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1 Introduction and literature overview 

This chapter provides a general overview of the current sources for the production of energy, fuels and 

chemicals. Next, the use of biomass as an alternative resource and biomass valorization using the 

biorefinery concept is introduced. The potential of glycerol for the production of high added value 

products using catalytic methodology is discussed with an emphasis on catalytic oxidation reactions 

and finally an overview of the thesis content is provided. 

1.1 Fossil resources 

Crude oil, natural gas and coal are important fossil resources. The former two are formed when sea 

plants and animals are buried under several thousand feet of silt, sand or mud, whereas terrestrial 

plants tend to form coal. Fossil feedstocks take up to millions of years to form and as such crude oil is 

considered a non-renewable energy source. Originally the primary use of crude oil was as a lighting 

fuel (kerosene). The development of the large scale production of cars boosted gasoline production 

from 1900 onwards and it became a product in high demand.
1
  

However, the global reserve of fossil feedstocks is limited. For example, the oil production in Texas, 

once the world's major oil producing region, has dropped dramatically and is now almost at its end.
2
 In 

1999, the American Petroleum Institute estimated that the world's oil supply would be depleted 

between 2062 and 2094, assuming a total world oil reserve between 1.4 and 2 trillion barrels (220 and 

320 km
3
) and consumption at a level of 80 million barrels per day. In 2004, the total world reserve was 

estimated to be 1.25 trillion barrels (199 km
3
) and the daily consumption was about 85 million barrels, 

shifting the estimated oil depletion year to 2057.
3, 4

 

The last decade, the crude oil price has risen dramatically due to the increased global demand and 

limited supply (Figure 1.1). This also has major implications on the price levels of products derived 

thereof.
5
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Figure 1.1. Crude oil price (per barrel) since 1998
6
 

 

1.2 An introduction to biomass and the biorefinery concept  

Depletion of fossil feedstocks, security of supply and environmental concerns have boosted the 

interest in the use of biomass as an alternative carbon source for heat and power, transportation fuels 

and chemicals. If used in a sustainable manner, biomass offers a great opportunity to replace fossil 

resources.
7
  

An interesting valorization concept for biomass is biorefining. A ‘biorefinery’ is a production facility 

that utilizes renewable biomass feeds such as wood, agricultural residues (e.g. rice and wheat straw) 

and converts them to a multitude of products (Figure 1.2). The first step in a biorefinery is typically 

the separation of the biomass source in its main fractions like carbohydrates (e.g. cellulose, 

hemicellulose, starch), lignin, and others (e.g. proteins, plant oils), that are subsequently converted into 

heat and power, biofuels, biobased chemicals and biobased materials.  

http://www.google.nl/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&docid=cLWbzwR0c1SdWM&tbnid=CEfU7ydqNz3N_M:&ved=0CAUQjRw&url=http://commons.wikimedia.org/wiki/File:Crude_oil_prices_in_dollar_and_euro.png&ei=8NgEUpK7N8OqPM3PgdgK&bvm=bv.50500085,d.ZWU&psig=AFQjCNGPp7Fm19XF_IH4gEipvOJjdcNvIw&ust=1376135391255817
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Figure 1.2. Biorefinery schemes 
8
 

Biorefineries may be discriminated according to various classification systems. A popular approach 

involves a distinction based on feedstocks, examples are the whole-crop and lignocellulose feedstock 

(LCF) biorefinery. In a whole crop biorefinery, the entire crop is valorized to obtain useful products, 

examples are wheat, rye, triticale, and maize based biorefineries. Typical processing steps are milling, 

grinding, hydrolysis and extraction giving for example starch, cellulose, oils and proteins. In 

subsequent steps, these may be converted to food and feed, biofuels and biobased chemicals. For 

example, starch allows the production of important platform molecules like glucose, bioethanol and 

sorbitol by chemical or enzymatic conversion. 

The feed for a LCF biorefinery consists of three main chemical constituents (i) hemicellulose, a sugar 

polymer consisting of predominantly pentoses, (ii) cellulose, a glucose based high molecular weight 

polymer and (iii) lignin, an irregular polymer based upon phenylpropane units.
8, 9

 Hemicellulose upon 

hydrolysis yields a.o. xylose which can be converted into furfural (used for the production of e.g. 

resins and a potential starting material for the production of e.g. THF, 1,4-butanediol or furan-2,5-

dicarboxylic acid). When subjected to hydrolysis, cellulose yields glucose from which a multitude of 

products can be derived including ethanol, acetic acid, acetone, butanol, succinic acid and lactic acid. 

Lignin currently has only limited use; examples are fuels, adhesives or additives. However, 

considerable amounts of monoaromatic compounds such as phenolics and benzene, toluene and xylene 

(BTX) potentially can be derived from lignin by various catalytic routes.
10-12

  

Within a biorefinery, a number of conversion platforms may be applied.
13

 Typical biorefinery 

platforms are the sugar-, thermochemical- and biogas platform. The sugar platform uses pentoses and 

hexoses derived from the cellulose and/or hemi cellulose fraction of the biomass for chemical or 

biological conversions. In the thermochemical platform, the biomass is converted at elevated 

temperatures to liquified biomass (pyrolysis) or permanent gases like syngas (gasification). In a biogas 

platform, the biomass is converted to methane/CO2 mixtures by the action of microorganisms. 
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1.3 Green transportation fuels – bioethanol and biodiesel  

The progressive depletion of fossil feeds coupled with increasing crude oil prices and environmental 

concerns have boosted research on sustainable alternative fuels. Bioethanol is widely used as an 

alternative fuel for cars. The world’s largest ethanol producers are Brazil and the USA, which together 

account for more than 65% of the global ethanol production.
14

 First generation bioethanol is produced 

from sugar and starch based feedstocks such as sugar cane, potato, cassava and corn whereas second 

generation bioethanol is from woody feeds that do not compete with food crops for land use. Currently 

most of the bioethanol is first generation and second generation technology is still in the R&D stage. 

The basic step for ethanol production involves saccharification of the carbohydrate source into 

monomeric sugars using bio- or chemo-catalysts. The sugars (mainly glucose) are then subjected to a 

fermentation process to produce ethanol which is subsequently separated and purified by distillation.  

There are certain concerns related to the production and use of bioethanol, particularly when using 

food products as a feed. Due to high bioethanol prices, farmers may sacrifice food crops for bioethanol 

production which will lead to an increase in global food prices. In addition, life cycle-assessments 

(LCA) studies indicated that the carbon footprint of bioethanol is by far less favorable than anticipated 

at forehand.
15

 

Pure plant oils (PPO) or straight vegetable oils (SVO) can be directly used as a fuel in stationary and 

instationary combustion engines. However, combustion characteristics are negatively affected by the 

relatively high viscosities of the oils. In addition, the high boiling points lead to excessive carbon 

deposition and contamination of the lubrication system, ultimately reducing engine life. Moreover, 

catalytic convertors may be poisoned.
16

  

Some of these disadvantages may be overcome by conversion of the SVO/PPO to biodiesel. 

Conventionally biodiesel is produced by the transesterification of the oil with methanol in the presence 

of a catalyst to produce fatty acid methyl esters (FAME) and glycerol (Scheme 1). The main 

byproduct is glycerol or glycerine (10% by mass on feed). The product properties of biodiesel are 

considerably better than SVO, examples are a lower viscosity and boiling point, leading to improved 

engine performance. Moreover, biodiesel also has a higher cetane number than petroleum diesel.
17

 

Frequently used vegetable oils are soybean, canola, castor, peanut, palm, rapeseed and sunflower oil. 

Apart from PPO’s, greases and recycled oils (e.g. used frying oils) can also be used.
18
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Scheme 1. Transesterification of vegetable oils with methanol producing biodiesel and glycerol. 

Biodiesel provides a renewable alternative source for conventional diesel. Compared to diesel, the use 

of biodiesel offers several advantages such as renewability, reduced levels of harmful emissions, 

biodegradability and higher lubricity. Rapid expansion of biodiesel production and utilization has 

occurred in Europe from 1998 onwards (Figure 1.3).  

 

 

Figure1.3. European union biodiesel statics (Reproduced from European Biodiesel Board with permission)
19

 

 

2 Glycerol production and markets 

The European Union is aiming for a 10% share of biofuels in the transportation sector by the end of 

2020.
20

 The total European biodiesel production for 2010 was over 9.5 million metric tonnes, a 5.5% 

increment from 2009
19

 (Figure1.3). This has also led to a major increase in glycerol production levels 

and as a consequence, the global price for glycerol has dropped tremendously. This is exemplified in 

Figure 1.4, where the crude glycerol prices are given for the period 2004-2011.  In Europe, the current 

spot price for refined glycerol from PPO’s ranges from 700-740 EUR/ton whereas the crude glycerol 

price is between 330-360 EUR/tonne.
21

As a result, companies producing glycerol from fossil 

resources have mostly abandoned these processes.
22
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Figure 1.4. Biodiesel production and crude glycerol price 
23

 

Currently, biodiesel companies face serious issues to identify high added value outlets for the crude 

glycerol. Crude glycerol typically has a purity of 40-70% and refining is required to produce 

pharmaceutical grade glycerol (99% purity), to be used in cosmetics, paints, automotive parts, food, 

tobacco, pharmaceuticals, paper, leather and the textile industry.
24

 However, the total market size for 

these applications is limited and new outlets for glycerol need to be developed. Recently glycerol has 

been proposed as a sustainable green solvent.
25

 Of particular interest is the conversion of glycerol to 

value-added C3 bulk chemicals.
26

 

2.1 Glycerol as a platform chemical 

A large number of publications and reviews have appeared in the past few years on glycerol 

conversions using either chemo-catalytic or biochemical methods. This overview will only focus on 

chemo-catalytic conversions; biochemical methodology is beyond the scope of this thesis. Glycerol 

may be converted to a multitude of products using oxidation, hydrogenolysis, etherification, 

esterification, polymerization, dehydration, halogenation and reforming (Scheme 2). All reaction types 

will be discussed briefly in the next paragraph, except for oxidation reactions, which will be treated in 

more detail.  
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Scheme 2. Overview of conversion pathways for glycerol 

 

2.1.1 Hydrogenation and hydrogenolysis 

Glycerol may be catalytically reduced to propanediols (1,2-PD and 1,3-PD) or to ethylene glycol in 

the presence of hydrogen at elevated temperatures (150-250°C).
27-36

 Currently, 1,2-PD is used in anti-

freeze formulations and as a solvent. 1,3-PD is used as a monomer for polyesterpolypropylene 

terephthalate (PPT) or polytrimethylene terephthalate (PTT). PPT is a biodegradable polyester and is 

used in carpets and textile. Commercial trade names are Sorona
®
 and Hytrel

® 
 (DuPont) and Corterra

®
 

(Shell).
37

 The annual production of 1,3-PD is about 10
5
 tons.

38, 39
 Currently 1,3-PD is produced using 

two routes: hydration of acrolein to 3-hydroxypropionaldehyde with subsequent hydrogenation 

(DuPont process) and hydroformylation of ethylene glycol (Shell process). These methods are based 

on fossil resources and as such, glycerol derived 1,3-PD may be an environmentally friendly 

alternative. 
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2.1.2 Etherification 

Etherification of glycerol with isobutylene 
40-43

 or tert-butanol
44

  at a temperature range of 50-90°C in 

the presence of solid acid catalysts such as Amberlyst (15 and 35), zeolites (HY or Hβ) or silica 

supported Hyflon leads to alkyl ethers which have applications in surfactant formulations and as fuel 

additives. 

Polyglycerols and oligoglycerols have been known since the beginning of the 20
th
 century and are 

used as non-ionic surfactants in food products.
45

 Other applications are in cosmetics, polymers, 

antifogging films, pharmaceuticals, biomedicals and drug delivery systems. Oligomerisation of 

glycerol is typically performed in the presence of an acid or base catalyst at moderate temperatures 

(140-280°C).
46-48

   

2.1.3 Esterification 

Esterification of glycerol with carboxylic acid leads to monoacyl and diacyl glycerols which can be 

used as nonionic surfactants and emulsifiers in food.
49

  

2.1.4 Dehydration 

Acrolein can be produced from glycerol by an acid catalyzed dehydration reaction at temperatures 

between 250-340°C. It is an important intermediate in the chemical industry from which a number of 

commodity chemicals such as acrylic acid, DL-methionine, 3-hydroxypropionaldehyde and 3-

hydroxypropionic acid can be derived.
50-54

 Upon oxidation, acrolein is converted to acrylic acid, an 

important commercial bulk chemical that may be used as a monomer for the synthesis of 

superabsorbent polymers.
55

 The current commercial production process for acrolein uses propylene 

oxide as the feed, which is converted over a Bi/Mo mixed oxide catalyst at a temperature range of 

450-550°C.
56

 

2.1.5 Hydrochlorination 

The reaction of glycerol with gaseous HCl at temperatures between 80 and 180°C leads to 

dichloropropane mixtures, which upon treatment with NaOH at 50-90°C yield epichlorohydrin (ECH). 

ECH is an important precursor for epoxy resins which have application in paints, electronics and 

construction materials.
26

 In 2012, the global consumption of ECH was approximately 1520 kton, 

which is expected to grow to 1926 kton by 2017.
57

 Several companies such as Dow, Solvay SA, 

Samsung Fine Chemical, and many Chinese companies have already started using renewable glycerol 

to produce ECH.
57
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2.1.6 Carboxylation 

Glycerol carbonate is derived from glycerol by reaction with CO2, CO, dimethylcarbonate or urea in 

the presence of a catalyst.
58-60

 Both enzymes (e.g. lipases) 
61, 62

 as well as chemo-catalysts (e.g. K2CO3, 

CaO, γ-Zirconium phosphate) 
60

 have been explored. Glycerol carbonate has potential applications as a 

solvent, as intermediate in organic synthesis and for the production of polycarbonates, polyurethanes 

and surfactants.
59, 63

  

2.1.7 Condensation with paraformaldehyde 

Glycerol formal is a mixture of 5-hydroxy-1,3-dioxane and 4-hydroxymethyl-1,3-dioxolane (60:40). It 

can be produced by the acetalization of glycerol with formaldehyde in the presence of a homogeneous 

acid catalyst.
48

 It has found application as a low toxic solvent, plasticizer, in pharmaceuticals and as an 

ingredient in paint formulations.
48

 Glycerol formal esters are used as fuel and fuel additives.
64

  

2.1.8 Reforming 

Steam reforming of glycerol in supercritical water in the presence of a catalyst leads to syngas that can 

be converted to hydrogen.
65, 66

 Syngas produced from glycerol reforming has been used for the 

synthesis of methanol at temperatures between 468 and 518 K and pressures between 20 and 27 MPa 

in the presence of a catalyst.
67, 68

                 

2.2 Glycerol oxidations 

Glycerol oxidations are currently receiving a lot of attention. Possible oxidation products are 

dihydroxyacetone, glyceraldehyde, glyceric acid, tartronic acid, mesoxalic acid and oxidative 

degradation products such as glycolic acid, oxalic acid and formic acid. Particularly the primary 

oxidation products are not yet commercially available in large quantities. To get some insights in the 

market potential, the price levels of selected derivatives in a typical chemical catalogue are given in 

Figure 1.5. Clearly, there is an economic incentive to identify technology to produce these products 

starting from glycerol. 
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Figure 1.5. Chemicals from glycerol by oxidation (commercial price of glycerol and oxidation products - when 

available): glycerol = 0.74 €/kg (refined), lactic acid = 1.2 €/kg, dihydroxyacetone = 110 €/kg, tartronic acid = 

1140 €/kg, mesoxalic acid = 4030 €/kg). 

 

2.3 Catalysts for glycerol oxidations 

A wealth of catalysts for glycerol oxidations have been explored. Well known catalysts are noble 

metal nanoparticles such as Pd, Pt and Au on various supports. The non-Au systems will be discussed 

in this section, Au based systems in the next section. Water is the most commonly used solvent, it is 

considered environmentally benign and is not prone to excessive oxidation, in contrast to many 

organic solvents. Typically, air or pure oxygen is applied as the oxidant.  

The main issue in catalytic glycerol oxidations is the selectivity of the reaction. Multiple products can 

be obtained like C3 oxygenates such as glyceraldehyde (GLA), dihydroxyacetone (DHA), glyceric 

acid (GLYA), tartronic acid (TART), hydroxypyruvic acid (HYPA), mesoxalic acid (MOXA), lactic 

acid (LACT) in association with C2 oxygenates such as glycolic acid (GLYC), oxalic acid (OXAL) 

and C1 products like formic acid (FORM), see Scheme 3 for details.
69-75
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Scheme 3. General reaction pathway for aqueous phase oxidation of glycerol 

An overview of Pt and Pd based catalyst is given in Table 1. Typically, the reactions are carried out 

between 303-333 K, with air or oxygen as the oxidant (1-3 bar) and in either acidic or basic 

conditions. Both batch, semi-batch and continuous set-ups have been explored. 

In 1993 Kimura et al. reported that Pt/C is active for the oxidation of glycerol to DHA (4% yield at 

37% conversion) in acidic conditions at 323 K (Table 1, entry 1). Incorporation of bismuth increased 

the DHA yield to 20% (Table 1, entry 2). Further optimization of the Pt-Bi catalyst on carbon led to an 

80% selectivity for DHA at 80% glycerol conversion (Table 1, entry 3). Fordham et al. have also 

observed dihydroxyacetone formation when using Pt-Bi/C as the catalyst for the oxidation of glycerol 

in water at pH 2 (Table 1, entry 6). When using Pt/C for the glycerol oxidation in basic condition, 

glyceric acid has formed in signifiant amouts (Table 1,entry 7) but found to be unstable. 

When aiming for GLYA, Pd appears to be more selective than Pt in aqueous alkaline conditions 

(Entry 4, 5, 8, 9, Table 1). When conducting oxidation reactions of glycerol in acidic conditions, Pt 

catalysts promote the oxidation of the secondary alcoholic group to DHA in low yields.
69

 In contrast, 

Gao et al. have observed glyceric acid formation in acidic conditions over Pt/C and Pt/MWCNT 

(Table 1, entry 10 and 11). In base free conditions, Pt (5 wt%) on sulfonated MWCNT gave glyceric 

acid as the main product (Table 1, entry 12). Lately a bimetallic Pt-Cu/C was reported for the base free 

oxidation of glycerol to glyceric acid (Table 1, entry 13). Hydrotalcite, a solid base has been used as a 

support for Pt and the resulting catalyst showed high selectivity towards glyceric acid at moderate 

conversions and mild conditions (Table 1, entry14). 

The main drawback of using Pt or Pd metal catalysts for the oxidation of glycerol is their tendency to 

deactivate at longer reaction times. This is ascribed to the oxygen poisoning, supported by the 

observation that the rate of deactivation is directly proportional to the oxygen partial pressure.
82

 Au 
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nanoparticles on various supports showed superior activity and recyclability compared to platinum 

group metals for the oxidation of various aldehydes, sugars, alcohols and polyols in general and 

glycerol in particular and will be reviewed in the next sections.
83, 84

 

Table 1. Overview of glycerol conversion over Pt and Pd metal catalysts in water using oxidative conditions 
a
 

Entry Catalyst Oxidant pH 
Other reaction 

conditions 

  

Glycerol 

conv. % 

Selectivity/yield 

% 

Author and 

Year 

Ref. 

 

1 Pt/C Air (1 bar) 2-4 323K, 4 h, fixed bed 37 4 (YDHA) 
Kimura et al., 

1993 
69, 70 

2 Pt-Bi/C Air (1 bar) 2-4 323K, 4 h, fixed bed 30 20 (YDHA) 
Kimura et al., 

1993 
69, 70 

3 Pt-Bi/C Air (1 bar) - 
323K, O2/GLY = 2 

(mol/mol), fixed bed 
80 80 (SDHA) 

Kimura et al., 

1993 
69, 70 

4 Pd/C Air (1 bar) 11 333K, 5 h 100 77 (SGLYA) 
Garcia et 

al.,1995 
71 

5 Pd/C Air (1 bar) 11 
323K, batch, GLY/M = 

500-600 (mol/mol) 
90 70 (YGLYA) 

Peter et al., 

1996 
75 

6 Pt-Bi/C Air (1 bar) 2 
323K, batch, GLY/M  = 

500-600 (mol/mol) 
75 37 (YDHA) 

Fordham et 

al., 1996 
73 

7 Pt/C Air (1 bar) 11 
333K, GLY/M = 500 

(mol/mol) 
60 47.5 (SGLYA) 

Carretin et 

al., 2003 
76 

8 Pd/graphite O2 (3 bar) basic 

303K, NaOH/GLY= 4 

(mol/mol), GLY/M = 

500 (mol/mol) 

25 83 (SGLYA) 
Dimitratos et 

al., 2005 
77 

9 Pd/graphite O2 (3 bar) basic 

323K, NaOH/GLY = 4 

(mol/mol), GLY/M= 

500 

90 62 (SGLYA) 
Dimitratos et 

al., 2005 
77 

10 Pt/C O2 (1 bar) acidic 
333K, GLY/Pt = 445 

(mol/mol), 6 h 

47 59.5 (SGLYA) 
Gao et al., 

2009 
78 

11 Pt/MWCNT O2 (1 bar) acidic 70 70 (SGLYA) 
Gao et al., 

2009 
78 

12 
Pt/S-

MWCNT 
O2 (1 bar) acidic 

333K, GLY/M = 445 

(mol/mol), 6 h 
90 68 (SGLYA) 

Liang 

et al., 2011 
79 

13 Pt-Cu/C O2 (1 bar) acidic 333K, 6 h 86 71 (SGLYA) 
Liang 

et al., 2011 
80 

14 Pt/HT Air (1 bar) - 
303K, GLY/M = 625 

(mol/mol), 6 h 
47 78 (SGLYA) 

Ebitani 

et al., 2011 
81 

a.Y(DHA) = yield of dihydroxyacetone, S(DHA) = selectivity of dihydroxyacetone, Y(GLYA) = yield of glyceric acid, S(GLYA) = selectivity of 

glyceric acid, MWCNT = multi-walled carbon nanotube, GLY = glycerol, M = metal, HT = hydrotalcite 
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3 Catalysis by gold nanoparticles 

Gold (Au, from Aurum, the Latin word for gold) is a dense, soft, shiny, malleable and ductile metal. In 

the periodic table, Au is classified as a group 11 transition metal element. Gold readily forms alloys 

with many other metals. Gold is almost insoluble, though it can be dissolved in aqua regia. Common 

oxidation states of gold include +1 (aurous) and +3 (auric). Gold ions in solution are readily reduced 

and precipitated as gold metal.
85

  

Generally, gold nanoparticles are produced in the liquid phase by reduction of chloroauric acid, 

H(AuCl4). After dissolution, a reducing agent is added and neutral gold atoms are formed. As more 

and more of these gold atoms form, the solution becomes supersaturated, and gold gradually starts to 

precipitate in the form of sub-nanometer particles. In the case the solution is stirred vigorously, the 

particles will be fairly uniform in size.
86

 To prevent particle agglomeration, a stabilizing agent such as 

polyvinyl alcohol (PVA) is usually added. Gold nanoparticles in water have a characteristic colour, 

which depends on the size of the nanoparticles (Figure 1.7). 

 

Figure 1.7.  Solutions of gold nanoparticles of various sizes 
87

 

 

In the past, gold was considered an inert metal without any promise for catalysis. However, in 1973, 

Bond et al. reported the hydrogenation of olefins using gold on various supports.
88

 Unfortunately, this 

study was largely overlooked and catalyst performance was inferior compared to platinum and 

palladium based systems. In 1987 Haruta discovered high catalytic activity of gold nanoparticles on a 

metal oxide for low temperature CO oxidation.
89, 90

 Later, Hutchings discovered that Au based 

catalysts are active for the hydrochlorination of acetylene to vinyl chloride.
91

 Both findings triggered 

research on the use of gold nanoparticles for many heterogeneous catalytic reactions. As a 

http://en.wikipedia.org/wiki/Alloy
http://en.wikipedia.org/wiki/Aqua_regia
http://en.wikipedia.org/wiki/Oxidation_state
http://en.wikipedia.org/wiki/Reduction_(chemistry)
http://en.wikipedia.org/wiki/Precipitation_(chemistry)
http://en.wikipedia.org/wiki/Reduction_(chemistry)
http://en.wikipedia.org/wiki/Chloroauric_acid
http://en.wikipedia.org/wiki/Reducing_agent
http://en.wikipedia.org/wiki/Atom
http://en.wikipedia.org/wiki/Supersaturated
http://en.wikipedia.org/wiki/Precipitate
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consequence, the number of scientific publications and patents regarding gold catalysis has grown 

exponentially from 2000 onwards (Figure 1.8). 

 

Figure 1.8. Overview of research papers and patents on the use of gold in nanoscience and technology 
92

 

 

3.1 Gold nanoparticles for oxidation reactions 

3.1.1 CO oxidations 

In 1987 Haruta reported that supported gold nanoparticles are highly active catalysts for the low 

temperature (< 0°C) oxidation of CO.
89, 90

 As a result, the use of Au catalysts for the oxidation of 

various alcohols including polyols and sugars in the presence of a homogeneous base in aqueous 

conditions has been investigated in detail.
93

 These will be reviewed briefly in the following sections. 

3.1.2 Carbohydrate and polyol oxidations 

The research groups of Rossi, Prati and co-workers 
83, 94-104

 showed the potential of monometallic Au 

catalysts on various supports for the oxidation of aldehydes (n-propanal, n-butanal etc.), sugars 

(glucose), alcohols and polyols. The presence of a base is essential for catalytic activity, in contrast to 

Pt and Pd catalysts, which are active in alkaline as well as acidic conditions (vide supra). Au 

nanoparticles are more resistant to oxygen poisoning compared to Pd or Pt group metals.
94

 For 

instance, Biella et al. have shown that pure oxygen at 300 kPa does not cause any catalyst deactivation 

during the aqueous phase oxidation of glucose over Au/C catalysts.
83

 The combination of Au and Pt or 

Pd in the form of bimetallic Au-Pt or Au-Pd catalysts on carbon support significantly improved the 

activity and selectivity of sorbitol oxidation compared to monometallic catalysts.
102
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3.1.3 Glycerol oxidations 

3.1.3.1 Oxidations of glycerol in water using heterogeneous monometallic Au based catalysts  

Oxidation reactions of glycerol in water using supported monometallic Au catalysts in the presence of 

a base to obtain glyceric acid have been intensively explored by various research groups. An overview 

is given in Table 2. Typically, the reactions are carried out between 303-333 K, with air or oxygen as 

the oxidant (1-10 bar) and under basic conditions. Reactions are performed in batch set-up. 

 

Table 2. Overview of aqueous phase glycerol oxidations using monometallic Au catalysts 
a
 

Entry Catalyst Oxidant pH Other reaction conditions 
Glycerol 

conv. % 

Selectivity/ 

Yield  

% 

Author and 

Year 
Ref. 

