O40 gave a 

high yield of formic acid (67.8%) from cellulose. Both yield and selectivity of formic acid 

are improved significantly comparing the previous literature.  Inspired by the results of 

the third project, we investigated the same catalytic system while using glycerol as the 
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reactant due to its easy availability and low price. Interestingly, we found that the 

catalyst can work with highly concentrated glycerol solution (up to 75 wt%), giving rise 

to rather high absolute yield of formic acid (36.4 wt%). In contrast, similar catalytic 

systems in the literature can only work with highly dilute glycerol solution (< 5 wt%).  

Despite the aforementioned success, the current HPA-based catalytic systems have their 

own limitations.  First, the products obtained from cellulose and glycerol in this thesis 

(projects 2-4) are basically C1 and C2 carboxylic acids (including glycolid acid, formic acid, 

and acetic acid), which have relatively low values than other common biomass 

conversion products, such as various polyalcohols, aromatics, 5-HMF, and long-chain 

hydrocarbons. Producing high-value added long-chain carboxylic acids (e.g. levulinic acid) 

with high selectivity through selective oxidation is highly desirable but remains 

challenging. Second, the separation of HPA catalysts from the products and unreacted 

substrate after the reaction is a potential issue. In the first project, the catalyst Au/ 

Cs2HPW12O40 is in the solid form (insoluble in water) and it therefore can be easily 

separated (recycled) from the reaction system by filtration or centrifugation. However, 

we noticed that a small amount of catalyst was leached after each reaction run, possibly 

because Cs2HPW12O40 has a certain though very small degree of solubility in water. The 

recycle of catalyst is a more severe issue in projects 2-4, where the HPMo and HPMoV 

catalysts are soluble in water. In our thesis, we recycle them after each reaction by 

distilling the products and solvent out. This method is acceptable for fundamental study, 

which aims to demonstrate the activity of the catalyst. However, such a method for 
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catalyst recycle is apparently not suitable for real applications because it would 

consume much energy and is therefore uneconomic. If the energy consumption is 

concerned, we may have to recycle the soluble HPA catalyst by precipitation via the 

formation of insoluble HPA salts. Taking project 4 as an example, the product FA can be 

first extracted from the aqueous phase by using di-n-butylether, while the remaining 

HPA catalyst can be precipitated by adding Cs salt to form insoluble cesium hydrogen 

phosphomolybdate. The feasibility and efficiency of this method has not been examined 

in this thesis. In a word, the development of new effective methods for recycling the 

HPA catalysts is needed, which is an important step towards the use of our systems for 

practical applications.      
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