1 Au/graphite O2 (3 bar) basic 
333K, GLY/NaOH = 1 

(mol/mol) 
56 100 (SGLYA) 

Carretin 

et al., 2002 
105 

2 Au/C O2 (3 bar) basic 
303K, NaOH/GLY= 4 

(mol/mol), 6 h 
90 93 (SGLYA) 

Porta 

et al., 2004 
103 

3 Au/graphite O2 (3 bar) basic 

323K, NaOH/GLY = 4 

(mol/mol), GLY/M = 500 

(mol/mol) 

 

63 77 (SGLYA) 
Dimitratos 

et al., 2005 
77 

4 Au/C O2 (10 bar) basic 

333K, NaOH/GLY = 2 

(mol/mol), GLY/M=500 

(mol/mol)   

30 75 (SGLYA) 
Demirel 

et al., 2005 
106 

5 Au/CeO2 O2 (1 bar) 12 

 

333K, GLY/Au = 2460 

(mol/mol) 

40 43 (SGLYA) 
Demirel 

et al., 2007 
107 

6 Au/C O2 (1 bar) 12 
333K, GLY/Au = 2460 

(mol/mol) 
50 53 (SGLYA) 

Demirel 

et al., 2007 
108 

7 Au/C O2 (10 bar) basic 
333K, GLY/Au = 60,000 

(mol/mol) 
50 78 (SGLYA) 

Ketchie 

et al., 2007 
109 

8 Au/Graphite H2O2 basic 

393K, NaOH/GLY= 2 

(mol/mol), 4 h 

 

100 56 (SGLYC) 
Hutchings 

et al., 2009 
110 

9 
Au/Dowex M-

43 
O2 (3 bar) basic 

323K, NaOH/GLY = 4 

(mol/mol), GLY/M = 

1000 

 

90 64 (SGLYA) 
Villa et al., 

2010 
111 

10 Au/C-Xerogel O2 (3 bar) basic 

333K, NaOH/GLY = 4 

(mol/mol) 

 

90 
42 (SDHA) 

40 (SGLYA) 

Rodrigues 

et al., 2012 
112 

11 Au/MWCNT O2 (3bar) basic 
333K, NaOH/GLY = 2 

(mol/mol), 2 h 
93 

60 (SDHA) 

26 (SGLYA) 

Rodrigues 

et al., 2012 
113, 114 

a. Y(DHA) = yield of dihydroxyacetone, S(DHA) = selectivity of dihydroxyacetone, Y(GLYA) = yield of glyceric acid, S(GLYA) = selectivity of 

glyceric acid, S(GLYC) = selectivity of glycolic acid, MWCNT = multi walled carbon nanotube, GLY = glycerol, M = metal 

Carretin et al. showed that Au on graphite gives 100% selectivity towards glyceric acid (GLYA) at 

56% glycerol conversion in basic conditions (Table 2, entry 1).
105, 115

 Since then, a wide variety of 

carbon supports have been used to immobilize Au nanoparticles using various synthetic procedures 
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(e.g. different protecting agent for Au) and their performance for glycerol oxidations in aqueous 

alkaline conditions has been explored. For instance Porta et al. showed that gold catalyst (1% Au on a 

commercial carbon support (X40S) prepared by immobilizing citrate-protected Au sols) is a highly 

selective catalyst for glycerol to glyceric acid oxidation and up to 84% glyceric acid yields were 

obtained (Table 2, entry 2).
103

 Dimitratos et al. compared Pd and Au on graphite for the aqueous phase 

oxidation of glycerol and observed that Pd/graphite is two times more active than Au/graphite. Similar 

selectivity towards glyceric acid for both catalysts was observed. At prolonged reaction times, glyceric 

acid was found to be more stable over Au/graphite compared to Pd/graphite. Using Au/graphite, the 

best selectivity is 77% at 63% glycerol conversion (Table 2, entry 3).
77

 Demirel et al. discovered that 

carbon black instead of activated carbon or graphite leads to more active catalysts.
106

 They also found 

that the selectivity of glyceric acid shows a maximum regarding the gold nano particle sizes and the 

best results were achieved with an average Au particle size of 3.7 nm (75% glyceric acid at 30% 

conversion, Table 2, entry 4). When using Au/CeO2 catalysts, 43% glyceric acid selectivity at 40% 

glycerol conversion was reported (Table 2, entry 5). Further studies by Demirel et al. showed that the 

Au/ceria catalysts, in contrast to Au/C, deactivate significantly when used for glycerol oxidation in 

water at 333 K.
107

 Demirel et.al also showed the effect of different protecting/reducing agents in Au 

nanoparticle synthesis on catalytic performance. It was concluded that the highest activity for Au/C 

catalyst can be achieved by using a gold sol method using tetrakis-(hydroxymethyl)-phosphonium 

chloride (THPC) as the reducing agent (Table 2, entry 6).
108

 Ketchie et al. further studied the effect of 

Au particle size on carbon supports and the possible effect of in situ formed H2O2 on glycerol 

conversion and subsequent reactions involving C-C bond scissions.
109

 They found that for small highly 

dispersed Au nanoparticles on carbon the rate is 7 times higher than for catalysts with Au 

nanoparticles of 20 nm and larger. Unsupported Au powder showed similar rates and selectivities as 

for monodispersed Au particles in the size range 20-45 nm. When using 20 nm Au particles on carbon, 

78% glyceric acid selectivity was obtained at 50% glycerol conversion with a TOF of 2.3 s
-1

(Table 2, 

entry 7). However, when using highly dispersed Au nanoparticles on carbon, the activity increased 

(TOF of 14 s
-1

), though the selectivity at 50% conversion was rather low (62%) at the expense of 

overoxidation and C-C bond scission products such as tartronic acid and glycolic acid. It was also 

suggested that peroxide formation is a general characteristic when using Au catalysts for aqueous 

phase oxidations and that its generation leads to reduced selectivity by formation of C-C bond scission 

products such as glycolic- and formic acid.
109

 This is supported by experiments using H2O2 as the 

oxidizing agent instead of oxygen, giving glycolic acid in good selectivities in the presence of 

Au/graphite (Table 2, entry 8).
110

 

Villa et al. have shown the use of resins as supports for Au nanoparticle for the aqueous phase 

oxidation of glycerol in basic conditions (Table 2, entry 9).
111

 Dihydroxyacetone and glyceric acid are 

the main products when using xerogels as the support in basic conditions (Table 2, entry 10).
112

 Au on 
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multi walled carbon nanotubes gave high selectivity towards dihydroxyacetone under basic conditions 

(Table 2, entry 11).
113, 114

 

When using Au catalysts in aqueous alkaline conditions, the intrinsic selectivity depends mainly on 

the Au particle size. It is generally observed that larger particle sizes favor the selectivity towards 

glycerate by preventing subsequent oxidations to tartronate, whereas the activity tends to decrease.
103, 

109
 The presence of a base is essential for the monometallic Au catalysts on carbon and oxidic 

supports, little or no activity is found in the absence of a base. This indicates that the active site 

present on the surface of the gold catalyst cannot activate glycerol and that a base is required.
115

 

Recently Zope et al. have gained more insight in the role of a base like NaOH for the oxidation of 

alcohols on Au catalysts, including glycerol (Figure 1.9). The presence of a surface bound hydroxy 

group facilitates O-H bond activation of the substrate via a proton transfer which lowers the activation 

energy for the dissociative adsorption of an alcohol molecule to the metal surface. The adsorbed 

hydroxide intermediate also lowers the activation barrier for C-H activation of the alkoxide to form an 

aldehyde. The ability of the surface bound hydroxide groups to activate both the O-H and C-H bonds 

of the substrate alcohol explains the overall increase in catalytic activity of Au catalysts in the 

presence of a base.
116

 A study on the role of oxygen in the oxidation of alcohols over Au catalysts 

reveals that O2 plays an indirect role in the oxidation reaction. Oxygen regenerates hydroxide ions 

formed by the decomposition of a peroxide intermediate rather than direct dissociative incorporation 

into the substrate.
116

  

 

 

Figure 1.9.  Reaction scheme for the oxidation of alcohols to acids at a Au surface in water at high pH.
116 

3.1.3.2 Oxidation of glycerol in water using heterogeneous bimetallic Au based catalysts  

Bimetallic catalysts such as Au-Pt or Au-Pd on carbon are known to be more active and stable for the 

conversion of glycerol to glyceric acid under alkaline condition than the corresponding monometallic 
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catalysts.
77, 101, 104, 117, 118

 An overview of literature on aqueous phase conversions of glycerol using 

bimetallic (Au-Pt or Au-Pd) catalysts is given in Table 3. The reactions are typically carried out in the 

temperature range of ambient to 373 K, with air or oxygen as the oxidant (1-10 bar) and under basic or 

acidic conditions. Reactions are performed in batch set-up. 

Table 3. Overview of aqueous phase glycerol conversion over bimetallic (Au-Pd or Au-Pt) catalysts in an 

oxygen atmosphere 
a
 

a.Y(DHA) = yield of dihydroxyacetone, S(DHA) = selectivity of dihydroxyacetone, Y(GLYA) = yield of glyceric acid, S(GLYA) = selectivity of 

glyceric acid,  GLY = glycerol, M = Metal, HT = hydrotalcite 

Dimitratos et al. reported a Pd-Au/graphite catalyst which showed superior activity compared to 

monometallic Au and Pd catalysts, indicating synergistic effects between the two metals.
77

 The effect 

of particle size on carbon supported bimetallic (Au-Pd) catalysts was further investigated. As in the 

case of monometallic catalysts, large particle sizes lead to a decrease in activity and an increase in the 

selectivity towards glycerate.
119

 Demirel et al. reported higher selectivities towards dihydroxyacetone 

(DHA) when promoting Au catalysts on a carbon support with Pt. The selectivity towards DHA was 

Entry Catalyst Oxidant pH Other reaction conditions 
Glycerol 

Conv. % 

Selectivity  

% 

Author and 

Year 
Ref. 

1 
(Pd-Au)/ 

graphite 
O2 (3 bar) basic 

323K, NaOH/GLY = 4 

(mol/mol), GLY/M = 500 

(mol/mol) 

90 67 (SGLYA) 
Dimitratos  

et al., 2005 

77 

2 Au-Pd/C O2 (3 bar) basic 

323K, NaOH/GLY = 4 

(mol/mol), GLY/M = 500 

(mol/mol) 

90 67 (SGLYA) 
Dimitratos  

et al., 2006 

119 

3 Au-Pt/C O2 (1 bar) 12 
333K, GLY/Au = 20.000 

(mol/mol) 
50 

36 (SDHA) 

30 (SGLYA) 

Demirel 

et al., 2007 

108 

4 Au-Pd/C O2 (10 bar) basic 
333K, NaOH/GLY = 2 

(mol/mol) 
50 84 (SGLYA) 

Ketchie 

et al., 2007 

118 

5 
1% Pd-

Au/C 
O2 (3 bar) basic 

323K, GLY/M = 3000 

(mol/mol), 

NaOH/GLY = 4 (mol/mol) 

90 77 (SGLYA) 
Prati 

et al., 2007 

104 

6 
Au-Pt/H-

mordenite 
O2 (3 bar) acidic 

373K,  GLY/M = 500 

(mol/mol), 2 h 
70 83 (SGLYA) 

Villa et al., 

2010 

100 

7 Pd-Au/C O2 (3 bar) basic 

323K, NaOH/GLY = 4 

(mol/mol), GLY/metal = 

1000 (mol/mol) 

90 78 (SGLYA) 
Villa et al., 

2010 

120 

8 
Au-

Pt/MgO 
O2 (3 bar) - 

Ambient, GLY/M = 500 

(mol/mol), 24 h 
42.5 85 (SGLYA) 

Brett 

et al., 2011 

121 

 

9 Pt-Au/HT O2 (1 bar) - 
298K, GLY/M = 287 

(mol/mol), 
73 57 (YGLYA) 

Tongsakul  

et al., 2013 

122 
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increased from 26% (Au/C) to 36% (Au-Pt/C).
108

 On the contrary, Ketchie et al. reported that there is 

not a significant rate enhancement for the bimetallic (Au-Pd/C) catalysts compared to monometallic 

Au after rates have been properly normalized to surface metal concentrations, though the selectivity 

seemed to be influenced by the presence of Pd. The selectivity towards glyceric acid could be 

increased from 65% (Au/C) to 84% (Au-Pd/C).
118

 Prati et al. showed a strong enhancement in the 

activity of bimetallic catalysts (TOF = 6400 h
-1

) compared to monometallic Au and Pd catalysts (TOF 

= 1000 h
-1

) due to a synergistic effect of the alloyed phase. In addition, an improved selectivity 

towards glyceric acid (77% for bimetallic Pd@Au/C (1%) and 68% for monometallic Au/C (1%) at 

50% conversion) was observed.
104

 Villa et al. investigated an effective stabilizing/protecting agent for 

the preparation of bimetallic Au-Pd catalysts. It was discovered that Au nanoparticles protected by 

polyvinyl alcohol (PVA) are stable during the subsequent deposition of Pd producing a uniformly 

alloyed Pd@Au/C.
120

  

3.1.3.2 Glycerol oxidation to glyceric acid in base free conditions in water using Au catalysts 

One of the main disadvantages of using Au catalysts for the oxidations of alcohols is the requirement 

of large amounts of a base. In the absence of a base, Au catalysts show limited activity or are even 

inactive. As a consequence of using strong alkaline conditions, neutralization of the excess base is 

required at the end of the reaction, leading to the formation of large amounts of salts. Synthetic 

methodology that leads to the formation of glyceric acid instead of the glycerate is advantageous as it 

avoids such a neutralization step. Interestingly, Villa et al. have discovered that glyceric acid can be 

prepared from glycerol under base free conditions using bimetallic Au-Pt on H-mordenite as the 

catalyst (Table 3, entry 6).
100

 Brett et al. have shown that bimetallic Au-Pt and Au-Pd on MgO are 

promising catalysts for the base free oxidation of glycerol to glyceric acid in high selectivities at 

ambient conditions (Table 3, entry 8).
121

 Most recently, platinum/gold alloy particles deposited on 

hydrotalcite using starch as the stabilizing/reducing agent showed excellent activity at ambient and 

base free conditions for the conversion of glycerol to glyceric acid (Table 3, entry 9).
122

 

3.1.3.3 Oxidative esterification of glycerol in methanol using Au catalysts 

The oxidation of glycerol in methanol to produce methyl esters has been studied by Taarning et al. 

This oxidative esterification method has been considered as an attractive route to produce value-added 

chemicals from glycerol since the waste stream from the biodiesel consists of a mixture of glycerol 

and methanol. Taarning et al. have shown that when oxidizing glycerol in methanol using Au/TiO2 

and Au/Fe2O3 catalysts, dimethyl mesoxalate (DMM) can be produced selectively (79-89%) in the 

presence of  catalytic amount of base (NaOMe).
123
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3.2 Conversion of glycerol to lactic acid or lactate ester 

Another interesting valorization route for glycerol is the conversion to lactic acid. Due to its 

application as a monomer for the production of biodegradable plastics, lactic acid has gained 

significant attention in the past decade. Lactic acid serves as a platform molecule from which a variety 

of chemicals can be derived through reactions such as dehydration, dehydrogenation, condensation, 

reduction, decarbonylation and esterification.
124

 The current production of lactic acid is around 300-

400 kton/year with a market price of 1000-1200 €/ton.
125

 An overview of literature on the aqueous 

phase conversion of glycerol to lactic acid is given in Table 4. 

Table 4. Overview of aqueous phase glycerol conversion to lactic acid 

Entry Catalyst Atmosphere pH Other reaction conditions 
Glycerol 

Conv. % 

Selectivity/ 

Yield % 

Author and 

Year 
Ref. 

1 NaOH None basic 
573K, NaOH/GLY = 4 

mol/mol, 1.5 h 
- 90 (Y LACT) 

Kishida et 

al., 2005 
126 

2 KOH None basic 
553K, NaOH/GLY = 1.1, 

1.5 h 
- 84 (YLACT) 

Lopez et 

al., 2010 
127 

3 Pt/C H2 (40 bar) basic 

473K,  1 wt% GLY 

solution, GLY/M=700 

(mol/mol), 

100 58 (SLACT) 
Maris et al., 

2007 
27 

4 Au-Ru/C H2 (40 bar) basic 
473K,  1 wt% GLY 

solution, 0.8 M NaOH 
21 60 (SLACT) 

Maris et al., 

2007 
128 

5 Pt/CaCO3 H2 (40 bar) basic 
473K, pH = 12, 

GLY/boric acid = 1 
46 55 (SLACT) 

Ten Dam et 

al., 2011 
129 

6 
Au-

Pt/TiO2 
O2 (1 atm) basic 

363K, NaOH/GLY = 4 

mol/mol 
30 86 (SLACT) 

Shen et al., 

2010 
130 

7 Ir/CaCO3 He (30bar) 13 453K, 6 h, 1 M NaOH - 18 (YLACT) 
Auneau et 

al., 2012 
131 

8 Ir/C He (30bar) 13 453K, 8 h, 1 M NaOH 76 37 (YLACT) 
Auneau et 

al., 2011 
132 

9 Cu2O N2 (14 bar) basic 
473K, NaOH/GLY = 1.1 

mol/mol 
70 79 (SLACT) 

Roy et al., 

2011 
133 

(SLACT) = selectivity of lactic acid, (YLACT), GLY = glycerol 

Kishida et al. reported the hydrothermal conversion of glycerol to sodium lactate (90 mol% yield) in 

strong alkaline conditions (4 equivalents of NaOH to glycerol) at elevated temperatures (573 K).
126

 

Using heterogeneous catalyst, lactic acid can be generated in water in both reductive and oxidative 

conditions in the presence of a base. Maris et al. have reported a 58% selectivity towards lactic acid at 

100% conversion over Pt/C in the presence of CaO as the base at 473 K and 40 bar hydrogen 

pressure.
27

 Shen et al. have shown that monometallic Au and bimetallic Au-Pt on TiO2 are selective 

catalysts for the conversion of glycerol to lactic acid (86% selectivity at 30% glycerol conversion) at 

363 K in the presence of oxygen in strong alkaline conditions (4 equivalents of NaOH to glycerol).
130
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Recently a Ir/CaCO3 catalyst has been reported for aqueous phase conversion of glycerol to lactic acid, 

resulting in a 18% yield at 453 K in the presence of 1 M NaOH in a helium atmosphere.
132

 Roy et al. 

have shown the use of Cu based catalysts at a temperature range of 473-513 K in the presence of 

NaOH (NaOH/glycerol = 1.11.5) for the conversion of glycerol to lactic acid in water. When using 

Cu2O as the catalyst at 473 K and at a NaOH/glycerol ratio of 1.1, a lactic acid selectivity of 79% is 

obtained at 70 % glycerol conversion after 6 h batch reaction time.
133

 

The proposed mechanism for the conversion of glycerol to lactic acid (as sodium salt) involves the 

intermediate formation of glyceraldehyde/dihydroxyacetone, which subsequently rearranges to lactic 

acid via pyruvaldehyde (Scheme 4)
126, 130

  

 

 

Scheme 4. Lactic acid formation from glycerol in the presence of a base 

Apart from glycerol, glyceraldehyde/dihydroxyacetone mixtures (which can be generated by the 

partial oxidation of glycerol) have been taken as the starting compound for the production of lactic 

acid or alkyl lactate. Chromium and rhodium complexes have shown to be promising catalysts for the 

conversion of GLA and DHA to lactate.
134, 135

 In 2005 Hayashi and Sasaki have shown that tin(II) 

chloride is an efficient homogeneous catalyst for the conversion of GLA/DHA to alkyl lactate in high 

yields (85-89%).
136

 Lately it has been shown that Al(III) salts also serve as promising homogeneous 

catalysts for the conversion of DHA to lactic acid in water and yields up to 90 mol% have been 

reported.
137, 138

 

Heterogeneous Lewis-acid catalysts for the conversion of GLA/DHA to lactate have also been 

explored. In 2009, West et al. showed that Ultra-Stable zeolites-Y (USY) are active heterogeneous 

catalysts for the conversion of GLA/DHA to lactic acid (71% yield) and methyl lactate (96% yield).
139

 

In 2010 Pescarmona et al. reported the use of USY for the efficient conversion of DHA to ethyl lactate 

in yields up to 59%.
140

 Taarning et al. reported Sn-Beta zeolites as efficient catalysts for the 

conversion of GLA and DHA to methyl lactate in 99% yield.
141

 Lately Li et al. showed that Sn-MCM-

41 is a promising catalyst for the conversion of DHA to ethyl lactate in 98% yield in ethanol.
142

 Tin 

containing montmorillonite catalysts were also used for the conversion of GLA/DHA to alkyl lactate 

and yields of 89-93% were reported.
143

 More recently, a tin containing bi-functional carbon-silica 
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catalyst was reported for the conversion of DHA to ethyl lactate in 98% yield.
144

 However, 

glyceraldehyde and dihydroxyacetone are currently not available in large quantities. Hence, the direct 

conversion of glycerol to lactic acid or alkyl lactate is highly demanding. 

4 Thesis layout 

In this thesis, experimental studies are reported on the catalytic oxidation of glycerol to value-added 

compounds using chemo-catalytic routes. The aim was to develop novel catalytic routes or improve 

existing methods, with a focus on sustainable and green routes. The first part of the thesis deals with 

the conversion of glycerol to lactic acid and lactic ester, the second part is mainly focused on glyceric 

acid and derivatives. 

The selective conversion of glycerol to lactate in aqueous alkaline conditions in the presence of gold 

on ceria catalysts is described in Chapter 2. This chapter includes catalyst synthesis, characterization, 

screening experiments and recycle studies to gain insight in catalyst stability 

In Chapter 3, the conversion of glycerol to lactic acid and glyceric acid in water using gold catalyst on 

various zeolitic supports in base free condition is described. Monometallic (Au and Pt) and bimetallic 

(Au-Pt) catalysts on various zeolites have been synthesized, characterized and screened for 

performance.  

In Chapter 4, experimental studies on the one-pot conversion of glycerol to methyl lactate using gold 

nanoparticles on zeolite Y are discussed. Catalyst synthesis, characterization, screening and catalyst 

reusability are discussed.  

In Chapter 5, the conversion of glycerol to methyl glycerate in methanol using various gold catalysts 

in the presence and absence of base is described. The use of various oxidic supports on conversion and 

selectivity has been explored. A reaction network is proposed based on an in depth analyses of 

reaction products. 

In Chapter 6, protection methodology for glycerol at the vicinal positions has been explored to 

enhance the selectivity for the oxidation reaction of glycerol to glyceric acid in aqueous alkaline 

conditions in the presence of a gold catalyst. Both a transient and covalent approach have been 

investigated. 
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CHAPTER 2 
 
An efficient one-pot conversion of glycerol to 
lactic acid using bimetallic gold-platinum 
nanoparticles on a nanocrystalline CeO2 
support 
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Abstract  

The one-pot conversion of glycerol to lactic acid using monometallic Au and Pt as well as bimetallic 

(Au-Pt) catalysts supported on nanocrystalline CeO2 (n-CeO2) in aqueous solution in the presence of a 

base and oxygen was investigated. Catalytic performance of the bimetallic catalysts is considerably 

better than the monometallic ones and is indicative for synergistic effects. The bimetallic system 

shows excellent activity (TOF = 1170 h
-1 

for a batch time of 20 min) with a high selectivity (80%) to 

lactic acid at 99% glycerol conversion (373 K, NaOH to glycerol ratio of 4 mol/mol 5 bar oxygen). 

The Au-Pt/nCeO2 catalyst was recycled 5 times in a batch set-up without a significant drop in activity 

and lactic acid selectivity, indicative for good catalyst stability. 
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1. Introduction  

The catalytic conversion of glycerol to green bulk chemicals is currently an active field of research.
1-3

 

One of the main drivers is the surplus of glycerol as a result of the growing biodiesel production 

levels. Gold, previously being considered as an inert metal, shows very good catalytic activity when 

present as nano particles 
4, 5

 and catalytic transformations using gold are now well established.
6-10

 For 

instance, glycerol can be oxidised selectively to glyceric acid at aqueous alkaline conditions in a 

temperature range of 303-333 K
11-14

 using gold nanoparticles on various supports. Interactions 

between the support and the gold nanoparticles are of paramount importance and determine the 

activity and selectivity of the oxidation reactions.
15, 16

 Catalyst performance can be improved 

significantly by the incorporation of a second metal such as palladium or platinum.
17-22

 Best 

performance is obtained when both metals are present as nano-sized clusters in a single phase.
23

 

Lactic acid (2-hydroxy propionic acid) is an interesting bi-functional molecule. It is used as a 

monomer for the production of biodegradable polymers (polylactic acid) as well as for the production 

of biodegradable, nontoxic solvents (lactic acid esters).
24, 25

 It also has applications in the food, 

cosmetic, and pharmaceutical industry.
24

 Lactic acid is considered a top 12 biobased platform 

molecule and may serve as a starting point for a wide range of future biobased chemicals by catalytic 

routes.
26,

 
27 

Lactic acid can be produced either chemically or biotechnologically by fermentation 

routes. The chemical route using HCN and acetaldehyde is of less interest nowadays due to 

environmental concerns. The current commercial process involves fermentation of various 

carbohydrates sources. However, both the low space time yields and the difficult recovery of lactic 

acid from the fermentation broth have a major impact on the production costs
2
 and alternative catalytic 

processes for the production of lactic acid are highly desirable. 

Base catalysed conversions of glycerol to lactic acid at elevated temperatures have been reported. For 

instance, Kishida et al. showed that lactic acid can be produced from glycerol by a hydrothermal 

treatment at 573 K in strong alkaline conditions up to a yield of 90 mol% after 1.5 h reaction time
28

 

(eq 1). 

 

                                                                                                         (eq 1) 

 

 

Higher glycerol concentrations were applied by Lopez et al., which resulted in 84% lactic acid yield in 

1.5 h at 553 K.
29

 KOH has superior activity compared to NaOH in the reaction.
30

 The severe reaction 
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conditions, viz. a high reaction temperature coupled with the necessity for a large amount of base, are 

a major concern for further scale up of this synthetic methodology.  

Catalytic conversions of glycerol to lactic acid using heterogeneous catalysts have also been explored, 

both under reductive and oxidative conditions. Maris et al. observed lactic acid formation during the 

hydrogenolysis (473 K, 40 bar H2) of glycerol in base solutions using monometallic (Ru and Pt) and 

bimetallic (Pt-Ru and Au-Ru) on a carbon support. A lactic acid selectivity up to 62% (25% glycerol 

conversion) for Pt/C and 60% (21% conversion) for Au-Ru/C were obtained, though the selectivity 

decreased considerably at higher glycerol conversions.
31, 32

 Ten Dam et al. also noticed lactic acid 

formation (55% selectivity at 46% glycerol conversion after 18 h) for the hydrogenolysis of glycerol 

using Pt/CaCO3 in combination with boric acid (glycerol to boric acid ratio of 1, pH 12, 473 K, 40 bar 

H2).
33

 Lactic acid formation under oxidative conditions have also been investigated. Shen et al. 

recently showed that monometallic Au and bimetallic Au-Pt on a TiO2 support are selective catalysts 

for the conversion of glycerol to lactic acid at 363 K in strong alkaline conditions in an oxygen 

atmosphere. 
34

 A turn over frequency (TOF) of 520 h
-1 

and a lactic acid selectivity up to 86% at 30% 

glycerol conversion was reported. Ir/CaCO3 catalysts have also been reported for the conversion of 

glycerol to lactic acid in water. A lactic acid yield of 18% was obtained at 453 K after 6h in the 

presence of 1 M NaOH in an inert atmosphere.
35

 

In this paper, we report the one-pot conversion of glycerol to lactic acid in water under oxidative 

conditions using monometallic and bimetallic Au and Pt based catalysts on a nano-ceria support. This 

support was selected as it is known that Au on nano-crystalline CeO2 is an efficient oxidation catalyst 

for alcohols to aldehydes and ketones.
36

 The high efficiency of nano-crystalline CeO2 compared to 

regular (non-nanoparticulated) CeO2 is supposed to be related to its ability to stabilise O2 as superoxide 

and peroxide species. 
37

 Recently, Hutchings et al. showed the potential of bimetallic Au-Pd on nano-

ceria for the oxidative esterification of 1,2 propanediol in methanol to methyl lactate upto a selectivity 

of 70-75% at 30-39% conversion. 
38

 

However, catalysts based on the combination of nanoceria and noble metals like Au and Pt have not 

been explored for glycerol conversion in aqueous media in the presence of oxygen. In this study, the 

effect of the catalyst composition  on lactic acid yields have been determined and relevant by-products 

have been identified. A reaction mechanism is proposed based on the experimentally observed activity 

and selectivity trends supported by literature data. 
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2. Experimental Section  
 

2.1 Materials 

HAuCl4.3H2O (≥ 99.9 %), K2PtCl4 (99.99%), ceria (nano powder < 25 nm, product code: 544841; 47 

m
2
/g and 0.169 cm

3
/g), polyvinyl alcohol (PVA) (Mw 13.000-23.000), NaBH4 (≥ 98%) and NaOH (≥ 

98%) were procured from Sigma-Aldrich. Activated carbon was obtained from Norit (SX1G, 854 m
2
/g 

and 0.642 cm
3
/g) and TiO2 (P25, 50 m

2
/g and 0.352 cm

3
/g) was a gift from Evonik. Bulk CeO2 was 

obtained from the Boreskov Institute for Catalysis, Russia (21 m
2
/g and 0.009 cm

3
/g). Oxygen (99.995 

%) was obtained from Linde Gas Benelux B.V., the Netherlands and hydrogen (9.86 vol% in nitrogen) 

from Praxair, Belgium.  

 

2.2 Catalyst characterisation 

Scanning Transmission Electron Microscope (STEM) images were recorded on Philips Tecnai F20 

FEG electron microscope fitted with an X-ray EDS system operating at 200 kV. The images were 

acquired with Fischione High Angle Annular Dark Field (HAADF) detector. Catalyst samples were 

finely powdered and dispersed in ethanol. A small droplet of this dispersion was deposited on a copper 

grid coated with carbon. Particle size distributions of the catalysts were determined from the 

transmission electron micrographs by measuring the dimensions of a number of particles.  

Aberration-corrected  high-resolution STEM images were acquired using a XFEG FEI TITAN 60–300 

kV equipped with an EDS detector (EDAX), a monochromator and a spherical aberration corrector for 

the electron probe (CEOS) [R1]. The microscope was operated at 300 kV achieving a 0.08 nm 

resolution. 

Pore volumes and BET surface areas were experimentally determined by N2 physisorption at -196 
o
C 

in an ASAP 2420 instrument. 

X-ray photoelectron spectroscopy (XPS) was used to study the chemical composition and the 

oxidation state of the elements on the catalyst surface. The XPS instrument, a VG Escalab 200 R 

spectrometer with a MgKα X-ray source (hν = 1253.6 eV), was equipped with a pre-treatment 

chamber with controlled atmosphere and temperature in which the catalyst samples could be treated 

under various conditions.  

ICP analyses to determine the amount of metal in the solid catalyst were performed using a Perkin 

Elmer Optima 7000 DV instrument.  

 

2.3 Product analyses 

2.3.1. HPLC 

Before analyses, the catalyst was separated by centrifugation. Subsequently, 1 mL of liquid sample 

was neutralised using H2SO4 (1 M) and subsequently filtered over a syringe filter (0.45 µm Minisart 

NML-cellulose acetate). 200  µL of this sample was trans-ferred to a HPLC vial and diluted to 500 µL 



46 
 

with the eluent (3 mM H2SO4). An injection volume of 10 µL was used for each analysis. The samples 

were analysed using a Waters HPLC instrument equipped with an Alltech IOA-1000 column 

maintained at 90°C using H2SO4 (3 mM) in ultra-pure water as the eluent with a flow rate of 0.4 

mL/min. The components were identified using an UV (210 nm) and an RI detector by comparison 

with authentic samples. Concentrations were determined using calibration curves obtained by injecting 

standard solutions of known concentrations. Conversion and selectivity of various products are 

calculated on the basis of carbon mass. Carbon mass balance closures up to 99-100 % were obtained. 

 

2.3.2. GC-MS 

To confirm the presence of lactic acid, GC–MS measurements were performed using an Interscience 

Trace GC equipped with a Restek GC column Rxi-5 ms (30 m × 0.25 mm × 0.25 μm) connected to a 

Interscience Trace DSQ II XL quadrupole mass selective detector (EI, mass range 35–500 Dalton, 150 

ms sample speed). Before analyses, the catalyst was removed by centrifugation and the solvent was 

removed in vacuo. The crude product (15 mg) was mixed thoroughly with pyridine (0.8 mL) and a 

silylating agent (bis-(trimethylsilyl)-trifluoroacetamide + 1% trimethylchlorosilane (0.5 mL, Regis 

technologies, USA)). This solution was kept at 343 K for a period of 30 min to ensure the complete 

silylation and subsequently injected in the GC–MS. Lactic acid was identified in the form of the 

bis(trimethylsilyl)lactate. 

 

2.4 Synthesis of monometallic (Au or Pt) catalysts on nanoceria by colloidal deposition: 

Monometallic Au or Pt colloids were prepared by NaBH4 reduction method described in the literature. 

39
 
12

 HAuCl4.3H2O (0.042 mmol) or K2PtCl4 (0.042 mmol) was dissolved in 140 mL of milli-Q water 

containing polyvinyl alcohol (2 wt % solution, 1.9 mL) as the protecting agent. Subsequently, NaBH4 

(2.0 mL of a 0.1 M solution) was added and the pH of was adjusted to 2.5 using 0.2 M H2SO4. The 

resulting suspension was added to a suspension of nanoceria in water (2 g in 20 mL milli-Q water, 

sonicated for 30 minutes) under vigorous stirring for 3.5 h using a mechanical stirrer. The support 

intake was such to obtain a final metal loading of 0.4 (Au) or 0.5 (Pt) wt% in the case of monometallic 

nCeO2 catalysts and a final total metal loading of 0.7 wt% in the case of bimetallic (Au-Pt) nCeO2 

catalyst. The catalyst was separated by centrifugation and washed thoroughly with deionised water. 

Finally, the catalyst was dried under vacuum (0.5-2 mbar) at 323 K in the presence of a desiccant 

(Sicapent) for 18 h. The catalysts are designated as Au/nCeO2 and Pt/nCeO2 for Au on nanocrystalline 

ceria and Pt on nanocrystalline ceria, respectively. 

Au on carbon (Au/C, 0.8wt% Au), Au on titania (Au/TiO2, 1wt% Au) and Au on bulk ceria (Au/CeO2, 

0.55wt%) were prepared by immobilising a gold colloid (prepared by the method described above) on 

carbon, titania and bulk ceria, respectively. 
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2.5 Synthesis of bimetallic Au-Pt on nanoceria: Au/nanoceria (2 g) was suspended in 240 mL milli-

Q water containing K2PtCl4 (0.0130 g) and a PVA solution (0.44 ml 2 wt %). Hydrogen gas (9.86 vol 

% in nitrogen) was bubbled through this slurry at a flow rate of 150 mL/min at atmospheric pressure 

and at room temperature for 6 h. The slurry was stirred overnight (16 h). The catalyst was isolated by 

centrifugation and subsequently washed with deionised water and finally dried at 323 K under vacuum 

(0.5-2 mbar) in the presence of desiccant (Sicapent) for 18 h. This catalyst is designated as Au-

Pt/nCeO2  

 

2.6 Catalytic experiments 

Catalytic experiments were performed in 75 mL Hastelloy C-276 autoclaves (Parr Series 5000 

Multiple Reactor System). The autoclave was charged with a glycerol (3.4 mmol) in deionised water 

(20 mL) followed, when appropriate, with the predetermined amount of NaOH. Subsequently, the 

catalyst was added (glycerol to metal ratio of 680 mol/mol) and the autoclave was closed, flushed with 

oxygen and finally pressurized with oxygen. The reactor contents were heated to the desired 

temperature under stirring with a magnetic stirring bar (600 rpm). A heating time of 10 minutes was 

required to reach the reaction temperature of 373 K (the heating time was not considered for TOF 

calculations). A typical reaction time was 30 minutes. After the specified reaction time the reactor was 

cooled immediately to room temperature using an ice water bath, depressurised and samples were 

taken for HPLC analyses. 

 

3. Results and Discussion 

3.1 Catalyst synthesis and characterisation 

Monometallic and bimetallic catalysts were prepared by a colloidal deposition method. Relevant 

properties of the catalysts are given in Table 1.  

Table 1. Relevant properties of the monometallic and bimetallic Au and Pt on various supports. 

Entry Catalyst Metal loading (wt%) a 
Mean metal particle 

size (nm) b 

1 n CeO2 - - 

2 Au/nCeO2 0.4 3.7 

3 Pt/nCeO2 0.50 3.7 

4 Au-Pt/nCeO2 0.4 (Au), 0.3 (Pt) 3.9 

5 Au/CeO2 0.55 4.2 

6 Au/TiO2 1.0 4.0 

7 Au/C 0.8 4.4 
a 

Determined by ICP-OES;   bDetermined using STEM-HAADF 
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The catalysts were characterised using bright-field transmission electron microscopy (BF-TEM), 

scanning transmission electron microscopy (STEM), high angle annular dark field (HAADF) imaging 

and energy dispersive X-ray spectroscopy (XEDS). Representative STEM and XEDS spectra for the 

monometallic catalysts are given in Figure 1 (Au/nCeO2) and 2 (Pt/nCeO2), and Figure 3 for the 

bimetallic catalyst (Au-Pt/nCeO2). The average metal particle sizes for the nano ceria supported 

catalysts are small and all between 3.7 and 3.9 nm.   

 

Figure 1. STEM image of (A) Au/nCeO2 (Scale is 10 nm ) (B) Particle size distribution (C) Representative 

XEDS spectrum for an individual Au particle.  

 

 

Figure 2. STEM image of (A) Pt/nCeO2 (Scale is 20 nm) (B) Particle size distribution (C) Representative XEDS 

spectrum for an individual Pt particle.  

  

A number of particles of the bimetallic (Au-Pt/nCeO2) catalyst were analysed using XEDS. Local 

composition of individual metal particles was obtained when the electron beam was converged to 

nanometer size. It showed the existence of both the metals in a single phase (Figure 3 B) which is 

indicative of a close interaction. This interaction was further studied by quantifying the lattice spacing 

using aberration-corrected atomic-resolution STEM images of the Au-Pt/nCeO2 catalyst. When the 

(111) planes were well-resolved, the lattice spacing was found to be 0.229 nm (Fig. 4-c), a value 

between  the characteristic Au (111) and Pt (111) planes.
34, 40

 This proofs that an Au-Pt alloy has been 
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formed; these results are consistent with previous studies by Wang et al.
23

 and Dimitratos et al.
41

 on 

Au/Pd and later by Shen et al.
34

 for Au-Pt based on lattice spacing calculations. 

 

 

Figure 3. (A) STEM-HAADF image for Au-Pt/nCeO2 (scale is 20 nm) (B) representative XEDS spectrum taken 

for an individual single Au-Pt particle on nCeO2 (C) particle size distribution of Au-Pt/nCeO2 (D) XPS spectrum 

of Au-Pt/nCeO2 catalyst. 
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Figure 4. High-resolution STEM pictures at different magnifications showing the nanoparticulated ceria and Au-

Pt particles (a, b). The arrow indicates a bimetallic cluster that was visualized at atomic-resolution  (c), 

indicating the lattice spacing of the (111) plane. 

X-ray photoelectron spectroscopy (XPS) was used to study the chemical composition and the 

oxidation state of the elements at the catalyst surface. The XPS spectrum of the monometallic 

Au/nCeO2 shows three doublets for the Au 4f core level corresponding to  Au
3+

, Au
+
, and Au

0 
(Figure 

5); the major contribution was Au
0
 (85 %). The bimetallic Au-Pt/nCeO2 catalyst showed the presence 

of Au and Pt in both the cationic as well as in the metallic state (Figure 3D). The occurrence of 

cationic gold species confirms the interaction between nCeO2 and Au nanoparticles, which is expected 

to lead to Ce
3+

 and oxygen deficient sites in the ceria. The XPS spectrum of the ceria matrix also 

clearly shows the Ce 3d core level having Ce
3+ 

in the Au/nCeO2 and Au-Pt/nCeO2 catalysts (Figure 6). 

In the bimetallic catalyst, the major contribution for the metal species are Au
0
 (48%) and Pt

0
 (24%), 

both in close interaction as derived from the EDS analysis. 

 

 

 

 

 

 

0.229 nm 

a 

b 

c 
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Figure 5. XPS spectrum of the Au 4f core level of Au/nCeO2 

 

 

Figure 6. XPS spectra showing the Ce 3d core level of Au/nCeO2 (A) and Au-Pt/nCeO2 (B) 
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3.2 Catalyst screening experiments 

The one-pot conversion of glycerol to lactic acid was studied in a batch reactor set-up. The reactions 

were typically carried out in water at a temperature of 373 K and an oxygen pressure of 5 bar using a 

30 min batch time in the presence of a base (NaOH to glycerol mol ratio of 4). The glycerol to metal 

intake was set at 680 mol/mol. The reactions were performed using monometallic Au and Pt as well as 

bimetallic Au-Pt on a nanocrystalline CeO2 support (nCeO2). For the monometallic Au based catalysts, 

the performance was compared with Au supported catalysts on conventional supports (ceria, titania 

and activated carbon). The results for the various experiments are summarised in Table 2. Product 

analyses were performed using HPLC, the presence of lactic acid was also confirmed by GC–MS after 

derivatisation with bis-(trimethylsilyl)trifluoroacetamide/trimethylchlorosilane. 

Table 2. Conversion of glycerol to lactic acid using supported monometallic (Au and Pt) and bimetallic Au-Pt 

catalysts 
a 

 

Entry 

 

Catalyst 

 

Conv. 

(%) 

 

Selectivity (%) 
TOF(c) 

h-1 

Lactic 

acid 

Glyceric 

acid 

Glycolic 

acid 

Oxalic 

acid 

Formic 

acid 

Tartronic 

acid 

Acetic 

acid 
 

1 None 4 <1 25 50 - 24 - - - 

2 Au/nCeO2 76 60 18 6 5 6 2 4 1040 

3 Pt/nCeO2 82 68 13 7 4 5 1 2 1120 

4 Au/CeO2 60 52 23 8 8 6 1 2 820 

5 Au/TiO2 71 45 30 2 5 2 12 4 970 

6 Au/C (d) 83 26.5 50 5 0.5 3 12 3 1131 

7 Au/C 93 24 21 11 4 4 32 5 1260 

8 nCeO2 25 16 49 13 7 10 3 2 - 

9 nCeO2 
b 10 16 57 11 8 7 <1 - - 

10 Au-Pt/nCeO2 
(d) 86 78.5 13.5 3.4 1 1.5 1 1 1172 

11 Au-Pt/nCeO2 99 80 10.5 4 2 2 <1 1 1350 

12 
Au/nCeO2 

+ Pt/nCeO2 
(d) 

76.5 66 16.5 6.5 3.5 4.0 1.6 1 1043 

13 
Au/nCeO2 

+ Pt/nCeO2 
90 65 15 7 5 5 2 2 1220 

a
 Reaction conditions: glycerol (0.17 M). NaOH/glycerol = 4 mol/mol, glycerol/total metal intake = 680 mol/mol, 373 K, P (O2) = 5 bar, 30 

min. b Experiment with recycled material  cTOF in mmol of glycerol converted per total mmol of metal per h. d Reaction time 20 min. 

Glycerol conversion is below 5 % in the absence of a catalyst (Table 2, Entry 1), indicating that a 

hydrothermal reaction by the action of a base is not occurring to a large extent at the prevailing 

reaction conditions. The products, though present in minor amounts, are oxidation products like 

glyceric-, glycolic- and formic acid.    

Initial experiments with the monometallic Au and Pt catalysis on nCeO2 (Table 2, entry 2 and 3) 

resulted in about 80% glycerol conversion, corresponding with a catalyst TOF of about 1100 
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mol/(mol.h
-1

). The selectivity for lactic acid was 60% for Au and 68% for Pt, main by-products were 

glyceric acid (13-18 mol%), glycolic acid (6-7 mol%), oxalic acid (4-5 mol%) and formic acid (5-6 

mol%), see eq 2. The formation of the latter three products is indicative for the occurrence of 

undesired C-C splitting reactions.  

 

  (eq 2) 

The catalytic activity of the monometallic Au/nCeO2 was compared to Au on regular (non-

nanoparticulated) CeO2 (Au/CeO2). The mean metal particle sizes on both supports are essentially 

similar (3.9 vs 4.2 nm, see Table 1 for details). Catalyst performance for the nCeO2 support was 

considerably better (c.f. entry 2 and 4 in Table 2) indicating that the nanoceria support (5-25 nm 

particle sizes by HR-TEM, Figure 7A) is a better choice than the regular, larger sized ceria support (> 

50 nm by HR-STEM, Figure 7B). 

 

  

 

 

 

 

 

Figure 7. (A) HR-TEM image of nCeO2 containing Au nanoparticles showing discrete CeO2 nanoparticles (scale 

bar: 20 nm) (B) STEM image of CeO2 containing Au nanoparticles indicating the absence of discrete CeO2 nano 

particles (scale bar: 10 nm). 

Other catalyst supports (activated carbon, TiO2) were also tested for the monometallic Au catalysts. 

Glycerol conversions for Au on TiO2 are slightly lower than for the nCeO2 support (71 versus 76%). 

The selectivity to lactic acid is also reduced considerably when using TiO2, mainly due to the 

formation of larger amounts of glyceric acid (up to 30 mol%). Glycerol oxidations using Au/TiO2 have 

been reported in the literature. For instance, at 50 ºC in basic aqueous media, glyceric acid is reported 

to be the main product 
14

 (69% selectivity at 90% glycerol conversion) and lactic acid formation is not 

A B 
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mentioned. In contrast, Shen et al. reported that lactic acid is the main product (74% at 30% glycerol 

conversion) for the Au/TiO2 catalysed conversion of glycerol in water in the presence of a base at 

90°C. Apparently, our data are consistent with the data published by Shen et al.
34

 The use of a carbon 

support for Au resulted in high glycerol conversions (93%), though the main product in this case was 

tartronic acid (32 mol%) and lactic acid was formed in only 24% yield. Thus, remarkable support 

effects are observed on product selectivity and the nCeO2 support gives the best catalyst performance 

for monometallic Au catalysts when lactic acid is the product of choice.   

The presence of Au or Pt is essential for good catalytic performance and the use of the nanoceria 

support alone gave much lower glycerol conversions (25 mol%) and mainly glyceric acid as the 

product (49 mol%) (Table 2, Entry 8). This confirms that ceria contains stoichiometric oxidation sites 

for alcohols, involving the Ce
4+

/Ce
3+

 redox couple. When subjected to a subsequent run, the activity 

was considerably reduced (10% conversion) (Table 2, Entry-9), indicating a depletion of catalytically 

active cerium sites. This is in line with literature that the regeneration of catalytic sites in ceria is not 

occurring in the absence of metal species.
36

 

The use of the bimetallic Au-Pt/nCeO2 catalyst gave a considerable improvement compared to the 

individual mono metallic catalysts, a clear indication for synergic effects. The selectivity towards 

lactic acid increased up to a very promising 80% at near quantitative glycerol conversion (Table 2, 

Entry 11). The synergic effect was further proven by comparing catalyst performance of the bimetallic 

catalyst with a physical mixture of the two monometallic ones (Table 2, Entry 12). The physical 

mixture gave a lower glycerol conversion and a substantial lower selectivity towards lactic acid (65 

versus 80 mol %) than the Au-Pt/nCeO2 catalyst indicating a synergistic effect due to the co-existence 

of Au
0
 and Pt

0
 mixed clusters as evidenced by the XEDS, XPS and STEM. 

3.3. Reaction pathways 

A reaction network consistent with the observed product distribution and literature data is given in 

Scheme 1.  

 

 

 

 

 

Scheme 1. Proposed reaction pathway for the conversion of glycerol to lactic acid and byproducts 
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The network involves the initial oxidative dehydrogenation of glycerol to glyceraldehyde. In basic 

conditions, glyceraldehyde is in equilibrium with dihydroxyacetone. 
42, 43

  It is well known that trioses 

like glyceraldehyde and dihydroxyacetone undergo rearrangement into lactic acid under alkaline 

conditions. As early as 1930 Shaffer and Friedmann proposed this conversion to be a base catalysed 

dehydration-rearrangement-rehydration, involving pyruvaldehyde (methylglyoxal) as an intermediate. 

44
 Kishida et.al proposed glyceraldehyde as the intermediate in the hydrothermal conversion of 

glycerol into lactic acid. Recently, homogeneous metal salts have also been reported to catalyse this 

transformation.
45, 46

 A parallel undesired pathway involves the catalytic oxidation of 

glyceraldehyde/dihydroxyacetone to glyceric acid and subsequently to further oxidation and C-C 

splitting products like tartronic acid, glycolic acid, oxalic acid, acetic acid and formic acid. An optimal 

catalyst for the conversion of glycerol into lactic acid therefore should have a strong oxidative 

dehydrogenation capacity under mild conditions and at the same time being a highly inefficient 

oxidation catalyst for the conversion of glyceraldehyde into glyceric acid and subsequent oxidation 

products.  

The presence of a base leads has a positive effect on glycerol conversion levels (Table 3). The base is 

expected to deprotonate glycerol, which is known to have a positive effect on catalytic performance in 

metal catalysed oxidation reactions.
6
 The addition of a base also enhances the selectivity to lactic acid 

at the expense of glyceric acid. This is in line with the proposed reaction network, where lactic acid 

formation from glyceraldehyde is catalysed by a base whereas the subsequent oxidation of 

glyceraldehyde is a metal catalysed oxidation reaction (Scheme 1). Of interest is also the presence of 

glyceraldehyde and pyruvaldehyde in the reaction mixtures when the reaction was performed in the 

absence of a base. This is a strong indication that both compounds are indeed reactive intermediates in 

the conversion of glycerol to lactic acid.  

 

Table 3. Effect of amount of base on catalyst performance for the bimetallic Au-Pt/nCeO2  catalyst 
a 

a 0.17 M glycerol; glycerol to metal ratio of 680 mol/mol, 373 K, P (O2) = 5 bar, 30 min. 

 

 

 

Entry NaOH/ 

glycerol 

(mol/mol) 

Conv. 

(%) 

   Selectivity (%)  

Glycer-

aldehyde 

Lactic 

acid 

Glyceric 

acid 

 Glycolic 

acid 

Oxalic 

acid 

Formic 

acid 

Tartronic 

acid 

Acetic 

acid 

Pyru-

valdehyde 

1 0 25 55 19 21  < 1 - - - - 4 

2 2 60 2.0 65 15  7 3.5 3.5 1 1.5 < 1  

3 4 99 < 1 80 10.5  4 2 2 <1 1 < 1 
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3.4. Effect of process conditions on catalyst performance  

The effect of oxygen pressure on product selectivity was determined and the results are given in Table 

4. Reactions performed in oxygen free conditions gave only 10% glycerol conversion after 3 h, yet 

with a 99% selectivity towards lactic acid. It is well possible that the initial oxidation of glycerol to 

glyceraldehyde, the initial step in the catalytic process, is catalysed by the nanoceria support. For the 

stoichiometric oxidative dehydrogenation of glycerol to glyceraldehyde with CeO2 (ceria), two moles 

of CeO2 are required for one mole of glycerol. For a typical reaction, the intake of glycerol is 0.31 g 

(3.37 mmol) and 0.2 g (1.16 mmol) of ceria. As such, a maximum conversion of 17 mol% of glycerol 

is possible. In addition, reactivation of the Ce2O3 with molecular oxygen may occur simultaneously, 

leading to higher attainable glycerol conversions. The actual conversion is 10 mol%, well below the 

maximum levels, probably due to kinetic limitations. The occurrence of alcohol dehydrogenation 

instead of an oxidative dehydrogenation is possible, though thermodynamically far less favoured. The 

direct dehydrogenation reaction of glycerol is endothermic and typically requires high temperatures to 

obtain high equilibrium conversions. 

An increase in oxygen pressure from 0 to 5 bar resulted in enhanced glycerol conversion rates and 

quantitative glycerol conversion is possible within 30 min at 5 bar and 1 h at 3 bar. Surprisingly, the 

lactic acid selectivity is within a narrow range  (74-80 mol%) when oxygen is present. The lactic acid 

selectivity is determined by the relative rates of the two parallel reactions of glyceraldehyde to i) lactic 

acid and ii) glyceric acid (Scheme 1). When considering the proposed reaction network, the rate of the 

undesired pathway from glyceraldehyde to glyceric acid is expected to be enhanced by higher oxygen 

pressures, leading to higher selectivities to glyceric acid and thus a reduced lactic acid selectivity at 

higher oxygen pressures. This is not observed experimentally. A possible explanation is that the 

oxidation reaction of glyceraldehyde to glyceric acid is zero order in oxygen pressure, however, 

further detailed kinetic studies will be required to support this explanation. Recently, Zope et al.
6
 

reported on the mechanism of ethanol and glycerol oxidation to acids over various supported gold and 

platinum catalysts. Labelling experiments with 
18

O2 and H2
18

O demonstrate that oxygen atoms 

originating from hydroxide ions instead of molecular oxygen are incorporated into the alcohol during 

the oxidation reaction. Molecular oxygen does not participate in the catalytic cycle by dissociation to 

atomic oxygen but by regenerating hydroxide ions formed via the catalytic decomposition of a 

peroxide intermediate. Our results are in line with these findings. 
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Table 4. Effect of oxygen pressure on catalyst performance for the bimetallic Au-Pt/nCeO2 catalyst 
a 

 

Entry P(O2) Time  

(h) 

Conv. (%) Selectivity (%) 

Lactic 

acid 

Glyceric 

acid 

Glycolic 

acid 

Oxalic 

acid 

Formic 

acid 

Acetic 

acid 

1 0 3.0 10 99 < 1 0 0 0 < 1 

2 1 1.0 55 77 12 6 3 2 < 1 

3 3 0.5 53 76 12 5 2 4 1 

4 3 1.0 99 74 13 5 4 3 1 

5 5 0.5 99 80 11 4 2 2 1 

a Reaction conditions: 0.17 M Glycerol; NaOH/glycerol = 4 mol/mol, glycerol/metal = 680 mol/mol, 373 K 

 

The selectivity for lactic acid formation is a function of the relative rates of the base catalysed reaction 

pathway to lactic acid and the oxidation pathway to glyceric acid (Scheme 1) and as such the 

temperature is expected to affect the selectivity of the reaction. This was also demonstrated 

experimentally by performing three experiments at standard conditions (30 min reaction time) with the 

bimetallic Au-Pt on nano-ceria catalyst at different temperatures (333, 353, 373 K), see Table 5 for 

details. As expected, the glycerol conversion after 30 min increased at higher temperatures, from 56% 

at 333 K to quantitative conversion at 373 K. The lactic acid selectivity is improved at higher 

temperatures, viz. 47% at 333 K and 80% at 373 K. These data imply that the reaction rate of the 

glyceraldehyde-lactic acid pathway has a stronger temperature dependence than the glyceraldehyde-

glyceric acid pathway.  

The batch experiments were performed at elevated temperature (373 K) and heating up takes about 10 

min. During this non-isothermal trajectory, catalytic reactions are expected to occur. To gain insights 

in the extent of these reactions, a standard experiment was performed with the Au–Pt on nanoceria 

catalyst for which the reaction was quenched directly after reaching reaction temperature (373 K, 10 

min). A 14% glycerol conversion was obtained giving mainly lactic acid (70%) and glyceric acid 

(21.5%). Thus, conversion, though limited, already occurs during the heating phase. 

 

Table 5. Effect of temperature on catalyst performance for the bimetallic Au-Pt/nCeO2 catalyst 
a 

Temperature 

K 

Conversion (%) Selectivity (%) 

Lactic 

acid 

Glyceric 

acid 

Glycolic 

acid 

Oxalic 

acid 

Formic 

acid 

Tartronic 

acid 

Acetic 

acid 

333 56 47 33 6 3 7 3 1 

353 98 58 24 5 2.5 5 4 1.5 

373 99 80 10.5 4 2.0 2 0.5 1 

a Reaction conditions: 0.17 M. NaOH/Glycerol= 4 mol/mol, Glycerol/Metal= 680 mol/mol, 30 min. 

 

3.5.  Reactivity of intermediates 

The proposed reaction intermediates (glyceraldehyde, pyruvaldehyde) were only detected in 

considerable amounts in the product mixtures when the reactions were performed in the absence of a 
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base (Table 3). To further assess the possible involvement of the two components in the proposed 

reaction sequence (Scheme 1), experiments with either glyceraldehyde or pyruvaldehyde were 

performed at standard conditions (373 K, NaOH (4 mol/mol substrate)) but in the absence of a catalyst 

and oxygen. For glyceraldehyde, full conversion of glyceraldehyde after 0.5 h and a lactic acid 

selectivity up to 65-70% was observed. Byproducts such as glycolic acid (4%), formic acid (4%) were 

observed along with some unidentified products. Thus, the formation of lactic acid from 

glyceraldehyde indeed involves a base catalysed pathway without the necessity for an oxidation 

catalyst. Experiments starting with pure pyruvaldehyde, in the presence of NaOH (NaOH to 

pyruvaldehyde mol ratio of 4) resulted in quantitative conversion of pyruvaldehyde within 5-8 minutes 

at room temperature to lactic acid in quantitative yields.  

The formation of over-oxidation and C-C scission products like tartronic acid, glycolic acid, acetic 

acid and formic acid were observed for all catalytic experiments. To gain insights whether these are 

formed in the glyceric acid or lactic acid pathway (Scheme 1), catalytic experiments were performed 

with glyceric acid and lactic acid as the starting materials. The results are depicted in Table 6.  

 

Table 6. Catalytic experiments with glyceric acid and lactic acid using the bimetallic Au-Pt/nCeO2 catalyst 
a 

Entry Substrate Time(h) Conv.(%) Selectivity 

   Lactic 

acid 

Glyceric 

acid 

Glycolic 

acid 

Oxalic 

acid 

Formic 

acid 

Tartronic 

acid 

Acetic 

acid 

1 Glyceric 

acid 

0.5 38 0 0 6 10 3.5 76 3 

2 Lactic 

acid 

0.5 0 - - - - - - - 

3 Lactic 

acid 

3.5 5.0 0 1 0 15 0 26 52 

a Reaction conditions: 0.17 M substrate, NaOH/substrate= 4 mol/mol, 373 K, P (O2) = 5 bar, substrate/Metal = 680 mol/mol. 

Lactic acid conversion was not observed after 30 min reaction, a typical reaction time for a catalytic 

experiment with glycerol. Extended times (3.5 h) resulted in 5% lactic acid conversion to acetic acid, 

oxalic acid and tartronic acid. Thus, lactic acid is prone to further oxidation reactions, though the 

conversion is negligible at standard reaction time (30 min) for the glycerol oxidation reaction due to 

low reaction rates. Experiments with glyceric acid at standard conditions for glycerol experiments 

resulted in 38% conversion after 30 min, the main products being tartronic acid as well as scission 

products such as glycolic acid, oxalic acid, acetic acid and formic acid. Apparently, glyceric acid is not 

stable at reaction conditions and is the major source of other (smaller) organic acids.   
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3.6 Optimization of catalyst performance 

Lactic acid is a typical bulk chemical product with high production volumes. Novel routes should 

comply with the green chemistry and technology principles and as such, catalyst stability and 

reduction of solvent usage are of pivotal importance. The catalyst stability for the bimetallic Au-

Pt/nCeO2 catalyst was tested by performing a number of recycle runs in the batch set-up. After each 

reaction, the catalyst was recovered by centrifugation, washed with an excess of water and dried (323 

K in vacuum for 16 h in the presence of sicapent). The results are shown in Figure 8. Catalyst stability 

is good and loss of activity and selectivity was not observed after 4 recycle runs. In line with these 

findings is the absence of Au and Pt in the liquid phase after reaction (ICP-OES), indicating that 

catalyst leaching does not occur. The cumulative TON was 3400 mol/(mol metal intake).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Recycle experiments for Au-Pt nCeO2 (conditions for each experiment: 0.17 M glycerol,  NaOH to 

glycerol mol ratio of 4, glycerol to metal mol ratio of 680, 100°C, P (O2) = 5 bar, 30 min) 

 

To reduce solvent usage, a number of experiments was performed at higher glycerol concentrations 

(Table 7), while all other reaction conditions (including metal intake) were at standard values.  

 

 

 

 

 

 

 

 

I II III IV V
0

20

40

60

80

100

C
o

n
v

e
rs

io
n

/ 
S

e
le

c
ti

v
it

y
 %

Runs

 Glycerol conversion

 Lactic acid selectivity



60 
 

Table 7. Effect of glycerol concentration on performance of the Au-Pt/nCeO2 catalyst 
a
  

            

Entry Glycerol 

conc. 

(M) 

Time 
(h) 

Conv. 
(%) 

Selectivity (%) 

Lactic  

acid 

Glyceric 

acid 

Glycolic 

acid 

Oxalic 

acid 

Formic 

acid 

Tartronic 

acid 

Acetic 

acid 

TOF 

h-1 

1 0.17 0.5 99 80 10.5 4 2 2 <1 1 - 

 

2 
0.34 

0.5 56 79 9 5 2 3 1 1 1523 

1.0 99 77 6 6 3 4 1.5 1.5 - 

 

3 
0.6 

0.5 24.5 81 4 6 1 4 1.5 2.5 1333 

2 75 77 9 5 2 4.5 1.5 1 1020 

a
 Reaction conditions: Deionised water (20 mL), NaOH/Glycerol = 4 mol/mol, 373 K, P(O2) = 5 bar, glycerol/metal ratio for entry 1 = 680 

mol/mol, entry 2 = 1360 mol/mol, entry 3 = 2720 mol/mol. TOF in mmol of glycerol converted/total mmol of metal/h. 

 

Based on the data, it can be concluded that the Au-Pt/ nCeO2 catalyst remains active even at high 

concentration of glycerol without a significant drop in the selectivity towards lactic acid.  

 

4. Conclusions  

Monometallic Au and Pt based catalyst on a commercially available nanocrystalline CeO2 support are 

efficient catalysts for the one-pot oxidative conversion of glycerol to lactic acid. For Au, the nano-

ceria support shows better performance than non-nanoparticulated CeO2, activated carbon and TiO2. 

Further improvements are possible by the application of bimetallic Au-Pt/nCeO2 catalysts. Lactic acid 

yields of up to 80% were obtained at a TOF of 1170 mol/(mol h
-1

) for a 20 min batchtime; main 

byproducts are glyceric acid and subsequent oxidation products (such as tartronic acid, glycolic acid, 

formic acid and acetic acid). The Au-Pt/nCeO2 catalyst was shown to be reusable without loss in 

activity and lactic acid selectivity for 5 successive batch runs. A reaction pathway is proposed and the 

involvement of intermediates is supported by additional experiments with pure intermediates.  

The synthetic methodology largely complies with the twelve principles of green chemistry. It uses a 

renewable feed for the synthesis of an existing bulk chemical (lactic acid) with high application 

potential, uses a catalytic route with a catalyst that has shown to be recyclable at least five times, 

suggesting reasonable/good stability, is carbon atom efficient, uses an environmentally benign oxidant 

(oxygen), is carried out in a single step in good yields, and uses an environmentally benign solvent 

(water). The main point of concern is the need of a soluble base (NaOH) to give improved catalyst 

activity, leading to the formation of the lactate after reaction, that needs to be neutralised to give lactic 

acid and as such produces significant amounts of salt. Therefore, the development for catalytic 

methodology without the need of a base is high on the research agenda. 
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CHAPTER 3 

Exploratory catalyst screening studies on the 
base free conversion of glycerol to lactic acid 
and glyceric acid in water using bimetallic Au-
Pt nanoparticles on acidic zeolites 
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Abstract 

The base free oxidation of glycerol with molecular oxygen in water using bimetallic Au-Pt catalysts 

on three different acidic zeolite supports (H-Mordenite, H-β and H-USY) was explored in a batch 

setup. At temperatures between 140-180°C, lactic acid formation was significant and highest 

selectivity (60% lactic acid at 80% glycerol conversion) was obtained using Au-Pt/USY-600 (180°C). 

A selectivity switch to glyceric acid was observed when the reactions were performed at 100°C. 

Highest conversion and selectivity towards glyceric acid were obtained with Au-Pt/H-β as the catalyst 

(68% selectivity at 68% conversion). 
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1. Introduction 

The progressive depletion of fossil resources combined with environmental- and economic issues have 

led to the development of biomass derived fuels and chemicals. A well-known biofuel is biodiesel, 

obtained by the transesterification of vegetable oils with short chain alcohols in the presence of a 

catalyst. The main byproduct is glycerol (10 wt% based on plant oil). Growing global biodiesel 

production levels have led to an oversupply of glycerol and as such, the identification of value-added 

outlets for glycerol has been actively pursued. Well known examples are esterification, etherification, 

oxidation and reduction reactions leading to many (potentially) attractive bulk- and fine chemicals. 
1-3

 

Oxidation of glycerol using noble metal catalysts is an active field of research.
4-7,

 
8
 For instance, gold 

nanoparticles immobilized on various solid supports have shown to be very attractive heterogeneous 

catalysts for alcohol oxidations. The oxidation of glycerol in aqueous alkaline conditions using Au 

supported catalyst may lead to glyceric acid (GLYA), tartronic acid (TART), hydroxypyruvic acid 

(HYPA), mesoxalic acid (MOXA) and lactic acid (LACT) in association with C2 acids such as 

glycolic acid (GLYC), oxalic acid (OXAL) and formic acid (FORM).
4, 9-11

 Selectivity is a critical 

issue, though may be tuned by proper selection of the process conditions and the choice of the catalyst 

components (noble metal(s) and support type). 

Lactic acid is currently used as the monomer for the production of poly(lactic-acid), a biodegradable 

plastic. Lactic acid is also an interesting platform molecule from which a number of bulk chemicals 

such as acrylic acid, pyruvic acid and propionic acid can be derived.
12, 13

 The current commercial 

production of lactic acid by fermentation generates large amounts of salts and extensive 

purification/downstream processing is required. Separation and purification of lactic acid from 

fermentation broths contributes up to 50% of the production costs.
14

 

A limited number of publications have appeared on the direct conversion of glycerol to lactic acid or 

its sodium salt. Examples are the base assisted hydrothermal conversion of glycerol to sodium lactate 

(90 mol% yield) at elevated temperatures (300°C, 4 equivalents of NaOH to glycerol) 
15

 and various 

metal catalyzed conversions in aqueous media.
16,

 
17,

 
18, 19,

 
20

 Recently, we have shown the use of an Au-

Pt/nanoceria catalyst for the efficient conversion of glycerol to lactic acid (80% selectivity at 99% 

glycerol conversion) in water at 100°C in the presence of NaOH (4 equivalents of NaOH to glycerol). 

21
 Very recently an Au-Pd/TiO2 catalyst in combination with a homogeneous Lewis acid catalyst 

(AlCl3) has been reported for the direct conversion of glycerol to lactic acid in base free conditions. 

However, severe hydrolysis of AlCl3 in water resulted in the deposition of precipitates on the catalyst 

surface, leading to catalyst deactivation.
22

 

The main disadvantage of noble metal based catalytic systems for the conversion of glycerol in water 

to lactic acid is the necessity of the presence of a strong base, typically in a fourfold excess compared 

to glycerol, to achieve reasonable reaction rates. The base results in the formation of carboxylic acid-

salt and further downstream processing is required to purify the product and neutralize the excess base. 
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Furthermore, the presence of a base also affects the selectivity towards the desired product by inducing 

base catalyzed side reactions. Therefore, the development of catalysts that are able to convert glycerol 

to lactic acid without the addition of a base or other additives is highly desirable, and this, to the best 

of our knowledge, has not been reported to date.  

Recent studies have shown that base free glycerol oxidations to glyceric acid are indeed possible by 

proper tailoring the oxidation catalyst. These findings may also provide valuable input for the 

conversion of glycerol to lactic acid and will as such be reviewed shortly. Most attention so far is 

given to mono- and bimetallic noble metal based catalyst on basic supports. For instance, Brett et al. 

have reported the use of bimetallic Au-Pt and Au-Pd on MgO as promising catalysts for the base free 

oxidation of glycerol to glyceric acid up to 85% selectivity (ambient conditions and 3 bar oxygen, 24 h 

reaction time).
23

 When using Pt on hydrotalcites, a high glyceric acid selectivity of 78% at 47% 

glycerol conversion (6 h, room temperature) was reported.
24

 Recently, bimetallic Pt-Au particles 

deposited on a hydrotalcite using starch as the stabilizing/reducing agent showed promising activity at 

ambient and base free conditions for the conversion of glycerol to glyceric acid (78% selectivity at 

73% glycerol conversion).
25

 Carbon supports have been also explored. For instance, Liang et al. have 

shown that Pt on multiwalled carbon nanotubes (MWCNT) give 50% yield of glyceric acid (70% 

glyceric acid selectivity at 70% conversion after 6 h at 60°C) 
26

, another example is the use of Pt-Cu/C 

which resulted in glyceric acid selectivities of 71% at 86% glycerol conversion (base free conditions, 

60°C, oxygen atmosphere).
27

 The only report to date on the use of acidic supports is from Villa et al. 

where it was shown that the use of H-Mordenite for monometallic (Au and Pt) and bimetallic (Au-Pt) 

nanoparticles gives glyceric acid in 83% selectivity at 70% glycerol conversion (Au-Pt/H-Mordenite, 

100°C, 3 atm of oxygen).
28

 In this paper, we report on the synthesis, characterization and performance 

of bimetallic (Au-Pt) catalysts on various commercially available acidic zeolite supports such as H-

mordenite, H-β and H-USY for the base free, one-pot conversion of glycerol to lactic acid in water 

using molecular oxygen as the oxidant. The liquid phase product composition after reaction was 

determined in detail and reaction pathways are proposed to explain the observed product selectivities. 

 

2. Experimental Section 

2.1. Materials 

Glycerol (≥ 99%), HAu l4.3H2O (≥ 99.9 %), K2PtCl4 (98%), polyvinyl alcohol (PVA) (Mw 13.000-

23.000), NaBH4 (≥ 98%), Zeolite-Y (CBV-720, CBV712 and CBV 600), mordenite (CBV-21A), and 

zeolite-β ( P814E) were procured from Zeolyst international. Zeolites in their ammonium form were 

calcined at 550°C for 6 h to convert to the H-form. Oxygen (99.995 %) was obtained from Linde Gas 

Benelux B.V., the Netherlands and hydrogen (9.86 vol% in nitrogen) from Praxair, Belgium. 
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2.2. Catalyst synthesis 

2.2.1. Monometallic (Au and Pt) catalysts 

Monometallic Au and Pt catalysts were synthesized by a procedure reported elsewhere.
29

 

HAuCl4.3H2O or K2PtCl4 (0.072 mmol) was dissolved in milli-Q water (140 mL) containing polyvinyl 

alcohol (2 wt % solution, 1.9 mL) as the protecting agent. Metal reduction was performed using 

NaBH4 (2.13 mL of a 0.1 M solution). The pH of the colloidal suspension was adjusted to 2.5 using 

diluted H2SO4 (0.2 M). The support was added to the colloidal suspension under vigorous stirring. An 

adsorption time of 2.5 h was employed for the deposition of the colloid on the support. The intake of 

support was set to obtain a final metal loading of 0.7 wt%. The catalyst was separated by filtration and 

washed thoroughly with deionized water. Finally, the catalyst was dried at 100°C under static air. 

 

2.2.2. Bimetallic (Au-Pt) catalysts by sequential deposition 

Bimetallic catalysts on zeolites were prepared by a seqential deposition method as reported previously. 

28
 In a typical procedure, Au on zeolite (1 g) having a gold loading of 0.7 wt%, was suspended in 

milli-Q water (120 mL) containing K2PtCl4 (0.0064 g) and a PVA solution (220 µL, 2 wt %). 

Hydrogen gas (9.86 vol % in nitrogen) was bubbled through this slurry at a flow rate of 150 mL/min at 

atmospheric pressure and room temperature for 6 h. This slurry was stirred overnight (16 h). The 

catalyst was recovered by filtration, subsequently washed exhaustively with deionised water and 

finally dried at 100°C under static air. 

  

2.3. Catalyst characterization 

Transmission electron microscopy (TEM) measurements were performed on a JEOL JEM 1011 

instrument operating at 200 kV. Catalyst samples were finely powdered and dispersed in ethanol. A 

small drop of this dispersion was deposited on a copper grid coated with carbon. Particle size 

distributions of the catalysts were determined from the TEM pictures by measuring the dimensions of 

150–200 particles. Spherical aberration (Cs) corrected STEM was performed using a FEI Titan XFEG 

60-300, operated at 200 kV equipped with an EDAX EDS detector, and a CEOS probe corrector 

allowing a point resolution of 0.8 Å. 

ICP-OES analyses to determine the amount of metals in the solid catalysts were performed using a 

Perkin Elmer Optima 7000 DV instrument.  

 

2.4. Catalytic experiments 

Catalytic experiments were performed in 75 mL Hastelloy C-276 autoclaves (Parr Series 5000 

Multiple Reactor System). The autoclave was charged with a glycerol solution (6 mmol) in deionised 

water (20 mL). Subsequently, the catalyst was added (glycerol to noble metal ratio of 1000 mol/mol) 

and the autoclave was closed, flushed with oxygen and finally pressurized with 3 bar of oxygen. The 
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reactor contents were heated to the desired temperature under stirring with a magnetic stirring bar (700 

rpm). After the specified reaction time, the reactor was cooled immediately to room temperature using 

an ice water bath, depressurised and samples were taken for HPLC analyses. 

 

2.5. Product analyses by HPLC 

Reaction mixtures were analysed on a Waters high pressure liquid chromatography (HPLC) 

instrument equipped with an Alltech IOA-1000 column maintained at 90°C using H2SO4 (3 mM) in 

ultra-pure water as the eluent with a flow rate of 0.4 ml/min. The components were identified using an 

UV (210 nm) and an RI detector by comparison with authentic samples. Concentrations were 

determined using calibration curves obtained by injecting standard solutions of known concentrations. 

  

2.6. Definitions 

Glycerol conversion is defined as: 

 

    
       

    
                                                                                            (eq. 1) 

 

Where Cg is the concentration of glycerol after a certain reaction time and Cg,0 is the initial glycerol 

concentration. 

Product selectivity for a compound P is C-based and defined as:  

 

   
  

       
                                                                                         (eq. 2) 

 

Where Cp is the concentration of a product after a certain reaction time. Carbon based selectivities 

were used to compensate for the effects that not all products have a similar carbon number.  

The percentage of HPLC detectable compounds (PDC) is C-based and defined as follows: 

 

    
∑    

       
                    (eq. 3) 

 

3. Results and discussions 

3.1. Catalyst synthesis and characterization 

The bimetallic (Au-Pt) catalysts were prepared by a colloidal deposition method using a two step 

procedure. In the first step, monometallic Au catalysts were prepared and isolated, followed by a 

second step involving the introduction of Pt. Commercially available acidic supports were used: H-

Mordenite (H-MO ) with a Si/Al ratio of 20; Zeolite β with a Si/Al ratio of 25 and three USY zeolites 
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with different Si/Al ratios (USY-720 (Si/Al = 30), USY-712 (Si/Al = 12) and USY-600 (Si/Al = 5.2). 

All catalysts contained 0.7 wt% of Au and 0.3 wt% of Pt (ICP-EOS). 

Relevant catalysts were characterised bright-field transmission electron microscopy (BF-TEM) and 

Cs-corrected STEM-HAADF. Representative TEM pictures are given in Fig. 1 and Fig. 2; the average 

metal particle size for the zeolite supported catalysts was estimated after the analysis of 200 different 

nanoparticles (NPs) obtaining a value of 4 - 4.5 nm.  

 

 

Figure 1 Cs-STEM and HR-STEM images for Au-Pt/H (CP814E) at different magnifications. 

 

 

 

Figure 2 (A) TEM image of Au-Pt/HY (USY-600). Scale bar is 10 nm. (B) TEM image of Au-Pt/H-MOR. Scale 

bar is 50 nm    

 



72 
 

Metal distribution can be clearly observed in Fig. 1 for Au-Pt/β,  ig.2A for Au-Pt/USY-600 and Fig. 

2B for Au-Pt/H-MOR. An even distribution of the NPs over the zeolitic surface was observed. In a 

closer inspection in Fig. 1-D the zeolite pore structure can also be identified together with the 

bimetallic nanoparticles. A number of particles of this bimetallic catalyst were analysed by energy 

dispersive X-ray spectroscopy (XEDS) to obtain the composition of individual metal nanoparticles 

(Fig. 3) corroborating the bimetallic nature (Au-Pt) of the NPs.  

 

 

Figure 3. (A) Cs corrected STEM-HAADF image of Au-Pt/H (CP814E). (B) Atomic resolution image of the 

particle marked by the red square in (A) displaying an icosahedral nature. (C) Local EDS analysis of the particle 

(B).  

 

3.2. Catalyst screening experiments  

The oxidation of glycerol in water (0.3 M) was carried out in a batch reactor set-up. A variety of 

bimetallic Au-Pt catalysts on a number of zeolite support were screened (USY-600, USY-712, 

HMOR, H-β). The oxidation reactions were carried out in the absence of a base using oxygen as the 

oxidant (3 bar). Initally, a reaction temperature of 140°C was selected, the glycerol to total metal 

intake was set at 1000 mol/mol and a reaction time of 2 h was employed. The results are given in 

Table 1.  
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Table 1. Overview of experiments using bimetallic Au-Pt catalysts on various zeolite supports
a 

Entry Catalyst 
Temp 

(°C) 

Conv. 

(%) 

Selectivity (mol % C) 

GLA LACT GLYA TART PYRA ACET GLYC OXAL FORM unknownb 

 PDCc 

(mol% 

C) 

1 
Au-Pt/USY-

712 
140 71 <1 24 14 <1 <1 4 14 3 2 4 64 

2 
Au-Pt/USY-

600 
140 70 <1 24 7 <1 < 1 4 9 5 3 4 57 

3 Au-Pt/H-MOR 140 40 3 19 8 0 <1 13 11 2 3 1 60 

4 Au-Pt/H-β 140 59 2 13 12 0 2 7 11 2 2 4 55 

5 
Au-Pt/USY-

712 
180 81 <1 57 4 <1 <1 4 9 <1 3 3 81 

6 
Au-Pt/USY-

600 
180 80 <1 60 3 <1 <1 4 10 <1 3 3 84 

7 None 180 5 <1 61 - - - 18 12 - 1 <1 92 

a 
Reaction conditions: 0.3 M glycerol in water, time = 2 h, P(O2) = 3 bar at RT, glycerol to metal ratio = 1000 mol/mol; b peak area of 

unidentified peaks in HPLC measurements, c PDC = percentage of HPLC detectable products. See eq 3 for definition   

 

The Au-Pt catalysts on the two USY supports were the most active and glycerol conversion of up to 

71% were obtained. The catalyst supported on H-MOR was the least active (40% glycerol 

conversion), indicative for strong support effects on the activity of the catalysts. The main product for 

all experiments was lactic acid (LACT), though the selectivity was at maximum 24%. A multitude of 

byproducts was formed (HPLC), the main ones being glyceric acid (GLYA) and glycolic acid 

(GLYC), see eq. 4 for details.  

 

 

 

 

(eq. 4) 

The best selectivity (24%) was obtained for the bimetallic Au-Pt on the USY supports. Compared to 

USY catalysts, H-MOR and H-β catalysts gave lower selectivities of  A T, indicating the 

significance of extraframe work aluminium species in the USY catalysts for the reaction.
30

 The two 

USY based catalysts were also tested at 180°C and considerable improvements in catalytic 

performance were observed. When the temperature is increased from 140°C to 180°C, the glycerol 

conversion increased from 70 to about 80%, whereas the selectivity to LACT increased to 60%. Thus, 

a LACT yield close to 50% was observed, which is to the best of our knowledge the highest LACT 

yield reported to date when using glycerol as the source in base free aqueous solutions. Catalyst 

performance for the bimetallic complexes on a USY-600 and 712 support were about similar, 

indicating that the Si/Al ratio does not play a major role when considering catalyst activity and 

selectivity. 

The product composition may be rationalised by assuming an initial oxidative dehydrogenation of 

glycerol to glyceraldehyde (GLA) and/or dihydroxyacetone (DHA). The first compound was indeed 
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detected in the reaction mixtures, though in limited amounts (< 3 %, Table 1). This reaction requires 

an oxidation catalyst in the form of a supported noble metal or a combination of noble metals. GLA 

may be converted according to two parallel reaction pathways, an oxidation reaction to GLYA and a 

dehydration/rearrangement to LACT with pyruvaldehyde as the intermediate, see Scheme 1 for details. 

The latter reaction requires a catalyst with both Lewis and Brønsted acid sites, without the need of a 

noble metal oxidation catalyst.
30-34

 For instance, West et al. have shown that the reaction of GLA or 

DHA to LACT is well feasible using an acid catalyst like USY, even in the absence of noble metals 

(125°C). 
30

 

 

 

 

Scheme 1. Proposed reaction pathway for the conversion of glycerol to lactic acid (LACT), glyceric acid 

(GLYA) and byproducts. 
30, 35-37

 

 

Further proof for the dehydration/rearrangement pathway was obtained by performing two separate 

experiments with glyceraldehyde (GLA) as the feed (140°C, 0.15 M in water, 3 bar oxygen, 2 h), one 

using the support only (USY-600), the other with Au-Pt on USY-600. Qunatitative GLA conversion 

was observed in both cases. In case of the support only, the carbon selectivity to LACT was 63%, 

whereas it was reduced to 38% for Au-Pt on USY-600. The intermediate pyruvaldehyde was not 

observed, indicating that the internal Cannizzaro reaction is fast at these conditions. Thus, these 

experiments indicate that GLA is an important intermediate in the reaction sequence from glycerol to 

LACT.  

GLYA is known to be prone to subsequent oxidation and C-C splitting reactions, giving among others 

tatronic acid (TART) and glycolic acid (GLYC). The latter was found in significant amounts 

(selectivity up to 14%), an indication that C-C splitting pathway occurs to a significant extent. The 

thermal, non catalytic reaction occurs only to a minor extent, as was shown by a blanc reaction in the 

absence of a catalyst at 180°C, giving a glycerol conversion of only 5% (Table 1, entry 7). 

The percentage of HPLC detectable compounds (PDC, see eq 3) for the catalytic conversions was in 

the range of 55-84%. The lower values imply the formation of significant amounts of non-HPLC 

detectable species. These may either be gas phase components or oligomeric-polymeric products. The 

latter may either be soluble or insoluble, though the reaction mixtures after reaction appeared 

transparant. Diglycerol was not present in the reaction mixture (HPLC), an indication that not the 

reactant glycerol but the products are prone to subsequent reactions. A possible explanation is the 
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decomposition of  the organic acids LACT and GLYA at reaction conditions. Carboxylic acids are 

known to decompose to gaseous products over metal containing or metal free solid acid catalysts such 

as rare earth modified NaY, 
38, 39

 Pt/Nb2O5 
40

 and silica supported heteropolyacids 
13

 in aqueous 

conditions. To gain insights in product stability, a LACT solution in water (0.2 M) in the presence of 

the Au-Pt/USY712 catalyst and oxygen was allowed to react at 140°C and 180°C for 2 h. Product 

stability was indeed limited and considerable conversion of LACT was observed (69-93%) to mainly 

pyruvic acid, acetic acid, oxalic acid and ethanol (eq. 5, Table 2). 

         (eq. 5)    

The mechanism for this reaction likely involves the oxidation of LACT to pyruvic acid (PYRA) and 

the subsequent oxidative decarboxylation to acetic acid (ACET) and carbon dioxide. The latter 

reaction has been reported in the presence of a catalyst and an oxidant.
41, 42

 Ethanol was also detected 

by HPLC measurements (6%) when the reaction was performed at 180°C. Speculatively, it could be 

formed by a decarboxylation reaction of lactic acid to either ethanol and carbon dioxide or to 

acetaldehyde, hydrogen and carbon dioxide followed by the reduction of acetaldehyde to ethanol by 

molecular hydrogen (from e.g. the decomposition of formic acid). The percentage of HPLC detectable 

compounds (PDC), was about 81% at 140°C, indicative for the formation of non-HPLC detectable 

compounds (e.g. oligomers, polymers and gaseous products). Thus, it may be concluded that LACT is 

not stable under the prevailing reaction conditions. Similar observations were made for glyceric acid 

(Table 2), giving a conversion of 70% with glycolic acid as the main product. However, in contrast to 

LACT, the PDC values for GLYA are low (26%), indicative for the formation of high amounts gas 

phase and/or higher molecular weight, non-HPLC detectable compounds.  

 

Table 2. Stability of lactic acid and glyceric acid over Au-Pt/USY-712
a 

Entry T. 

(°C) 

Substrate Conv. 

(%) 

Selectivity (mol% C)   PDCb 

(mol% 

C) 

TART PYRA GLYC ACET OXAL FORM ETOH unknown 

1 140 Lactic 

acid 

69 1 69 - 9 2 - - - 81 

2 180 Lactic 

acid 

93 <1 29 - 25 8 - 6 3 71 

3 140 Glyceric 

acid 

70 6 - 20 <1 <1 - - - 26 

a
 Reaction conditions: 0.2 M of lactic acid or glyceric acid in water, P(O2) = 3 bar, time = 2 h, lactic acid to metal mol ratio: 1000, b PDC = 

percentage of HPLC detectable products. See eq 3 for definition   

 

To lower the rate of LACT decomposition, it seemed worthwhile to investigate the conversion of 

glycerol at lower temperature (100°C instead of 140°C) for the Au-Pt/USY catalysts. The results are 
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given in Table 3. The bimetallic catalysts on the USY support were still active at 100°C, though the 

glycerol conversion dropped to levels between 43% (USY-712) and 50% (USY-600), compared to > 

70% at 140°C. Surprisingly, a dramatic selectivity switch from LACT to GLYA was observed, the 

latter being the major component in the reaction mixture with a selectivity of up to 65% for USY-720. 

Thus, the temperature has a major effect on selectivity and these findings indicate that the rate of the 

oxidation pathways from GLY to GLYA is higher than the rate of the dehydration-rearrangement of 

GLY to LACT when performing the reaction at 100°C, see Scheme 1 for details. 

 

Table 3. Oxidation of glycerol uisng bimetallic Au-Pt catalysts in base free conditions at 100°C 
a 

Entry Catalyst Conv.(%) Selectivity ( mol% C) PDCb 

(mol% C) 

GLA DHA GLYA TART LACT GLYC OXAL ACET FORM  

1 Au-Pt/Hβ 68 8 9 68 <1 1 7 1 1.5 3 > 99 

2 Au-Pt/HMOR 25 34 6 49 - 1 6 - - 2 99 

3 Au-Pt/USY-720 55 5 4 65 6 4 9 3 - 2 99 

4 Au-Pt/USY-600 50 8 5 43 6 11 9.5 <1 3.5 3 90 

5 Au-Pt/USY-712 43 22 2 45 3 9 7 5 0 2 95 

a Reaction conditions: 0.3 M of glycerol in water, 100°C, 3 h, P(O2) = 3 bar, glycerol to metal  ratio: 1000 mol/mol, b PDC = percentage of 

HPLC detectable products. See eq 3 for definition   

 

As such, the temperature is a powerfull tool to steer selectivity and when aiming for LACT, higher 

temperatures are preferred, whereas GLYA is preferentially formed at lower temperatures. This 

finding also explains the lower values for the percentage of HPLC detectable compounds (PDC, eq 3) 

when performing the reaction at 140°C (55-64%) instead of 180°C (81-92 %, Table 1). Based on the 

findings above, GLYA formation is expected to be significant at 140°C, though is likely reduced 

considerably due to excessive decomposition of GLYA to non-HPLC detectable compounds (Table 2), 

and as such leads to lower PDC values.  

For comparison, the reaction was also performed at 100°C using the bimetallic catalysts on the H-

MOR and three USY supports. Again, the main product was GLYA instead of LACT (Table 3). Best 

performance at 100°C was obtained using the bimetallic (Au-Pt) on Zeolite β support, given 68% 

selectivity to GLYA at 68% glycerol conversion after 3 h. Main byproducts are GLA, DHA and 

GLYC, see Table 3 for details. Performance of the bimetallic H-MOR catalyst was worse than for the 

USY supports (25% conversion and 49% selectivity to GLYA). These results are different from those 

reported by Villa et al.,
28

 who reported a 80% glyceric acid selectivity at 70% glycerol conversion 

with a Au-Pt catalyst on a mordenite support. However, the type of mordenite (for instance the Si/Al 

ratio) is not given in the paper, making comparison difficult. In addition, experimental conditions for 

both studies are not equal (e.g. glycerol to metal ratio).  

For comparison, monometallic Au and Pt catalysts on the zeolitic supports were also tested for the 

oxidation of glycerol at 100°C in base free conditions (Table 4). The monometallic catalysts were by 
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far less active than the bimetallic ones and glycerol conversions were below 20%. In addition, the Pt 

catalysts were more active than the Au ones, and the highest activity was observed for Pt/USY-600. In 

this case, GLYA and LACT acid were observed, indicating that both the oxidative pathways as well as 

the dehydration/rearrangement pathway occur at these conditions. Thus, it can be concluded that 

bimetallic catalysts show superior performance. 

 

Table 4. Base free oxidation of glycerol over monometallic (Au or Pt) over various zeolite catalysts
a
 

a 
Reaction conditions: 0.3 M glycerol in water, glycerol to metal ratio = 1000 mol/mol, time = 3 h, P(O2) = 3 bar, T = 100°C, c PDC = 

percentage of HPLC detectable products. See eq 3 for definition   

 

4. Conclusions 

We have shown that glycerol can be converted to either glyceric acid or lactic acid in a one-pot 

procedure using base free conditions over various zeolite supported bimetallic Au-Pt catalysts. At 

100°C, the main product was glyceric acid for all catalysts. Best glycerol conversion and glyceric acid 

selectivity was shown by a Au-Pt/H-β catalyst (68% selectivity at 60% conversion). Monometallic Au 

and Pt based catalysts were far less active than the bimetallic ones. At elevated temperature (140-

180°C), the selectivity switched to lactic acid and highest lactic acid selectivity was obtained over Au-

Pt/USY-600 at 180°C (60% selectivity at 80% conversion). At these conditions, lactic acid stability is 

limited leading to a reduction in product yields. To reduce lactic acid decomposition rates, it is likely 

preferable to perform the reactions in an alcohol instead of water. In this case, lactic esters are formed 

which are expected to have reduced decomposition rates. These studies are reported in the next 

chapter.  
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CHAPTER 4 
 
A base free, one-pot chemocatalytic conversion 
of glycerol to methyl lactate using supported 
Au catalysts 
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Abstract 

Here we report an efficient one-pot conversion of glycerol (GLY) to methyl lactate (MLACT) in 

methanol in good yields (73% at 95% glycerol conversion) using Au nanoparticles on a commercially 

available ultra-stable zeolite-Y (USY) as the catalyst (160°C, air, 47 bar pressure, 0.25 M glycerol, 

glycerol to Au mol ratio of 1407, 10 h). The best results were obtained with zeolite USY-600; a 

catalyst having both Lewis and Brønsted sites. The methodology provides a direct chemo-catalytic 

route for the synthesis of MLACT from glycerol. MLACT is stable under the reaction conditions and 

the Au/USY catalyst can be recycled without drop in activity and selectivity.  

  



85 
 

1. Introduction 

Catalytic conversions of glycerol to bulk and fine-chemicals are high on the research agenda. 
1-5

 This 

development is particularly stimulated by the available surplus of glycerol from the biodiesel 

industry.
6, 7

 Various catalytic conversions such as the selective oxidation to glyceric acid 
8, 9

 and 

hydrogenolysis to propane diols, and ethylene glycols in aqueous alkaline conditions 
10, 11

 have been 

reported. Using methanol as the solvent/reagent, glycerol can be oxidatively esterified to give methyl 

glycerate
12

 or dimethyl mesoxalate.
13

  

Glycerol can also be converted under oxidative conditions to lactic acid, an existing bulk chemicals 

with a current market of 300-400 ktonnes/annum and a market price of 1000-1200 €/ton.
14

 Lactic acid 

consumption has increased steadily in the past decade, particularly to be used as a monomer for the 

production of poly(lactic acid).
1
 Lactic acid and the esters thereof are also considered important 

platform chemicals in future biobased societies, from which a number of bulk chemicals like acrylic 

acid, pyruvic acid, acetaldehyde, propanediol and propionic acid can be derived.
15, 16 

These chemicals 

are currently mainly produced from petroleum based resources. The current commercial production of 

lactic acid involves the fermentation of carbohydrates, with disadvantages like the generation of large 

amounts of salts and extensive downstream processing. For instance, the separation and purification of 

lactic acid from fermentation broths adds to 50% of the production costs.
1
 For ester production, an 

additional esterification step is required. Therefore, alternative technologies for the production of 

lactic acid and the esters thereof are highly desirable. 

Only a limited number of studies have appeared so far on the direct conversion of glycerol to lactic 

acid. Kishida et al. have shown the hydrothermal conversion of glycerol to sodium lactate in 90 mol% 

yield when performing the reaction in strong alkaline media (4 equivalents of NaOH to glycerol) at 

elevated temperatures (573 K).
17

 Shen et al. have reported that monometallic Au and bimetallic Au-Pt 

on TiO2 are selective catalysts for the conversion of glycerol to lactic acid (86% selectivity at 30% 

glycerol conversion) under oxidative conditions at 363 K in strong alkaline conditions (4 equivalents 

of NaOH to glycerol).
18

 Ten Dam et al. showed lactic acid formation (55% selectivity at 46% glycerol 

conversion after 18 h) during the hydrogenolysis of glycerol using Pt/CaCO3 in combination with 

boric acid (glycerol to boric acid ratio of 1, pH 12, 473 K, 40 bar H2).
19   

An Ir/CaCO3 catalyst has been 

reported for aqueous phase conversion of glycerol to lactic acid, resulting in 18% yield at 453 K in the 

presence of 1 M NaOH in an helium atmosphere.
20

 Debdut et al. have shown Cu based catalysts at 473 

K in the presence of NaOH for the conversion of glycerol to lactic acid in water (80% selectivity at 95 

% conversion).
21

 More recently an efficient catalytic conversion of glycerol to lactic acid over 

bimetallic Au-Pt on nanocrystalline ceria support (80% selectivity at 99% glycerol conversion) is 

reported.
22

 The high temperatures and/or the large excess of base (NaOH) make the above mentioned 

methodologies less attractive for industrial implementation.  
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To the best of our knowledge, the one-pot conversion of glycerol to alkyl lactates has not been 

reported to date. Lactate esters are valuable chemicals with applications for instance as alternative bio-

based solvents.
23

 The one-pot synthesis of alkyl lactates in an alcohol also offers an additional 

advantage over (fermentative) processes for lactic acid for which a separate esterification step of lactic 

acid is required to produce alkyl lactates. Moreover, the crude glycerol stream from biodiesel 

production units typically consists of a mixture of glycerol and methanol. Thus, synthetic routes 

without eliminating the need for a glycerol/methanol separation step are highly attractive.  

The envisaged reaction route for the direct conversion of glycerol to MLACT is given in Scheme 1. It 

involves the oxidative dehydrogenation of glycerol to a mixture of glyceraldehyde (GLYA) and 

dihydroxyacetone (DHA) using an Au catalyst and the subsequent conversion of this mixture to 

MLACT using an acid catalyst.  

 

Scheme 1. Lactic acid and methyl lactate synthesis from glycerol 

 

The reaction of GLYA/DHA to LACT has been studied extensively in the last decade. A pioneering 

study to lactate involved the use of homogeneous chromium or rhodium complexes, though the yields 

were not reported.
24, 25

 In 2005, Hayashi and Sasaki showed that tin(II) chloride is an efficient 

homogeneous catalyst for the conversion of GLYA/DHA to alkyl lactates in high yields (85-89%).
26

 

Lately it has been shown that aluminium salts are promising homogeneous catalysts for the conversion 

of DHA to lactic acid in water and over 90 mol% yield has been reported.
27, 28

 Heterogeneous Lewis-

acidic catalysts for the conversion of GLYA/DHA to lactic acids and esters have also been reported. 

West et al. showed that Ultra-Stable zeolite-Y (USY) is an attractive heterogeneous catalyst for the 

conversion of GLYA/DHA to lactic acid (71% yield) and methyl lactate (96% yield).
29

 In 2010, 

Pescarmona et al. reported that USY catalyses the conversion of DHA to ethyl lactate up to 59% 

yield.
30

 Lately, Sn modified silicates (beta-zeolite, MCM-41) have shown to be very efficient catalysts 

for the conversion of GLYA/DHA to methyl- and ethyl lactate in essentially quantitative yields.
31, 32

 

More recently, a tin containing bi-functional carbon-silica catalyst has been reported for the 
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conversion of DHA to ethyl lactate up to a yield of 98%.
33

 Despite the fact that the types of acid 

centres are still under debate, it appears that a catalyst having both Brønsted and Lewis acidic sites is 

favoured for the desired conversion of DHA/GLY to LACT or MLACT. 

For the proposed catalytic conversion of glycerol into methyl lactate (Scheme 1), the use of a selective 

oxidation catalyst for the conversion of glycerol to GLYA/DHA should be coupled with a selective 

Lewis/Brønsted acid catalyst for the subsequent conversion of GLYA/DHA to MLACT. We 

investigated the direct conversion of glycerol to methyl lactate (MLACT), using a dual function 

catalyst consisting of gold nanoparticles deposited on a zeolitic acidic support. Ultra-stable Zeolite-Y 

(USY-600 and USY-712) was selected as it has many benefits; both Brønsted and Lewis acidic sites 

are available (Table 5), it is commercial available and has a relatively high hydrothermal stability. Au 

was selected as the metal because it is known to be an efficient catalyst for the oxidation of glycerol to 

glyceric acid (in water) or methyl glycerate (in methanol) with GLYA/DHA as the intermediates. In 

addition, Au is more resistant to oxygen poisoning compared to Pt group metals.
34, 35

  

 

2. Experimental section 

2.1. Materials 

Ultra stable Y zeolites (CBV 712, CBV 600, CBV 720) and mordenite (CBV-21A) were kindly 

supplied by Zeolyst International. Zeolites in ammonia form were calcined in static air at 550°C 

(5° /minute) for 6 h.  lycerol (≥ 99.5%), methanol (anhydrous, 99.8%), HAu l4.3H2O (≥ 99.9%), 

polyvinyl alcohol (PVA) (molecular weight = 13,000-23,000) and NaBH4 (≥ 98%) were procured 

from Sigma-Aldrich. Au/γAl2O3 was obtained from STREM chemicals. Synthetic air was obtained 

from  inde  as Benelux B.V., The Netherlands.  eference compounds such as glyceraldehyde (≥ 

98%), methyl lactate (≥ 97%), methyl pyruvate (90%), pyruvaldehyde dimethyl acetal (≥ 97%), 

methyl glycolate (98%), methyl acetate (≥ 98.5%),  glycerol formal (≥ 98%) and glycerol, 1-methyl 

ether (98%) were purchased from Sigma-Aldrich. Dihydroxyacetone (≥ 99%) was obtained from 

Merck and glyoxylic acid methylester dimethyl acetal (97%) was obtained from Alfa-Aesar. Methyl 

glycerate (≥ 98%) was procured from Bepharm  td. Shanghai,  hina. Dimethyl tartronate (≥ 99% 

purity by GC) was prepared from tartronic acid (Sigma Aldrich) by refluxing in methanol over 

Amberlyst 15 (Alfa Aesar) for 24 h.  

 

2.2. Catalyst synthesis by a colloidal-deposition method  

Au on Zeolite: HAuCl4.3H2O (0.053 mmol) was dissolved under vigorous stirring using a mechanical 

stirrer in 459 mL of milli-Q water  containing polyvinyl alcohol (2 wt % solution, 6 mL) as the 

protecting agent. Then NaBH4 (0.1 M, NaBH4/metal= 4 mol/mol) solution was added. The ruby red 

colour of the Au(0) sol was formed immediately. The pH of the sol was adjusted to 2 by the addition 

of the appropriate amount of a 0.25 M H2SO4 solution.  
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The zeolite support  was then added to the sol under vigorous stirring. An immobilisation time of 2.5 h 

was employed. The support intake was such as to obtain a final Au loading of 0.35 wt%. The Au/USY 

was collected by filtration and washed exhaustively with deionised water. Finally, the catalyst was 

dried under vacuum (0.5 - 2 mbar) at 323 K in the presence of a desiccant (Sicapent) for 18 h. 

 

2.3 Catalytic tests  

Reactions were performed in a 75 mL steel autoclaves (Parr Series 5000 Multiple Reactor System). 

The autoclave was charged with a glycerol solution in methanol (20 mL of a 0.25 molar solution). 

Subsequently, the catalyst (0.2 g) was added and the autoclave was sealed and pressurized with air to 

30 bar. The reactor contents were heated to 433 K under stirring with a magnetic stirring bar (700 

rpm), giving a total pressure of about 47 bar. Samples were withdrawn after cooling the reactor to 288 

K using a water bath (ice cubes were added when necessary) followed by releasing the pressure. Then 

the reactor was sealed,  recharged with fresh air to 30 bar and reheated to 433 K.  

 

2.4. Product analysis 

Liquid phase samples were analysed by GC (HP equipped with a flame ionization detector and a 

CHROMPACK capillary column of dimension 25 m x 0.32 mm x 0.30 µm). For GC analysis the 

injector and detector temperature were set at 250°C and 280°C, respectively. Helium was used as the 

carrier gas with a flow rate of 50 mL/min. A split ratio of 1:25 was applied. Peak identification for 

glyceraldehyde, dihydroxyacetone, methyl lactate, methyl glycerate, dimethyl tartronate, methyl 

pyruvate, pyruvaldehyde dimethyl acetal, methyl glycolate, methylacetate, dimethyl oxalate, glycerol 

formal, glycerol, 1-methyl ether were confirmed by injecting authentic compounds and by GC-MS 

((InterscienceTraceGC Ultra GC with a Restek GC column Rxi-5 ms 30 m x 0.25 mm x 0.25 µm 

connected to a InterscienceTraceDSQ II XL quadrupole mass selective detector (EI, mass range 35-

500 Dalton, 150 ms sample speed). Quantification was done on the basis of response factors which 

were determined for each component by injecting known concentrations using 1,4 dimethoxy benzene 

as the external standard. Glycerol, 1,3-dimethyl ether and glycerol trimethylether were identified and 

quantified by GC-MS.  

HPLC analyses were performed on a Waters HPLC instrument equipped with an Alltech IOA-1000 

column and an RI (Waters) detector. The column was operated at 90°C and H2SO4 (3 mM) in ultra-

pure water was used as the eluent with a flow rate of 0.4 mL/min.  

 

2.5. Definitions 

Glycerol conversion is defined as: 

 

   
       

    
  × 100 mol%        (eq. 1) 
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Where Cg is the concentration of glycerol after a certain reaction time and Cg,0 is the initial glycerol 

concentration. 

Product selectivity for a compound P is defined as  

 

   
  

       
 ×100 mol%        (eq. 2) 

 

Where Cp is the concentration of a product after a certain reaction time. 

Mass balance closure was calculated on the basis of all products quantified by GC and HPLC 

 

2.6 Catalyst characterisation 

Bright-field transmission electron microscopy (BF-TEM) and scanning transmission electron 

microscopy (STEM) high angle annular dark field (HAADF) analyses coupled with X-ray energy 

dispersive spectroscopy (XEDS) were used to determine the size and composition of the Au metal 

particles. STEM-HAADF images were recorded on Philips Tecnai F20 FEG electron microscope 

fitted with an X-ray EDS system operating at 200 kV. The images were acquired with Fischione High 

Angle Annular Dark Field detector. Catalyst samples were finely powdered and dispersed in ethanol. 

A small droplet of this dispersion was deposited on a copper grid coated with carbon. Particle size 

distributions of the catalysts were determined from the transmission electron micrographs by 

measuring the dimensions of 150-200 particles. 

X-ray photoelectron spectroscopy (XPS) was used to study the chemical composition and the 

oxidation state of the elements on the catalyst surface. The XPS instrument, a VG Escalab 200 R 

spectrometer with a MgKα X-ray source (hν = 1253.6 eV), was equipped with a pre-treatment 

chamber with controlled atmosphere and temperature in which the catalyst samples could be treated 

under various conditions. 
 

X-ray diffraction patterns were recorded on a Philips PC-APD diffractometer (Model PW 3710). Wide 

angle X-ray scattering (WAXS) diffractograms were recorded in the reflection mode in the angular 

range 5-50°(2q) with a step size of 0.02° (2θ), an acquisition time of 1.0 s per step and a scan speed of 

0.02°(2θ)/s. The  u K-alpha1-radiation (0.1542 nm), generated at 40 kV and 30 mA, was 

monochromatized using a 15 µm Ni filter. The diffractometer was equipped with a 1° divergence slit, 

a 15 mm beam mask, a 0.2 mm receiving slit, and a 1° scatter slit. 

ICP-OES analyses to determine the amount of metal in the solid catalyst were performed using a 

Perkin Elmer optima 7000 DV instrument. The UV-Vis spectrum of the gold colloid was recorded on 

a Shimadzu UV-1650PC spectrophotometer.                  

Nitrogen adsorption–desorption isotherms were measured using a Micromeritics ASAP 2420 analyser 

at 77.35 K. Prior to the analyses the samples were outgassed in nitrogen at 573 K for 10 h. The 

Brunauer–Emmett–Teller (SBET) method was utilized to calculate the surface areas. The total pore 
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volume (VT) was obtained at 0.98 relative pressure in the desorption branch. The average pore 

diameter was calculated using the BJH model applied to the adsorption isotherm. Micropore volume 

(Vm) was determined using t- plot analysis. 

Aluminium‐27 Solid state NMR spectra at 20 T were recorded on an 850 MHz Agilent spectrometer 

using a 1.6 mm fast MAS probe resonant at 221.5 MHz for aluminium. Magic angle spinning at 25 

kHz was employed. To ensure quantitative results an effective pulse tip angle of 30° (νrf 20 kHz, 

duration 1.5 μs) and a repetition delay of at least 3 times T1 was used. A low intensity aluminium 

background signal was present from the rotor sleeve which was measured separately in the same 

conditions and subtracted from the USY spectra. The intensities of the spectra were corrected for 

weight; generally around 6 mg of sample was used. The intensities of the aluminium signal were 

obtained relative to the A600‐F sample by integrating the spectra after a polynomial baseline 

correction. The amount of AlO4 (tetra-coordinated), AlO5 (penta-coordinated) and AlO6 (hexa-

coordinated) was determined from the integrated intensity of respectively the region from 90 to 46.6 

ppm, from 46.6 to 15.6 ppm, and from 15.6 to ‐30 ppm. 

 

3. Results and discussion 

3.1 Catalyst synthesis and characterisation 

Au nanoparticles were successfully incorporated in three different USY-zeolites (USY 600, 712 and 

720) using a sol immobilisation method.
9, 36  

The catalysts were characterised using scanning 

transmission electronmicroscopy (STEM), high angle annular dark field (HAADF) imaging and 

energy dispersive X-ray spectroscopy (XEDS), N2 physisorption, X-ray diffraction (XRD) and X-ray 

photoelectron spectroscopy(XPS). Relevant properties of the catalysts are given in Table 1. 

 

Table 1. Relevant catalyst properties. 

 

Scanning transmission electron microscopy (STEM) coupled with high angle annular dark field 

(HAADF) imaging and X-ray energy dispersive spectroscopy (XEDS) were used to locate and 

determine the size of the noble metal particles. For Au/USY-600 and Au/USY-712, an Au particle size 

Catalyst 
Au loading, 

(wt.%) 
Mean Au particle 

size, (nm) 

SBET 

(m2/g) 
VT, (cm3/g) Vm (cm3/g) 

Au/USY-600-Fresh 0.35 4.2 512 0.347 0.193 

Au/USY-600-after 

second run 

 

0.35 4.5 548 0.362 0.207 

Au/USY-712-Fresh 

 
0.35 4.3 661 0.423 0.218 

Au/USY-712- after 

second run 

 

0.34 4.5 669 0.437 0.225 

Au/USY-720-Fresh 

 
0.35 4.0 750 0.476 0.232 

Au/Al2O3-Fresh 0.9 3.0 225 0.612 - 
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of 4 - 4.5 nm was obtained. A representative STEM image, the Au particle size distribution and a 

XEDS spectrum are given in Figs. 1 (Au/USY600) and 2 (Au/USY-712). 

 
Figure 1. (A) STEM image of Au/USY-600 (Scale is 50 nm) (B) Au particle size distribution (C) Representative 

XEDS spectrum taken for an individual Au particle 

 

 
Figure 2. (A) STEM image of Au/USY-712 (Scale is 20 nm) (B) Au particle size distribution (C) Representative 

XEDS spectrum taken for an individual Au particle. 

 

X-ray photoelectron spectroscopy (XPS) was used to determine the oxidation state of the Au particles. 

Binding energy indicates that Au is mostly present as Au
0
; the fraction of Au

+1
 may be due to the 

oxidation in air (Figure 3). An UV-Vis absorption spectrum of the gold sol after reduction showed the 

clear presence of Au
0
 nanoparticles (Figure 4). 
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Figure 3. XPS spectra of Au/USY-600 and Au/USY-712 

 

 

 

Figure 4. UV-Vis absorption spectrum of the gold sol and a HAuCl4 solution 

 

3.2 Catalytic experiments 

The catalytic reactions were performed in a batch autoclave in methanol as the solvent in the absence 

of a base. Initial catalytic tests were conducted at 160°C (0.25 M glycerol, air, 47 bar total pressure, 

glycerol to Au mol ratio of 1407, 5 h) using Au/USY-600.  

200 300 400 500 600 700 800

0.0

0.5

1.0

1.5

2.0

2.5

3.0

A
b

s
o

rb
a

n
c
e

 (
a

.u
.)

wavelength (nm)

 HAuCl
4

 gold sol



93 
 

After 5 h reaction time, the glycerol conversion was 81%, corresponding with an average catalyst TOF 

for the batchtime of 228 h
-1

. The MLACT selectivity was about 74%; main by-products were the 

intermediates GLYA/DHA (3%) and methyl glycerate (MGLY, 9%). Subsequently, the reactor was 

re-pressurised with air and the reaction was extended with an additional 5 h. At this point, the glycerol 

conversion reached 95% with a small increase in the MLACT selectivity up to 77%, at the expense of 

GLYA/DHA (from 3 to 1%). Of interest is the low amount of MGLY (10 mol%), the over-oxidation 

product of GLYA/DHA. This indicates that the desired acid-catalysed conversion of GLYA/DHA to 

MLACT (Scheme 2) 26, 29, 37
 proceeds with a higher rate than the over-oxidation reaction. The presence 

of GLA/DHA in the reaction mixture, though in minor amounts, is indeed a strong indication that both 

are intermediates in the catalytic conversion of glycerol to MLACT. 

 

Table 2. One-pot conversion of glycerol to methyl lactate using various catalysts 
[a]

 
 

Entry Catalyst 
Time  

(h) 

Glycerol  

conversion (%) 

Methyl lactate 

 yield (%) 
TOF (h-1) [c] 

 

1 

Au/USY-600 

5 81 60 228 

10 95 73 134 

2 Au/USY-712 
5 84 57 236 

10 99 69 138 

3 Au/USY-720 5 58 2.6 162 

4 Au/H-MOR 5 37 2 104 

5 Au/γAl2O3 5 80 3 224 

6 
USY-600 

 

5 35 7.5 - 

10 50 10 - 

7 None 5 9 
< 1 

 
- 

8 Au/USY-600[b] 5 4 < 1  

9 
Au/USY-600-

spent 
5 80 60 224 

10 
Au/USY-712-

spent 
5 82 57 230 

[a] 
Reaction conditions: 0.25 M glycerol in methanol, 47 bar total pressure, 160°C, 700 rpm, glycerol to metal mol ratio of 1407 [b] reaction in 

an N2 atmosphere, P(air) = 30 bar [c] expressed as mol of glycerol per mol of Au per h.  
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Scheme 2. Proposed reaction pathway for the direct conversion of glycerol to methyl lactate. 

 

 

The reaction time could be reduced from 10 to 5 h at 190°C, giving a similar conversion and 

selectivity (97 % conversion and 75 % yield, Table 3) than observed at 160°C. 

 

Table 3. Effect of temperature on the conversion of glycerol to methyl lactate in methanol using  Au/USY-600 
[a]

 

 

T 

(°C) 

Time 

(h) 

Conv. 

(%) 

Selectivity (%) 

Glyceraldehyde/ 

Dihydroxyacetone 

Methyl 

lactate 

Methyl 

glycerate 

Methyl 

pyruvate 

Pyruvaldehyde 

dimethyl 

acetal 

Glyceraldehyde 

dimethyl acetal 
Unknown 

90 5 5 2 25 12 0 0 43 15 

120 5 25 5 57 11.5 0 1.8 12 6 

120 10 35 3.5 62 15 0 2.2 9 5 

160 5 81 3 74 9 0.1 1 0 0.5 

190 5 97 0 77 9 2.7 0 0 1 

[a] Reaction conditions: 460 mg of glycerol in 16 g of methanol, P(air) = 30 bar, 700 rpm, glycerol to metal mol ratio of 1407 

 

The requirement of an oxidative atmosphere was confirmed by conducting a reaction in the presence 

of nitrogen (30 bar) instead of oxygen. In this case, a 4% glycerol conversion was observed, mainly to 

a mixture of glycerolmethyl ethers (75% of the 1-methyl ether, 20% of the 1,3-dimethyl ether and 5% 

of the trimethyl ether, eq. 1). 

  

 

 

(eq-1) 

 

MLACT was not observed, indicating that neither the oxidative dehydrogenation nor the direct 

dehydrogenation of glycerol to GLA/DHA occurs in the absence of oxygen. 

The necessity of having Au nanoparticles present on the support was demonstrated by performing a 

reaction using Au-free USY-600 under oxidative reaction conditions. Glycerol conversion was 

observed to a significant extent (39% after 5 h), though the MLACT selectivity was limited to 23% 
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(c.f. 60% in the presence of Au). Iron impurities in the zeolite from the manufacturing process may 

play a role in the oxidation products detected. The main products were 5-hydroxy-1,3-dioxane and 4-

hydroxymethyl-1,3-dioxolane (GLY-FOR, together 29%), and glycerol ethers (3-methoxy 1,2 

propanediol and 2,3-dimethoxypropan-1-ol,7%), along with some  unidentified products (eq. 2). 

 

 

 

 

 

(eq. 2) 

 

This product composition indicates that the initial conversion of glycerol to GLYA/DHA is limited in 

the absence of Au. For the formation of GLY-FOR, formaldehyde is required, and may be generated 

by the partial oxidation of methanol. Indeed, formaldehyde was observed qualitatively (HPLC) when a 

blank reaction was performed in the absence of a catalyst (methanol, air, 160°C) and thus explains the 

formation of GLY-FOR even in the absence of catalysts. However, when the reaction was performed 

in the presence of Au/USY-600, GLY-FOR selectivity was less than 1%, indicating that formaldehyde 

formation occurs to a far lesser extent than oxidative dehydrogenation of glycerol to GLYA/DHA and 

subsequently to MLACT. These findings are in line with the work of Hayashi et al., who demonstrated 

that the oxidation of ethylene glycol in methanol over Au catalysts does not lead to methanol oxidation 

due to the competitive adsorption of ethylene glycol to the catalyst centre, preventing methanol 

oxidation to a significant extent.
38

  

Additional catalyst screening experiments were performed using two other Au/USY catalysts namely 

Au/USY-712 (Si/Al=12), Au/USY-720 (Si/Al=30), Au/H-Mordenite (Si/Al =10) and an Au/γ-Al2O3 

catalyst, see Table 3 for details. Complete product distribution and carbon mass balance are given in 

Table 4. Catalyst performance of the other two Au/USY catalyst was less than that of Au/USY-600. 

For Au/USY-712, the glycerol conversion after 5 h reaction time was slightly higher (84%) than for 

Au/USY-600 (81%), though the MLACT yield was slightly lower (57% versus 60%). For Au/USY-

720, the MLACT selectivity dropped dramatically to only 11% at 58% glycerol conversion after 5 h 

under similar reaction conditions.  

When Au/H-MOR was used under similar reaction conditions, MLACT selectivity was only 7% at 

37% glycerol conversion after 5 h. Even worse results were obtained for Au/-Al2O3, where at similar 

reaction conditions, a MLACT yield only 3% was obtained. Over-oxidation products such as methyl 

glycerate and dimethyl tartronate were observed in high selectivity, indicating that the oxidative 

esterification reaction of GLYA/DHA is much faster for this catalyst than the acid catalysed 

conversion of GLYA/DHA to MLACT. 
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From a zeolite stand point of view, the best yield of MLACT was obtained for zeolites having a large 

fraction of extraframework species, meaning that the Lewis sites are essential in MLACT formation. 

However, the framework or Brønsted sites likely also play a role because the conversion of GLA/DHA 

into pyruvaldehyde, an important intermediate, can both be catalyzed by Lewis and weak Brønsted 

acid groups. An additional parameter is the solvent that regulates the acid strength of the Brønsted acid 

groups under the reaction conditions. 

 

3.3 Catalyst Stability 

To gain insights in catalyst stability, the two best catalysts for the direct conversion of GLY to 

MLACT (Au/USY-600 and Au/USY-712) were isolated after reaction and used for a second batch 

reaction under similar conditions as the first. Noteworthy, the conversion and selectivity towards 

MLACT were similar to the first run (Table 2, entry 9 and 10). These two spent catalysts were 

subjected to physico-chemical characterisation. N2 physisorption measurements, ICP-OES and TEM 

showed that the porosity (surface area, micropore and total pore volume), the Au loading and mean 

metal particle size for the fresh and spent catalysts after the second run are about the same (Table 1, 

Figure 5).  

 

 

Figure 5. TEM images of (A). Au/USY-600 fresh (scale is 100nm), (B) Au/USY-600-spent (scale is 50 nm), (C) 

Au/USY-600 -after second run (scale is 50 nm), (D) Au/USY-712 after second run (scale is 100 nm). 
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This good catalyst stability was also confirmed by X-ray diffraction patterns of the fresh and spent 

catalysts showing that the zeolite structure was preserved (Figure 6 and 7).  

 

Figure 6. X-ray diffraction patterns of (A): USY-600, Au/USY-600, Au/USY-600 spent and Au/USY-600 after 

second run 

 

Figure 7. X-ray diffraction patterns of (A): USY-712, Au/USY-712 and Au/USY-712 after second run 
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Table 5. Quantification of different Al species by 
27

Al MAS NMR (Error estimate ± 2%)
 

 

27
Al NMR of the spent catalysts confirmed a similar Al speciation after the second run as compared to 

the fresh catalyst (Table 5). These findings support the robust nature of the Au/USY catalysts under 

the given reaction conditions. 

 

To check the stability of MLACT under the prevailing reaction conditions, an experiment was 

performed in which MLACT dissolved in methanol was contacted with Au/USY600 in the presence of 

oxygen. After 10 h, MLCAT conversion was absent, after 15 h only 0.5% conversion was observed, 

increasing to 1% conversion after 30 h (Figure 8). The main product was to methyl pyruvate. These 

results indicate the good stability of MLACT under the given reaction conditions in the presence of the 

Au on USY catalyst. 

 
Figure 8. Methyl lactate stability over Au/USY-600. (0.25M methyl lactate, 47 bar pressure (air (30bar) and 

substrate/ solvent), 160°C, 700 rpm, methyl lactate to metal ratio of 1407 mol/mol.  

 

4. Conclusions 
In conclusion, a novel base free route for the one-pot chemo-selective conversion of glycerol into 

methyl lactate (73% yield) has been demonstrated using well-dispersed Au nanoparticles on a USY 

zeolite. Best results were obtained using two different Au/USY catalysts (600 and 712). Both catalysts 

were recycled without any loss of activity and MLACT selectivity. This methodology offers a good 

Catalyst Si/Al AlO4 (%) AlO5 (%) AlO6 (%) Extra - 

frame work  

Al (%) b 

Au/USY-600-Fresh 5.2 47  31 22 53 

Au/USY-712-Fresh 12 54  19 27 46 

Au/USY-720-Fresh 30 65  14 20 34 

Au/USY-600-Spent 5.2 42  32 26 58 

Au/USY-600-After second run 5.2 44  29 28 57 

Au/USY-712-After second run 12 57 13 29 42 

USY-600-Spent 5.2 42  31 27 58 
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alternative for the preparation of methyl lactate compared to two step routes either via fermentation of 

sugars to lactic acid followed by esterification or the direct synthesis of sodium lactate from glycerol 

under hydrothermal conditions using large amounts of a homogeneous base followed by esterification. 

The methodology is also an attractive alternative for the recently discovered direct chemo-catalytic 

conversion of common C6-sugars to alkyl lactates. In this case, the initial reaction involves a retro-

aldol reaction of the C6 sugars to a GLYA/DHA mixture. A methyl lactate yield of 68% was reported 

for sucrose as the substrate using Sn-beta as the catalyst (160°C, 20 h, methanol).
37
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CHAPTER 5 
 
Oxidative esterification of glycerol in methanol 
using gold on oxidic supports 
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Abstract 

Gold nanoparticles on different oxidic supports (TiO2, Al2O3 and ZnO) have been studied for the 

oxidation of glycerol in methanol, using molecular oxygen as the oxidizing agent in a batch set -

up. The main oxidation products are methyl glycerate and dimethyl mesoxalate in over 95% yield 

at 90-100% conversion, indicating that C-C bond scission occurs to a significant lower extent 

compared to glycerol oxidations in water. The product selectivity is a function of the support. 

Highest selectivity (82% at 72% conversion) to methyl glycerate is observed in the case of 

Au/TiO2 as the catalyst. The use of a base is not essential for the glycerol oxidation reaction to 

occur, although for TiO2 and Al2O3 higher initial activities are found in the presence of sodium 

methoxide. Au/ZnO gives comparable activity and selectivity both in the presence and absence of 

a base. Oxidation experiments with reaction intermediates indicate that oxidation of methyl 

glycerate to higher oxygenates does not occur to a significant extent in methanol. An alternative 

pathway for the formation of dimethyl mesoxalate involving dihydroxyacetone is proposed.  
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1 Introduction 

The last decade, the production of biodiesel via the triglyceride transesterification process has 

increased substantially. Biodiesel production via this process is associated with glycerol production 

(about 0.1 ton of glycerol per ton of biodiesel). The European Union is aiming for a 10% substitution 

of biofuels in the transportation sector by the end of 2020 which requires 17.4 million tonnes of 

biodiesel production per year and hence may produce 1.74 million tonnes of glycerol as by-product.
1 

To increase the economic viability of biodiesel production, the development of new glycerol outlets in 

the form of value-added products is of high importance. A large number of glycerol related 

publications and reviews on potential high value components from glycerol have appeared over the 

last 5 years.
2-6

  

Oxidation of glycerol in water using supported noble monometallic (Au or Pt) or bimetallic (Au-Pt or 

Au-Pd) catalysts in the presence of base, aiming at glyceric acid as the desired product has been 

intensively explored by various research groups.
7-11

  

Glyceric acid is an interesting tri-functional molecule, present as a metabolite in the glycolysis cycle 

and a precursor in the synthesis of serine.
12

 It also serves as a food supplement, anti-cirrhosis agent 

and chelating agent.
13

  

Most of the catalytic studies on glycerol oxidation refer to Au nanoparticles supported on carbon. 

Carrettin et al. have reported 100% selectivity to glyceric acid at 56% conversion in the presence of 

stoichiometric amounts of sodium hydroxide.
14

 Only a limited number of studies have been reported 

on the use of Au catalysts on supports other than carbon in the aqueous phase oxidation of glycerol. 

Gold nanoparticles on metal oxide supports have been proven to be less active for aqueous phase 

glycerol oxidation compared to carbon supported catalysts.
15-16

  

The activity and selectivity of the Au catalysed glycerol oxidations in water depends on the particle 

size of the gold nanoparticles and the pH of the reaction medium. The presence of a base is required 

for the abstraction of a proton from glycerol to form a glycerolate anion.
12 

Generally, with high 

concentration of NaOH a high glycerol conversion and glyceric acid selectivity is observed.
14

  

The selectivity of the oxidation reactions is a major concern. Numerous oxygenates such as 

glyceraldehyde (GLA), dihydroxyacetone (DHA), glyceric acid (GLYA), tartronic acid (TART), 

mesoxalic acid (MOXA), glycolic acid (GLYC), formic acid (FORM), oxalic acid (OXAL) and lactic 

acid (LACT) may be formed, see Scheme 1 for details.
10,17 
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Scheme 1 General proposed reaction scheme for aqueous phase oxidation of glycerol in alkaline conditions over 

Au catalysts. 

 

The formation of C2 compounds is indicative for C-C bond scission. This scission process is likely the 

result of the action of in situ formed hydrogen peroxide.
18

 

Solvent effects on the oxidation of glycerol with supported Au catalysts have not been studied in detail 

and, to date, only one article describing the oxidation of glycerol in methanolic solution has been 

published by Taarning et al. Here, the oxidation of glycerol at 373 K in methanol in the presence of 10 

mol % sodium methoxide using Au catalysts on inorganic supports (TiO2 and Fe2O3) was reported to 

give dimethyl mesoxalate as the major product in selectivities up to 89 % and 79% over Au/Fe2O3 and 

Au/TiO2, respectively.
19

 The selectivity to methyl glycerate was always less than 20%. Since the waste 

stream from biodiesel production contains a mixture of glycerol and methanol, methanolic oxidation is 

an attractive methodology.
20

 

When oxidising glycerol in methanolic solution, the oxidation of methanol is a concern. Hayashi et al., 

however, have shown that when oxidizing ethylene glycol using supported gold catalysts in methanol, 

methanol is hardly converted due to strong adsorption of the ethylene glycol to the catalyst, preventing 

considerable methanol oxidation.
21

 

Here we report our experimental studies on the oxidation of glycerol to methyl glycerate in methanol 

using Au catalysts on different oxidic supports. Support effects and the role of a base on the activity 

and selectivity to methylglycerate have been studied and will be reported. In addition, compared to 

previous publications, an alternative reaction pathway explaining the formation of the product 

portfolio is proposed. 
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2.Experimental section 

2.1. Materials 

Au/TiO2 (1.2 wt%), Au/Al2O3 (0.9 wt%) and Au/ZnO (1.0 wt%), all with Au particle dimension 

between 2 and 3 nm, were supplied by Strem-Autek. A deposition-precipitation method was employed 

for the preparation.  lycerol (≥99%), methanol (anhydrous, 99.8%), sodium methoxide (25 wt% in 

methanol), methyl glycolate, methyl pyruvate and dimethyl oxalate were obtained from Sigma-

Aldrich. Methyl glycerate was procured from Bepharm  td. Shanghai,  hina. Dimethyl tartronate (≥ 

99% purity by GC) was prepared from tartronic acid (Sigma Aldrich) by refluxing in methanol over 

Amberlyst 15 (Alfa Aesar) for 24 h. Dimethyl mesoxalate (≥ 99% purity by   ) was prepared by 

refluxing diethyl mesoxalate (Sigma Aldrich) in methanol in the presence of sodium methoxide for 24 

h. Oxygen (99.995 %) was obtained from Linde Gas Benelux B.V., The Netherlands. Glycerol and all 

the catalysts used in this study were dried before use under vacuum (0.5-2.0 mbar) at 313 K in the 

presence of phosphorous pentoxide (Sigma Aldrich) for at least 20 h. 

 

2.2. Catalyst Characterization 

Transmission electron microscopy (TEM) measurements were performed with a JEOL JEM 1011 

instrument operating at 100 kV. Catalyst samples were finely powdered and dispersed in ethanol. A 

small drop of this dispersion was deposited on a copper grid coated with carbon. Particle size 

distributions of the catalysts were determined from the transmission electron micrographs by 

measuring the dimensions of 150-200 particles. TEM images and the energy dispersive X-ray 

scattering spectrum of representative catalysts are given in Figure 1. 

ICP-OES analyses to determine the amount of metals in the solid catalysts were performed using a 

Perkin Elmer optima 7000 DV instrument. Nitrogen adsorption–desorption isotherms were measured 

with a Micromeritics ASAP 2420 analyser at 77 K. The Brunauer–Emmett–Teller (BET) method was 

utilized to calculate the surface areas. The pore volume was obtained at a relative pressure of 0.98 in 

the desorption branch. 
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Table 1. Relevant properties of the catalysts 

 

 

 

 

 

 

Figure 1 (A) TEM image of Au/TiO2 (Fresh).  Scale is 50nm (B) Particle size distribution (C) Representative 

EDAX spectrum taken for a single Au particle. 

2.3. Catalyst Testing 

Oxidation experiments were performed in 75 mL steel autoclaves (Parr Series 5000 Multiple Reactor 

System). The autoclave was charged with a glycerol solution in methanol (20 mL of a 0.25 molar 

solution). Subsequently, the catalyst (0.032 mmol Au) was added and the autoclave was sealed, 

flushed and finally pressurized with oxygen to 5 bar. The reactor contents were heated to 353 K under 

stirring with a magnetic stirring bar (800 rpm). Samples were withdrawn periodically after cooling the 

reactor to room temperature. Then the reactor was recharged with fresh oxygen to 5 bar and reheated 

to 353 K. A typical reaction time was 25 h, samples were taken every 5 h. 

 

2.4. Product analysis 

Liquid phase samples were analysed by GC (HP equipped with a flame ionization detector and a 

CHROMPACK capillary column of dimension 25 m x 0.32 mm x 0.30 µm) and GC-MS 

(InterscienceTraceGC Ultra GC with a Restek GC column Rxi-5 ms 30 m x 0.25 mm x 0.25 µm 

connected to a InterscienceTraceDSQ II XL quadrupole mass selective detector (EI, mass range 35-

500 Dalton, 150 ms sample speed).  

Catalyst     Au loading,   

   wt% 
Au particle size, 

nm 

BET Surface 

area, m2/g  

Pore volume 

(PV), cm3/g 

Average pore size, 

nm 

Au/TiO2 1.2 2-3 50.1 ± 0.3 0.352 28.1 

Au/Al2O3 0.9 2-3 224.9 ± 0.4 0.612 10.9 

Au/ZnO 1.0 2-3 45.3 ± 0.1 0.249 22.0 
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For GC analysis the injector and detector temperature were set at 250°C and 280°C, respectively. 

Helium was used as the carrier gas with a flow rate of 50 mL/min. A split ratio of 1:25 was applied. 

Peak identification for methyl glycerate, dimethyl tartronate, dimethyl mesoxalate, methyl pyruvate, 

methyl glycolate, and dimethyl oxalate was confirmed by injection of reference compounds. 

Quantification was done on the basis of response factors which were determined for each component 

by injecting known concentrations.   

HPLC was used to identify and quantify glyceraldehyde and dihydroxyacetone. Analyses were 

performed on a Waters HPLC instrument equipped with a Shodex-Ionpak KC-811 (30 cm length) 

column maintained at 85°C using H2SO4 (3 mM) in ultra-pure water as the eluent with a flow rate of 1 

ml/min. The components were identified using a UV (210 nm) and an RI detector. The concentrations 

in the samples were determined using calibration curves obtained by injecting standard solutions of 

known concentrations of glyceraldehyde and dihydroxyacetone.  

 

2.5 FT-IR measurements on fresh and spent catalysts 

Fourier transform infrared (FT-IR) spectra were obtained on a Varian Scimitar 1000 FT-IR 

spectrometer equipped with a Pike MIRacle ATR Diamond/ZnSe single reflection plate and a DTGS-

detector. The measurement resolution was set at 4 cm
-1

, and the spectra were collected in the range 

4000–650 cm
-1

 with 64 co-added scans. The spent catalysts were separated by filtration and washed 

several times with methanol under vacuum. Prior to analyses, the catalysts were dried in a vacuum 

oven at 50°C for 20 h in the presence of a desiccant. 

 

3. Definitions 

Glycerol conversion is defined as: 

   
       

    
          (eq. 1) 

Where Cg is the concentration of glycerol after a certain reaction time and Cg,0 is the initial glycerol 

concentration. 

Product selectivity for a compound P is defined as  

   
  

       
          (eq. 2) 

Where Cp is the concentration of a product after a certain reaction time. 

Mass balance closure was calculated on the basis of all products quantified by GC and HPLC 

analyses.  
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4. Results and Discussion 

The oxidation reactions of glycerol in methanol were typically carried out at 353 K using molecular 

oxygen (5 bar) as the oxidant. A variety of Au catalysts on different supports (TiO2, Al2O3 and ZnO) 

were explored. An overview of the results of the experiments is given in Table 2 and 3. 

Carbon balances were determined for all experiments and good closures (> 95%) were obtained. 

Reproducibility was tested by performing duplicate experiments at similar conditions and intakes. 

Good agreements for conversion and product selectivity were observed (less than 5% deviation).  

 

4.1.  Oxidation of glycerol in methanol using supported Au catalysts in the presence of base. 

The results for catalytic glycerol oxidations using the Au on different oxidic supports in the presence 

of a catalytic amount (10 mol%) of base are summarised in Table 2.  

Table 2. Oxidative esterification of glycerol over Au catalysts in the presence of 10 mol% NaOMe on glycerol
a
  

a. T= 353 K, P (O
2
) = 5 bar, molar ratio glycerol to methanol is 1 : 99, molar ratio glycerol to Au is 153, n.d= not detected 

 

Glycerol (GLY) oxidation over Au/TiO2 led to 48% glycerol conversion after 5 h. The main product 

was methyl glycerate (MGLY), with a selectivity of 72%. Byproducts were dimethyl mesoxalate 

(DMM, 7% selectivity) and glyceraldehyde/dihydroxyacetone (GLA/DHA, 9% selectivity). The sum 

of the GLA and DHA concentration is reported as the GC technique used does not allow to quantify 

the individual components. Small quantities of methyl pyruvate (MPYR, 2%), methyl glycolate 

(MGLYC, 2%), dimethyl oxalate (1%, DMO) and dimethyl tartronate (DMT, 1-2%) were also 

observed. At extended reaction times (30 h), the glycerol conversion increased to 72%. A MGLY 

selectivity of 82% and a DMM selectivity of 9.5% were obtained at this glycerol conversion level 

(Fig.2-A).  

When the oxidation was performed using Au/Al2O3 as the catalyst, the glycerol oxidation rate is 

higher and 78% glycerol conversion was achieved in 5 h (Fig.2-B). Longer reaction times (10 h) gave 

89% conversion. These conversions are considerably higher than when using the TiO2 support. The 

main products after 5 h are again the C3 components MGLY (36.5% selectivity) and DMM (57% 

Catalyst 
Time 

(h) 

Glycerol 

conversion 

(%) 

Selectivity (%) 
C mass closure 

(%) 

GLA/DHA MGLY DMT DMM MPYR MGLYC  

Au/TiO2 5 48 9 72 2 7 2 2 95 

 

Au/TiO2 30 72 1 82 1 9.5 1 0.5 95 

 

Au/Al2O3 5 78 1.5 36.5 1.5 57 n.d. 1.5 98 

 

Au/ZnO 

 

5 76 18 43 1 33 n.d 1.0 97 
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selectivity), though the selectivity is reversed compared to the data for the TiO2 support. Small 

quantities of DMT and MGLYC (1.5% each) were also observed (Table 2). 

When using Au/ZnO as the catalyst, the activity is about similar as for Au/Al2O3 and 76% glycerol 

conversion was observed after 5 h reaction time (Fig. 2-C). A further extension to 10 h resulted in 85% 

glycerol conversion. However, the selectivity to MGLY is considerably lower than in the case of TiO2, 

and, as with alumina, significant amounts of DMM were formed. For this catalyst, the selectivity to 

GLA/ DHA is much higher (18 % after 5 h) than for the other catalysts. Products such as DMT, 

MGLYC and DMO were observed in small quantities (all together 3%).  

Thus, when aiming for a high chemoselectivity of MGLY, Au on TiO2 is the preferred catalyst, though 

the activity is the lowest of the three catalysts tested.  

Figure 2. Oxidative esterification of glycerol in the presence of 10 mol% base (NaOMe) over (A) Au/TiO
2
 (B) 

Au/Al
2
O

3 
(C) Au/ZnO  

 

4.2. Oxidation of glycerol in methanol using supported Au catalysts at base free conditions. 

Till recently, it was generally assumed that the first step of the Au catalysed oxidation of glycerol 

involves deprotonation of glycerol by a base to yield a glycerolate anion. However, recent studies have 

indicated that glycerol is oxidised to glyceric acid using Au on acidic or basic supports in aqueous 

conditions even in the absence of a base, indicating that a base is not always necessary.
23,24

 We 

therefore decided to investigate the Au catalysed oxidation of glycerol in methanol also in the absence 

of a base and the results are summarised in Table 3. 
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Table 3. Oxidative esterification of glycerol over Au catalysts in base free conditions 
a
 

a.   T= 353 K, P (O
2
) = 5 bar, molar ratio glycerol to methanol is 1 : 99, molar ratio glycerol to Au is 153 

An oxidation reaction performed using Au/TiO2 at 353 K and 5 bar oxygen pressure, gave 24% 

glycerol conversion after 5 h with MGLY (52%) as the main oxidation product. Significant amounts of 

GLA/DHA (12.5%), DMM (15%) and MPYR (15.5%) were also observed. Prolonged reaction times 

(25 h) led to 90% glycerol conversion. At these conversion MGLY is still the main product (50% 

selectivity), though particularly the amount of DMM (31%) has increased considerably, at the expense 

of GLY/DHA.  

The glycerol conversion versus time profile for the reaction in the presence and absence of base differs 

considerably (Figure 2A vs 3A). In the presence of a base, the initial reaction rate is higher, though the 

conversion at prolonged times is lower. This is indicative for a catalyst deactivation pathway in the 

presence of a base. This deactivation pathway is suppressed in base free conditions (vide infra). 

Regarding MGLY selectivity, the desired product in this study, it appears beneficial to work in the 

presence of a base (60% yield in the presence of base versus 45% yield in base free condition after 25-

30 h).   

When the glycerol oxidation was conducted at base free conditions using Au/Al2O3 as the catalyst, 56 

% glycerol conversion was obtained after 5 h and this increased to 66% after 10 h. The major product 

is DMM, in 59-64% selectivity. The selectivity for MGLY is lower and is between 30.5-32.5%. The 

yield of both MGLY and DMM increases as the reaction proceeds, without significant change in the 

overall selectivity pattern (Figure 3B). The presence of base has a significant influence on the activity 

when using Au/Al2O3 as the catalyst whereas MGLY selectivity was enhanced only up to 4-5%. 

  

Catalyst 
Time 

(h) 

Glycerol 

conversion 

(%) 

Selectivity (%) 
C mass 

closure (%) 

GLA/DHA MGLY DMT DMM MPYR MGLYC  

Au/TiO2 5 24 12.5 52 2 15 15.5 2 99 

Au/TiO2 25 90 1 50 1 31 11 3 97 

Au/Al2O3 5 56 6.5 30.5 1 59 2 1 100 

Au/Al2O3 10 66 2 32.5 0.8 62 1.5 1 99.8 

Au/ZnO 5 71 21 34.5 1.8 40 0.94 1 99 
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Figure 3. Oxidative esterification of glycerol in base free conditions over (A) Au/TiO
2
 (B) Au/Al

2
O

3 
(C) 

Au/ZnO 

When Au/ZnO was used as the catalyst in base free conditions, conversion reached 71% after 5 h and 

91% after 15 h. The main product is DMM (40-42%), whereas also considerable amounts of MGLY 

(34.5-36%) and GLY/DHA (21%) were obtained (Fig 3C). The effect of base on glycerol conversion 

while using Au/ZnO is relatively small whereas the selectivity towards MGLY was enhanced to 43% 

in the presence of base. 

 

4.3.  Catalyst activity and stability  

All three Au catalysts on oxidic supports were active at base free conditions, implying that a base is 

not essential for the oxidation of glycerol over Au catalysts in methanol. However, the initial activities 

of the catalysts are higher in the presence of a base when using the TiO2 and Al2O3 supported Au 

catalysts. The difference in activity in the presence and absence of base is much less for the Au/ZnO 

catalyst (Table 2 and 3).  

For the Au/TiO2 catalyst, a decline in catalytic activity after 5 h was observed in the presence of a 

base, indicative for catalyst deactivation (Fig. 2-A). Characterization of the catalyst after reaction with 

TEM and ICP-OES shows that both sintering of Au clusters and Au leaching to the liquid phase did 

not occur to a significant extent. In addition, the BET area of the catalyst before and after reaction is 

essentially similar. A possibly deactivation mechanism is the presence of considerable amounts of free 

glycerate in the mixture when performing the reactions in the presence of a base. Recently Worz et al. 

reported that glycerate  acts as a strong chelating agent for noble metals and suppresses glycerol 

conversion to a large extent.
25

 Adsorption of α-hydroxy acids in a bidentate mode on oxidic supports 

such as TiO2 and  Al2O3 has also been reported in the literature.
26,27

 Small amounts of glycerate may be 

formed by the alkaline catalysed hydrolysis of the ester product or by a hydrate route (Scheme 2). The 

required water for these reactions may be formed by decomposition of hydrogen peroxide, a known 

reactive intermediate in the reaction sequence.
19,20 
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Scheme 2. Possible pathways for the formation of glycerate 

 

Besides MGLY, DMM is also present in considerable amounts in the reaction mixture (Table 2 and 3) 

and as such may also be involved in adsorption processes affecting catalyst activity and selectivity. 

The IR spectrum of aqueous mesoxalate was recorded (Figure 4) and compared to IR spectra of spent 

catalysts. A possible explanation is the absence of an  α-hydroxy group in mesoxalic acid, which is 

known to be essential for strong coordination to the support. 

Catalyst deactivation is less pronounced for Au/Al2O3 and Au/ZnO compared to Au/TiO2 (Figure 2), 

indicating that glycerate inhibition is less pronounced for the former catalysts. To gain insights in 

these differences, IR spectra of the spent catalyst were recorded (Figure 4).  

For Au/TiO2 clear adsorption bands corresponding to glycerate adsorption were observed in the range 

1610-1661 cm
-1

 for CO2
-
 stretching vibrations. These bands appear at 1587-1636 cm

-1
 for aqueous 

glycerate. The increase in the wavenumbers indicates the formation of metal carboxylates. The bands 

at 1119 cm
-1

 and 1113 cm
-1

 can be assigned to the C-O stretch of the adsorbed α-hydroxy group of 

glycerate. This band appears at 1112 cm
-1

 for aqueous glycerate (Figure 4). These characteristic 

adsorptions are less pronounced for the other two catalysts. It thus appears that glycerate adsorption 

leading to catalyst deactivation is occurring to a larger extent for Au/TiO2 than for Au/Al2O3 and 

Au/ZnO.  

Further evidence was obtained by performing a glycerol oxidation experiment with Au/TiO2 with a 

known amount of glyceric acid (0.5 mol/mol Au) present at the start of the reaction. Glycerol 

conversion was 57% after 20 h in the presence of glycerate whereas 81% conversion was obtained 

when glycerate was not added under similar conditions. This fact combined with  glycerate adsorption 
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on the catalyst surface of spent Au/TiO2 (IR) is a strong indication that catalyst deactivation is due to 

glycerate adsorption.  

 

 

Figure 4. FT-IR spectra of fresh, spent catalysts in comparison with aqueous glycerate and mesoxalate 

 

Further evidence that glycerate adsorption is reversible was obtained by performing catalyst recycle 

experiments with the Au/TiO2 catalyst. For this purpose, the  catalyst  used for the oxidation in the 

presence of base (after 30 h) was taken and subjected to extraction in a mixture of methanol and water 

(200 mL, 1:1 ratio) and heated to 80°C at stirring for 5 h. The catalyst was recovered by filtration, 
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thoroughly washed with methanol and water and dried in a vacuum oven at 313 K in the presence of a 

desiccant for at least for 20 h. This catalyst was used for a second catalytic glycerol oxidation 

experiment in the presence of a base (Table 4). Both the activity profiles as well as the product 

compositions were similar as for the first experiment, indicating that catalyst deactivation is not 

caused by an irreversible deactivation process.  

Table 4. Oxidative esterification of glycerol over spent Au/TiO2 catalyst in the presence of 10 mol% base on 

glycerol 
a
 

a Reaction conditions: Glycerol: methanol =1:99, Glycerol/metal= 153, T= 353 K, P (O2) = 5 bar 

The spent catalyst was characterised by TEM-EDX (Figure 5), physisorption using nitrogen and ICP-

OES. TEM showed no significant sintering of Au particles whereas changes in the Au content (ICP-

OES) and the BET surface area are limited (Table 5). 

 

Table 5. Characterisation of the Au/TiO2 catalysts (fresh and spent) 

Catalyst Condition Au (wt%) BET, m2/g Pore volume 

(PV), cm3/g 

Micropore 

volume, cm3/g 

Average pore 

size 

(4·PV/BET), 

nm 

Au/TiO2 Fresh 1.2 50 0.352 below detection 28.1 

Au/TiO2 Spent, base 1.1 52 0.320 below detection 24.7 

Au/TiO2 Spent, base free 1.2 47 0.306 below detection 25.8 

 

 

 

 

Figure 5. TEM image of  Au/TiO2 (spent). Scale is 50 nm (B) Particle size distribution (c) Representative 

EDAX spectrum taken for a single Au particle 

Time 

(h) 

Glycerol 

conversion 

(%) 

Selectivity (%) 
C mass balance 

closure (%) 

GLA/DHA MGLY DMT DMM MPYR MGLYC  

5 45 9 71 2 6 2 2 93 

30 69 2 81 0.5 10 1 0.5 95 
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4.5. Reaction pathways  

The selectivity patterns for glycerol oxidation differ in the presence and absence of base. The 

selectivity for MGLY is higher in the presence of  base for all three catalysts. For glycerol oxidations 

over Au catalysts in aqueous media, glyceric acid is assumed to be further oxidized to tartronic acid, 

and subsequently to mesoxalic acid 
10,28 

(Scheme 1). When a similar sequence is operative in 

methanol, this would imply that initially formed MGLY is converted to DMT which is subsequently 

oxidised to DMM. This sequence was also suggested by Taarning et al. for the Au catalysed glycerol 

oxidations in methanol.
20 

 

To gain more insights in reaction pathways for the oxidation of glycerol with supported Au catalysts in 

methanol, a number of catalytic oxidation experiments were performed using MGLY as the starting 

compound. Both in the presence and absence of a base the conversion of MGLY was less than 5% at 

reaction times exceeding 25 h. Product analyses indicated the formation of small amounts of DMT (1-

3%), while the amount of DMM was negligible. However, in the catalytic oxidations using glycerol, 

DMM formation was significant under these conditions; see Tables 2 and 3 for details. These results 

strongly indicate that MGLY is likely not the precursor for DMM formation and that an alternative 

reaction pathway for the production of DMM is operative.  

Further information comes from glycerol oxidation experiments using the Au/TiO2 catalyst in the 

absence of base. Here, a significant amount (11-15.5%) of methyl pyruvate (MPYR) was observed. 

The formation of both MPYR and DMM may be explained by the involvement of dihydroxyacetone 

(DHA) in the reaction mechanism  (Scheme 3). To proof this, the oxidation of DHA in base free 

conditions was performed using the three Au catalysts, see Table 6 for details.  

 

Table 6. Oxidative esterification of DHA in base free conditions 
a 

a. T= 353 K, P (O2) = 5 bar, molar ratio glycerol to methanol is 1 : 99, molar ratio glycerol to Au is 153, Reaction time = 5h 

 

For all reactions, about 87- 90% conversion of DHA was observed in 5 h reaction time and the main 

product was DMM (> 55%). Using the Au/TiO2 catalyst, significant amounts of MPYR were formed 

(17 %) as well. The formation of the latter likely involves pyruvaldehyde (PYA) as the intermediate. 

PYA was indeed detected (GC-MS) in minor amounts. The conversion of trioses like DHA to 

pyruvaldehyde is known to be catalysed by Lewis acid centers.
29

  

These results clearly indicate the involvement of DHA in the reaction network. To assess whether 

DHA is indeed formed in the catalytic glycerol oxidation experiments, the reaction mixtures were 

Catalyst Conv.%  Selectivity %  

  GLA MGLY MPYR DMT HMPYR DMM 

Au/TiO2 88 2 14 17 1 6 55 

Au/Al2O3 90 2 10 3 1.5 5 75 

Au/ZnO 87 5 13 <1 1.5 5 70 
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analysed by HPLC. This technique allows the detection and quantification of DHA in the presence of 

GLA, which is not possible with the standard GC technique used in this study.  The results of these 

analyses are provided in Table 7. For all catalysts, DHA was present in the reaction mixture in 

amounts between 2 and 27 mol%.  

 

Table 7. Oxidative esterification of glycerol over Au catalysts in base free conditions 
a
 

a T = 353 K, P (O2) = 5 bar, molar ratio glycerol to methanol is 1 : 99, molar ratio glycerol to Au is 153 

Based upon this information, an alternative reaction scheme differing from those previously published, 

is proposed for the oxidation of glycerol in methanol over Au catalysts (Scheme 3). Two main 

pathways are operative, i) the oxidation of GLA to MGLY and ii) a pathway involving DHA leading 

to the formation of DMM and MPYR. DHA and GLA are known to interconvert under basic aqueous 

conditions.
30,31

 The relative rates of both pathways are determined by i) the reaction rates of GLA to 

MGLY ii) DHA to HMPYR and iii) the rate of DHA-GLA interconversion. Proper kinetic modelling 

will be required to assess which of the steps is rapid at the conditions employed and determines 

product selectivity. 

 

Scheme 3. Proposed reaction pathway for the oxidative esterification of glycerol over Au catalysts in methanol 

4.6. Support effects 

Reactions over supported gold catalysts have been reported in literature to be support structure 

sensitive. 
32

 Clear support effects are also observed for the three supports tested in this study, with the 

Catalyst Time (h) 
Conv.% 

Selectivity % 

  DHA GLA MGLY DMM 

Au/TiO2 5 24 2 10.5 52 15 

Au/Al2O3 2 32 6 3 35 46 

Au/ZnO 2 47 27 19 31 20 
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Au on titania catalyst showing pronounced different activity and chemo-selectivity profiles. The Au on 

titania support is the least active catalyst for glycerol oxidation, both in the presence and absence of a 

base (Table 2 and 3). Experimental evidence (vide supra) indicates that this is due to relative strong 

adsorption of one of the products (glycerate) to the titania support, and likely involves the Lewis 

acidic Ti center. The product distribution for the Au on titania catalyst also shows distinct differences 

compared to the other two catalysts. The MGLY pathway (Scheme 3) is more pronounced than the 

DMM pathway, whereas also the formation of MPYR is considerably higher than for the other 

catalysts (particularly at base free conditions, Table 3). The latter reaction is known to be catalysed by 

Lewis acids, another indication that Au/TiO2 is special due to the involvement of the Ti centers of the 

support. 

5. Conclusions 

We have shown that it is possible to convert glycerol in methanol into C3 methyl esters up to 90-97% 

yield without the requirement of a base. The selectivity of the methyl esters is a clear function of the 

catalyst. The highest selectivity for methyl glycerate (82% at 72% conversion) was obtained using 

Au/TiO2. The presence of a base has a positive effect on the initial reaction rate for glycerol and the 

conversion of glyceraldehyde to methyl glycerate. A novel reaction pathway is proposed on the basis 

of a thorough analysis of reaction intermediates and products and subsequent catalytic oxidation 

experiments with these intermediates. At this stage, it has not proved possible to relate catalyst 

performance and, in particular, support effect with the proposed mechanistic scheme. The reaction 

network is complex and involves a number of parallel and serial reactions including an equilibrium 

reaction (GLY to DHA). Detailed kinetic studies are required for all catalysts to unequivocally 

establish the effects of the catalyst on the individual steps in the reaction network. 
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CHAPTER 6 

Application of protection methodology for the 
selective conversion of glycerol to glyceric acid 
using gold catalysts: a transient versus 
covalent approach 
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Abstract 

The protection of glycerol at the vicinal hydroxyl group has been evaluated as a means to enhance the 

selectivity towards the gold catalyzed oxidative conversion into glyceric acid using molecular oxygen 

as the oxidant. Two different protection strategies, namely transient and covalent, have been studied. 

Borate ester formation of glycerol with boric acid at basic conditions was used as the transient 

protection technology whereas solketal was evaluated as the covalently protected glycerol derivative 

in the oxidation reaction. A 10% improvement in the selectivity of glycerol oxidation to glyceric acid 

was observed when using borate as the protecting group (glycerol: borate = 1: 0.5, 0.15 M glycerol in 

deionised water, 333 K, 1.5 h, P(O2) = 3 bar, glycerol/NaOH ratio of 0.25 mol/mol, substrate to metal 

ratio of 500 mol/mol) for Au/C with a minor drop in activity. When using Au/TiO2 in combination 

with borate (glycerol: borate =1:0.5), the glyceric acid selectivity remained similar with a minor drop 

in the activity. For solketal, the glyceric acid yield was improved from 49% for glycerol (95% glycerol 

conversion) to 66% for solketal (94% glycerol conversion) when using Au/TiO2  (0.15 M glycerol in 

deionised water, 333 K, 1.5 h, P(O2) = 3 bar, glycerol/NaOH ratio of 0.25 mol/mol, substrate to metal 

ratio of 500 mol/mol) though prolonged reaction times are required (21 h for solketal versus 1.5 h for 

glycerol).  
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1. Introduction 

In the last decade, the global production of biodiesel via triglyceride transesterification has increased 

substantially, though in Europe the growth seemed to level off in 2011. This has led to an ever 

increasing surplus of glycerol, the byproduct of biodiesel production (about 10 wt % on feed). To 

make the biodiesel production economically more viable, glycerol should preferably be converted to 

value-added products. This has led to a high research interest in the last decade and various reviews 

have appeared focusing on potentially high added value components derived from glycerol.
1-5

  

The oxidation of glycerol with molecular oxygen using supported noble monometallic (Au, Pt or Pd) 

or bimetallic (Au-Pt or Au-Pd) catalysts in the presence of base has been intensively studied by 

various research groups.
1, 2, 6-11

 The objective of most of this work is to selectively oxidize glycerol 

into glyceric acid, with a smaller share of the publications aiming at dihydroxyacetone as the main 

product.
7
 When using supported gold and palladium catalysts in combination with hydrogen peroxide 

as the oxidant
12

 glycerol can also undergo an oxidative degradation pathway to glycolic acid, a C2 

compound.  

Glyceric acid is an interesting bifunctional molecule. The D isomer is used in food supplements and 

other medicinal products.
13

 If available in larger quantities at lower price, glyceric acid can also be 

regarded as a promising co-monomer for new polymeric materials. 

Glycerol oxidations in water using Au/C catalysts are commonly carried out in the presence of a base. 

Generally an excess of base to glycerol is applied, with typically a 1-4 molar ratio. Au/C catalysts are 

inactive for glycerol oxidation in the absence of a base. Typically the oxidation reactions are carried 

out in a temperature range of 303-333 K in the presence of molecular oxygen at 1-3 bar pressure in a 

batch reactor. Various carbon supports such as graphite, activated carbon, carbon black etc. have been 

used, and a clear influence of the support on activity and selectivity was reported.
14

 Most of the Au 

catalysts on carbon supports give a glyceric acid selectivity in the range of 60-75%, the only exception 

being a report by Carretin et al., who obtained 100% selectivity towards glyceric acid using 

Au/graphite.
15

 The activity and selectivity not only depend on the carbon support type but also on the 

catalyst preparation method and the associated Au particle size.
10, 16

  

Limited literature is available on the aqueous phase oxidation of glycerol using Au/TiO2 catalysts. 

Dimitratos et al. reported the effect of various catalyst preparation methods on the activity and 

selectivity.
17

 As with Au/C, the catalyst screening was performed at basic conditions with a glycerol to 

base ratio of 1 to 4 at 323 K and 3 bar of oxygen pressure. The highest selectivity towards glyceric 

acid (81%) at 50% glycerol conversion was reported when using Au/TiO2 prepared by a deposition-

precipitation method. 

Thus, when using supported monometallic Au based catalyst in aqueous alkaline conditions, 

selectivity is the main issue. Besides glyceric acid (GLYA), intermediates such as glyceraldehyde 

(GLA), dihydroxyacetone (DHA) and lactic acid (LACT), a base catalyzed reaction product, other 
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oxidation products such as tartronic acid (TART), mesoxalic acid (MOXA) and C-C bond splitting 

products such as glycolic acid (GLYC), oxalic acid (OXAL) and formic acid (FORM) are observed 

(Scheme 1). 

 

 

 

 

Scheme 1. General reaction network for the aqueous phase oxidation of glycerol in alkaline conditions over Au 

catalysts.
15, 17, 18

 

 

As a consequence, the development of methodology enabling a higher selectivity for the oxidation of 

glycerol into glyceric acid (GLYA) is highly desirable. The protection of glycerol at the vicinal 

hydroxyl groups potentially can be an efficient method to prevent the over-oxidation of GLYA to 

TART or MOXA and at the same time could also reduce the formation of C-C bond scission products. 

To evaluate this hypothesis, we have studied the oxidation of glycerol over Au based catalysts using 

two types of protection group strategies, namely a transient and covalent protection strategy. The first 

approach involves the use of borates. It involves reversible complexation of a borate anion, formed by 

reaction of a base with boric acid, with glycerol. After reaction, deprotection can be achieved by a 

simple and moderate pH change (Scheme 2). 
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Scheme 2. Proposed transient protection strategy for glycerol conversion to glyceric acid at basic conditions 

 

Borate ester formation with carbohydrates and polyhydroxy compounds is well known and has been 

used for a long time for protection, separation and analysis.
19-21

 At alkaline conditions, boric acid is in 

equilibrium with the borate anion. Boric acid and the borate can form boric acid esters and borate 

esters, respectively, with carbohydrate and polyhydroxy compounds in aqueous media.
22, 23

 This borate 

ester formation can be studied by 
11

B and 
13

C NMR.  

Solketal was used as the starting material to test the second protection strategy. Solketal is easily 

prepared by the condensation of glycerol with acetone (Scheme 3) in the presence of homogeneous 
24

 

or heterogeneous acid catalysts.
25

 It has been evaluated as the covalent protection methodology for the 

aqueous alkaline Au catalyzed oxidation of glycerol into glyceric acid.  

 

 

                      

Scheme 3.  Solketal formation by the condensation of glycerol and acetone 

 

Oxidation of solketal over Pt/C to produce glyceric acid has been shown in a Japanese patent.
26

 

Abbadi et al. have used this method (reaction conditions: 5 wt% Pt/C at 65°C and pH 8) to produce 

glyceric acid, which has been subsequently oxidized to β-hydroxypyruvic acid.
27  However, the 
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glyceric acid yield for the latter study was not reported. To the best of our knowledge, the use of Au 

based catalysts for this conversion has not been studied to date and is an absolute novelty of this 

chapter. 

 

2. Experimental 

2.1. Materials 

 lycerol (≥ 99%), glyceric acid (99%), tartronic acid (≥ 97%), lactic acid (≥ 98%), glycolic acid (≥ 

98%), oxalic acid (≥ 99%), formic acid (≥ 95%), NaOH (≥ 98%), boric acid (≥ 99.5%), HAu l4.3H2O 

(≥ 99.9 %), polyvinyl alcohol (PVA, molecular weight: 13000-23000) and NaBH4 (≥ 98%) were 

procured from Sigma-Aldrich. Solketal was supplied by Syncom BV, The Netherlands. Activated 

carbon (SX1G) was obtained from Norit. Oxygen (99.995 %) was obtained from Linde Gas Benelux 

B.V., The Netherlands. Au/TiO2 was obtained from STREM Chemicals. 

 

2.2. Glycerol-borate ester preparation 

Stock solutions of glycerol and boric acid at different concentrations were prepared in D2O and the pH 

of the individual solutions was adjusted between pH 11-12 using a 0.5 M NaOH solution in D2O. 

Glycerol and boric acid at different ratios were mixed together. The pH of the mixture was again 

measured and adjusted to pH 11-12 by the addition of 0.5 M NaOH solution in D2O. 600 μ  of this 

sample was used for the NMR measurements. The same procedure was applied to study the interaction 

between the borate and glyceric acid, lactic acid and tartronic acid. 

  

2.3. NMR measurements 

The borate ester formation of glycerol with boric acid at different ratios of glycerol to boric acid  was 

studied by 
13

C and 
11

B NMR spectroscopy. The 
13

C NMR measurements were performed using a 

Bruker 400 MHz NMR instrument at 100 MHz with 
t
BuOH as the internal standard (δ 30.29 and 70.39 

ppm).
 11

B NMR spectra were recorded at 128 MHz with 0.1 M boric acid in D2O as the external 

reference (δ 0.0 ppm). 

 

2.4. Synthesis of the Au/C catalyst 

HAuCl4.3H2O (0.072 mmol) was dissolved in 140 mL of milli-Q water containing polyvinyl alcohol 

(2 wt % solution, 1.9 mL) as the protecting agent. The Au salt was reduced with NaBH4 (2.13 mL of a 

0.1 M solution in water). The pH of this colloid was adjusted to 2.5 using H2SO4 (0.2 M). Then the 

carbon support was added to the colloidal suspension under vigorous stirring. An adsorption time of 

2.5 h was employed for the deposition of the colloid on the support. The amount of support was such 

to obtain a final metal loading of 0.7 wt%. The catalyst was separated by filtration and washed 
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thoroughly with deionized water. Finally, the catalyst was dried under vacuum (0.5-2 mbar) at 323 K 

in the presence of a desiccant (Sicapent) for 18 h. 

 

2.5. Catalyst characterization 

Transmission electron microscopy (TEM) measurements were performed on a JEOL JEM 1011 

instrument operating at 100 kV. Catalyst samples were finely powdered and dispersed in ethanol. A 

small drop of this dispersion was deposited on a copper grid coated with carbon. Particle size 

distributions of the catalysts were determined from the transmission electron micrographs by 

measuring the dimensions of 150–200 particles. 

ICP-OES analyses to determine the amount of Au on the solid catalysts were performed using a Perkin 

Elmer Optima 7000 DV instrument.  

 

 2.6. Oxidation reactions 

Oxidation experiments were performed in batch reactor set-up (Parr Series 5000 multiple reactor 

system). The autoclave was charged with glycerol (3 mmol) in deionized water (20 mL). Subsequently 

NaOH and catalyst were added (NaOH to glycerol of 4 mol/mol, glycerol to metal ratio of 500 

mol/mol).  

For reactions in the presence of borate, solutions of boric acid and glycerol were mixed in the presence 

of NaOH (NaOH to glycerol ratio of 4 mol/mol) and stirred for a few minutes. This mixture was 

charged to the reactor and then the appropriate amount of catalyst was added.  

The reactor was flushed 3 times and subsequently pressurized to 3 bar with oxygen. The contents were 

heated to 333 K under stirring with a magnetic stirring bar (700 rpm). Samples for analyses were 

withdrawn after cooling the reactor to room temperature. 

 

2.7. Product analyses 

The reaction products were analyzed using HPLC. The device was equipped with Waters UV and RI 

detectors in series after separation through an ion exchange column (Shodex) operated at 85
0
C using 

an aqueous solution of H2SO4 (3 mM) as the eluent. An injection volume of 10 μL and a run time of 

30 minutes were applied. Reaction products were identified by comparing the retention times with 

authentic samples. The concentrations in the samples were determined using calibration curves 

obtained by injecting standard solutions of known concentrations. Solketal analysis using the HPLC 

technique proved not possible and two signals due to glycerol and acetone were observed indicating 

deprotection of solketal in the acidic column/eluents.  
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3. Results and discussion 

3.1. Borate ester formation 

The borate ester formation of glycerol with boric acid at alkaline pH in the absence of catalysts was 

studied by 
13

C and 
11

B NMR measurements. The 
13

C NMR spectra at different glycerol to borate ratios 

at pH 11-12 are shown in Figure 1, 2 and 3. The signals at δ 63.3 ppm and δ 72.7 ppm correspond to 

the -CH2- and CH- carbons in the free glycerol, respectively. Part of the glycerol is bound to the 

borate, as is evidenced by the presence of additional peaks at δ 64.6, δ 64.7 ppm and δ 73.5 ppm. 

These peaks originate from glycerol bound to borate in a 1,2-fashion with the two former peaks 

corresponding with the bound and free CH2 groups in the glycerol ester (Scheme 2). The 

corresponding 1,3-borate glycerol ester with chemically equivalent CH2 groups was not clearly 

observed in the 
13

C NMR spectra.  The clear presence of signals from free and bound glycerol indicate 

that glycerol exchange with the borate is slow at the NMR timescale. The 
11

B NMR spectra (vide 

infra) indicate that the glycerol-borate esters are 1 to 1 adducts and not the 2 to 1 adducts.  

 

 

 

 

Figure 1.
 13

C NMR spectrum of a 1:0.5 molar mixture of glycerol and boric acid at pH 12 
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Figure 2.
 13

C NMR spectrum of a 1:1 molar mixture of glycerol and boric acid at pH 12 using t-BuOH as the 

internal standard 

 

 

Figure 3. 
13

C NMR spectrum of a 1:2 molar mixture of glycerol and boric acid at pH 12 using t-BuOH as the 

internal standard 

 

11
B NMR spectra were recorded at different ratios of boric acid to glycerol at a pH of 12 (Figures 4-6). 

The δ values are corrected for free borate ( δ -17.7 ppm). The signals at δ -13.5, and -18.4 ppm are 
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from the 1,2-borate esters, and 1,3-borate esters, respectively.
28, 29

 Typical resonances of the 2 to 1 

glycerol-borate adduct at δ - 9 ppm are absent.
29

 The extent of borate ester formation at different ratios 

of glycerol to boric acid at pH 12 is given in Table 1. When using a boric acid to glycerol ratio of 0.5, 

25% glycerol-borate ester was obtained (Fig. 4). At higher ratio’s, the amount of glycerol-borate esters 

increases considerably (44% at a boric acid to glycerol molar ratio of  2). These findings are in 

agreement with the assumption that glycerol-borate formation is an equilibrium reaction. The 

selectivity towards the 1,2-borate ester is between 80-88%, the remainder being the 1,3-borate. 

 

Table 1. Glycerol borate ester formation 
a 

Glycerol:Borate ratio Free borate (%) 
Glycerol-borate 

monoester (%) 

Selectivity (%)  

1,2-borate ester 1,- borate ester 

1:0.5 50 25 87 13 

1:1 62 38 80 20 

1:2 78 44 88 12 

a Calculated using 11B NMR, in D2O 

 

 

Figure 4. 
11

B NMR spectrum of a 1:0.5 molar mixture of glycerol and boric acid at pH 12 in D2O 
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               Figure 5. 
11

B NMR spectrum of a 1:1 molar mixture of glycerol and boric acid at pH 12 in D2O 

 

 

Figure 6. 
11

B NMR spectrum of a 1:2 molar mixture of glycerol and boric acid at pH 12 in D2O 

 

3.2. Catalytic characterization and testing 

Catalytic oxidation experiments in the presence and absence of borate were carried out in a batch 

reactor set-up. The reactions were typically carried out in water at a temperature of 333 K and an 

oxygen pressure of 3 bar for a 1.5 h batch time. The glycerol to Au intake was set at 500 mol/mol and 



134 
 

a glycerol to base (NaOH) ratio of 0.25 mol/mol was used in all experiments. An overview of the 

experiments is given in Table 2. 

Au/C (0.7 wt% Au, in house prepared by sol-immobilization method with an Au particle dimension of 

3-4 nm) and Au/TiO2 (1 wt% Au, obtained from Strem, prepared by a deposition precipitation method 

with an Au particle dimension of 2-3 nm) were used as the catalysts.  

 

 

 

Figure 7. (A) TEM image of 0.7 wt% Au/C (B) Au particle size distribution 

 

 

Figure 8. (A) TEM image of 1 wt % Au/TiO2 (scale is 50 nm) (B) Au particle size distribution 
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Table 2. Oxidation of glycerol in water using Au catalysts in the presence and absence of boric acid 
a
 

 

a 
Reaction conditions: 0.15 M glycerol in deionised water, 333 K, 1.5 h, P(O2) = 3 bar, glycerol/NaOH ratio of 0.25 mol/mol, substrate to 

metal ratio of 500 mol/mol, b reaction time 45 min. 

 

Initial experiments with the Au/C catalyst in the absence of borate (Table 2, entry 1) for a 45 min 

batch time resulted in 59% glycerol conversion and a glyceric acid (GLYA) selectivity of 58%.  

The main C3 byproducts were tartronic acid (TART, 11%), lactic acid (LACT, 20%) along with C2 and 

C1 products such as glycolic acid (GLYC, 4%), acetic acid (ACET, 6%), and formic acid (FORM, 

1%). The formation of tartronic acid indicates the occurrence of subsequent oxidation reactions of 

glyceric acid. The presence of C2 and C1 products indicates that C-C bond scission reactions also occur 

to a significant extent. Lactate formation has been reported in literature as a base catalyzed reaction of 

primary oxidation intermediates such as glyceraldehyde and/or dihydroxyacetone (GLA/DHA) 

(Scheme 1). When prolonging the batch time to 1.5 h (Table 2, entry 2), 98% glycerol (GLY) 

conversion was observed with a GLYA selectivity of 49%. The latter is lower than at 45 min (58%) 

and mainly due to considerable over-oxidation of the GLYA to tartronic acid (TART).  

After having established the selectivity pattern for the oxidation of glycerol over the Au/C catalyst in 

the absence of borate, the oxidation reaction in the presence of varying amounts of boric acid was 

studied to gain insight in the effect of borate ester formation on the selectivity towards glyceric acid. 

When using a boric acid to glycerol molar ratio of 0.5, glycerol conversion reached 90% after 1.5 h 

with a GLYA selectivity up to 60% (Table 2, entry 3). This value is considerably higher than for the 

experiment in the absence of borate (49%), indicating the involvement of glycerol-borate esters. 

Tartronic acid selectivity has been reduced significantly compared to the oxidation in the absence of 

borate (29 % versus 18%). 

It was further shown by 
11

B NMR that glyceric acid also forms borate esters with boric acid at high 

pH, whereas lactate and tartronate do not. The sole borate ester observed was the 2,3-diol type 

(Scheme 2) at δ -12.99 ppm relative to free borate at δ -17.54 ppm (Figure 9). The amount of borate 

Entry 

GLY:BOR 

Ratio 

(mol/mol) 

Catalyst 
Conversion 

(%) 

Selectivity (%) 

GLYA TART LACT GLYC ACET OXAL FORM 

1b No borate Au/C 59 58 11 20 4 6 0 1 

2 No borate Au/C 98 49 29 11 4 3 2 2 

3 1:0.5 Au/C 90 60 18 12 3 3 1 2 

4 1:1 Au/C 85 60 20 8 4 3 3 2 

5 1:2 Au/C 64 60 20 8 4 5 1 2 

6 No borate Au/TiO2
 95 51 10 28 2 5 1 2 

7 1:0.5 Au/TiO2
 90 54 9 29 2 4 1 1 

8 1:1 Au/TiO2 70 50 10 29 2 6 1 2 

9 1:2 Au/TiO2 61 56 13 17 3 7 1 2 
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ester at different glyceric acid to boric acid ratios at pH 12 is given in Table 3. Clearly, less than 20% 

of the borate is in the complexed form, an indication that the equilibrium reaction between the borate 

and glycerol in Scheme 2 is heavily on the left side. The enhanced selectivity to glyceric acid and the 

concomitant reduction in the amount of tartronic acid (Table 2) may be attributed to the ability of  the 

borate to protect glyceric acid at the 2,3-position to some extent, thereby preventing over-oxidation to 

tartronic acid. 

 

Table 3. Glyceric acid-borate ester formation 
a
 

Glyceric acid:Borate ratio Free borate (%) 
Glyceric acid-borate monoester 

(%) 

Selectivity (%) 

2,3-borate mono ester 

1:0.5 88 6 100 

1:1 82 18 100 

1:2 90 20 100 

a calculated using 11B NMR 

 

  

 

Figure 9. 
11

B NMR spectrum of a 1:1 molar mixture of glyceric acid and boric acid at pH 12 in D2O 

 

When the amount of boric acid is increased to a boric acid to glycerol ratio of 1, the glycerol 

conversion dropped to 85% indicating inhibition of the catalyst by the borate (Table 2, entry 4). The 

selectivity pattern of GLYA and TART remains the same as in the case of a glycerol to borate ratio of 

1:0.5. Further increase in the borate/glycerol ratio to 2 resulted only in 65% glycerol conversion 

without further enhancement in the selectivity.  
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Au/TiO2 gave 95% glycerol conversion with 51% glyceric acid selectivity in the absence of borate. 

When using a borate to glycerol ratio of 0.5, the glycerol conversion slightly dropped to 90% without 

any significant enhancement in the glyceric acid selectivity (54%). Tartronic acid levels were 

comparable in both the cases, indicating that over-oxidation occurs at a a similar  extent. Glycerol 

conversions were reduced at higher ratios of boric acid to glycerol (70 and 61% at a borate to glycerol 

ratio of 1 and 2, respectively) without significant improvements in the selectivity towards glyceric acid 

(Table 2, entry 8 and 9). 

When comparing both Au catalysts, it is clear that borate addition has a positive effect on the glyceric 

acid selectivity for Au/C whereas it is very limited for the Au/TiO2. Such support effects for glycerol 

oxidation reactions are known in the literature. For instance, Demirel et al. have reported superior 

activity of carbon supported gold catalysts compared to gold on oxidic supports for glycerol 

oxidation.
30

 A possible explanation for the limited effect of borate addition on glyecric acid selectivity 

for Au/TiO2  is the presence of borate-titania interactions that negatively affect the position of the 

glycerol-borate interaction by effectively reducing the amount of borate in solution. However, further 

detailed experiments (e.g. in situ catalytic NMR experiments and borate-support interaction studies) 

will be required to draw definite conclusions. In addition, byproduct distribution for both catalysts is 

markedly different both in the presence and absence of borate, with more lactic acid formed for 

Au/TiO2. Lactic acid formation is associated with a dehydration/rearrangement of the primary 

oxidation products GLA/DHA (Scheme 1). Apparently, the titania support enhances the rate of the 

dehydration/rearrangement reaction when compared to carbon.  

In addition to the transient protection methodology using borates, a covalent protection methodology 

was applied to enhance the selectivity towards glyceric acid. For this purpose, solketal was used, a 

protected glycerol compound of which only one primary alcohol group is accessible for oxidation 

reactions. 
31

 After oxidation, the isopropylene group is removed easily by an acid catalyst (Scheme 4).  

 

Scheme 4. Glyceric acid formation from solketal 

 

Two gold catalysts namely Au/C and Au/TiO2 were evaluated for the oxidation of solketal in aqueous 

alkaline conditions (solketal/NaOH ratio of 0.25 mol/mol). The results are given in Table 4. 
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Table 4. Oxidation of glycerol and solketal in water 
a
 

Entry Substrate Catalyst Time (h) 
Conversion 

(%) 

Selectivity (%)  

GLYA TART LACT GLYC ACET OXAL FORM 

1 Glycerol Au/C 1.5 98 49 29 11 4 3 2 2 

2 Solketal Au/C 1.5 32 69 4 14 6 6 0 1 

3 Solketal Au/C 3 89 65 9 13 7 4 1 1 

4 Glycerol Au/TiO2 1.5 95 51 10 28 2 5 1 2 

5 Solketal Au/TiO2 1.5 30 69 5 9 9 7 0 1 

6 Solketal Au/TiO2 3 47 75 6 6 7 5 0 1 

7 Solketal Au/TiO2 6 63 73 5 11 6 4 0 1 

8 Solketal Au/TiO2 21 94 70 8.5 12 5 3 <1 1 

a 
Reaction conditions: 0.15 M substrate in deionised water, 333 K, P(O2) = 3 bar, substrate to NaOH ratio of 0.25 mol/mol, substrate to metal 

ratio of 500 mol/mol.   

 

When the oxidation was performed using solketal as the substrate, the oxidation rate was lower than 

for glycerol and only 32% conversion was obtained after 1.5 h in the presence of Au/C (98% for 

glycerol). This reduction in activity can be attributed to the unavailability of one of two primary 

hydroxyl groups for the oxidation in the case of solketal. The selectivity towards glyceric acid 

increased from 49 to > 65%. Longer reaction times (3 h) resulted in 89% conversion with 65% 

glyceric acid selectivity. Compared to glycerol oxidation, the tartronic acid, which is the main 

byproduct, was reduced to a great extent when using solketal as the substrate for the oxidation reaction 

(29 versus 4%). 

When using Au/TiO2 as the catalyst for solketal oxidation, prolonged reaction times are required for > 

90% glycerol conversion. For instance, a 95% glycerol conversion was obtained after 21 h compared 

to 98% conversion for Au/C after 1.5 h. In addition, the glyceric acid yield is considerably higher for 

solketal than for glycerol (49% for glycerol versus 66% for solketal), showing he potential of the 

covalent protection strategy. The glyceric acid yields for Au/TiO2 (66% at 94% glycerol conversion, 

entry 8, Table 4) are considerably higher than for Au/C (58% glyceric acid yield at 89% glycerol 

conversion, entry 3, Table 4) and as such Au/TiO2 is the preferred catalyst for the covalent protection 

strategy using solketal.  

As shown in Table 4, entry 4, lactic acid is the main byproduct for glycerol oxidation using Au/TiO2 

(28%). Lactic acid formation is significantly reduced (< 12%) when using solketal as the substrate. 

Lactic acid is known to be formed by a base catalyzed reaction product of intermediate 

glyceraldehyde/dihydroxyacetone in the oxidation of glycerol (Scheme 5). The protection of the 

vicinal hydroxyl groups of glyceraldehyde is expected to reduce the dehydration step to 
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pyruvaldehyde and as such should lower the lactic acid yields, in agreement with the experimental 

data. 

 

 

 

Scheme 5. Proposed formation pathways for glyceric acid, lactic acid and other byproducts for glycerol oxidations in the 

presence of a base 

 

4. Conclusions 

The use of a transient borate and a covalent protection strategy has been explored for the selective 

conversion of glycerol to glyceric acid in water at basic conditions using supported Au catalysts and 

molecular oxygen as the oxidant. For the transient approach, the interactions between borate and 

glycerol were probed using NMR. Free borate and a mono adduct with a 1,2 coordination of the borate 

were observed, with only a minor amount of a 1,3 coordination adduct. For Au/C, the selectivity 

towards glyceric acid was considerably higher (10%) in the presence of borate when using a borate 

acid to glycerol molar ratio of 0.5. A further increase in the borate-glycerol ratio did not lead to higher 

glyceric acid selectivities and the catalytic activity was reduced considerably. For Au/TiO2, a positive 

effect was absent, which speculatively, may be due to support-borate interactions. 

For solketal, a glycerol derivative with one of the primary and the secondary OH groups protected by 

ketal formation with acetone, the glyceric acid yield was considerably improved from 51% for 

glycerol (95% glycerol conversion) to 70% for solketal (94% glycerol conversion) when using 

Au/TiO2,  though prolonged reaction times are required (21 h for solketal versus 1.5 h for glycerol). As 

such, the covalent protection strategy using solketal seems to have the highest potential for further 

optimization studies. 
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Summary 

Progressive depletion of fossil resources coupled with environmental issues like global warming and 

harmful emissions have led to intensive research and development activities for renewables for fuels, 

chemicals and materials production. Biomass is considered an attractive option for the production of 

carbon based transportation fuels and chemicals. A well known biofuel is biodiesel, generated by the 

transesterification of triglycerides with short chain alcohols, like methanol or ethanol.  Biodiesel can 

be effectively used either in pure form or blended with fossil diesel. In Europe, currently more than 

120 biodiesel plants are on stream and produce 6 million tonnes of biodiesel annually. However, 

biodiesel production by transesterification is accompanied by the inevitable co-production of glycerol. 

By 2016, the global projected biodiesel market is estimated approximately at 123 million tonnes, and 

this will lead to the co-production of approximately18 million tonnes of crude glycerol. 

Proper utilisation of this huge surplus of crude glycerol is of prime importance for the biodiesel 

industry. As such, there is a large incentive convert the glycerol to high added value products. Global 

efforts are currently undertaken to use the glycerol as a green platform chemical for the production of 

biobased added value chemicals by chemo-catalytic and biotechnological routes. This thesis describes 

research activities dedicated to the development of chemo-catalytic conversion strategies for glycerol, 

more specifically, to the oxidation of glycerol into platform chemicals like glyceric acid and lactic 

acid. 

In Chapter 1, the biorefinery and platform chemicals concepts are introduced and the relevance to 

develop high value added products from glycerol is discussed. Furthermore, a detailed literature 

overview is given on the catalytic routes developed to date for the conversion of glycerol to value 

added chemicals. Finally, the use of gold catalysts for chemical conversions in general, followed by a 

detailed overview of gold catalysed oxidation reactions, is provided. 

In Chapters 2-4, the emphasis is on the conversion of glycerol to lactic acid and methyllactate. The 

final two Chapters (5 and 6) deal mainly with glycerol conversions to glyceric acid and 

methylglycerate, all involving supported noble metals (Au and Pt) as the catalysts (Scheme 1).  
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Scheme 1. Targeted glycerol derivatives 

 

In Chapter 2, an experimental study on the one pot conversion of glycerol to lactic acid using Au and 

Pt catalysts in water in the presence of a base is described. An effective (oxidative) dehydrogenation 

catalyst for glycerol to glyceraldehyde/dihydroxyacetone in combination with a strong base gave lactic 

acid in high selectivities. A bimetallic Au-Pt on a nanocrystalline CeO2 support (Au-Pt/nCeO2) was 

shown to be the best catalyst. The effect of process variables like base concentration, temperature, 

substrate concentration were studied and the optimum conditions for highest lactic acid yield (80 %) 

were determined. The catalyst could be recycled at least for 5 consecutive runs without loss of activity 

and lactic acid selectivity, indicative for good catalyst stability.  

In Chapter 3, catalytic studies aimed to eliminate the necessity of a base for the conversion of glycerol 

to lactic acid in aqueous solutions are reported. It involves the use of monometallic (Au and Pt) and 

bimetallic Au-Pt nanoparticles on zeolitic supports. At temperatures between 140-180°C, lactic acid 

formation was dominant and selectivities of up to 60% at 80% glycerol conversion were observed 

using Au-Pt/USY. Unfortunately at these conditions, lactic acid stability is limited and this lowers the 

lactic acid yields and limits the application potential of this synthetic methodology. 

In Chapter 4, the base free catalytic system described in Chapter 3 is explored in methanol instead of 

water to reduce the rate of the undesired decomposition reaction of lactic acid. The best results were 

obtained with Au on USY-600, giving methyl lactate in 73% yield at 95% glycerol conversion. The 

methodology offers a good alternative for the preparation of methyl lactate by the conventional route 
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involving at least two steps i.e. the biotechnological production of lactic acid from sugars followed by 

an esterification step.  

In the second part of the thesis, the focus is on the catalytic conversion of glycerol to glyceric acid and 

derivatives. The attempted oxidation of glycerol to methyl glycerate in methanol using commercially 

available gold catalysts on various oxidic supports is described in Chapter 5. Best results were 

obtained using Au on titania, giving 82% selectivity to methylglycerate at 72% glycerol conversion. 

The presence of a base is not essential but has a positive effect on reaction rates.   

In Chapter 6, the application of protection methodology for the selective oxidation of glycerol to 

glyceric acid using gold catalysts in basic water is described. Both a transient borate and a covalent 

approach using solketal were explored. When using a Au/C catalyst, the selectivity towards glyceric 

acid was considerably higher (10%) in the presence of the borate, though the glycerol conversion was 

reduced considerably when working at higher borate-glycerol ratios. For solketal, the glyceric acid 

yield was improved from 51% for glycerol to 70% for solketal, showing the potential of this approach 

for the synthesis of glyceric acid.  
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Samenvatting 

Het gebruik van fossiele bronnen staat onder druk. Dit wordt mede veroorzaakt door het besef dat ze 

eindig zijn en dat de bijkomende CO2 emissies bijdragen aan wereldwijde klimaat veranderingen. Dit 

heeft geleid tot een sterke toename in de ontwikkeling en het gebruik van alternatieven voor de 

opwekking van elektriciteit en warmte, transportbrandstoffen chemicaliën en materialen. Biomassa 

wordt gezien als een aantrekkelijk alternatief voor de productie van koolstof gebaseerde 

transportbrandstoffen en chemicaliën. Een bekende biobrandstof is biodiesel, gemaakt uit de om-

estering van plantaardige oliën en vetten met een alcohol zoals methanol. Biodiesel kan direct gebruikt 

worden in dieselmotoren maar ook als een mengsel met fossiele diesel. Er wordt geschat dat er 

momenteel in Europa 120 biodiesel fabrieken operationeel zijn die in totaal 6 miljoen ton biodiesel per 

jaar produceren. Biodiesel productie leidt tevens tot de vorming van glycerol (10 % op voeding). De 

wereldwijde biodiesel productie in 2016 wordt geschat op 123 miljoen ton en dat betekent dat er elk 

jaar ongeveer 18 miljoen ton ruwe glycerol op de markt komt.  

Het is daarom niet verwonderlijk dat de biodiesel industrie op zoek is naar hoogwaardige markten 

voor deze enorme hoeveelheden glycerol. Een mogelijkheid is de omzetting van glycerol in 

hoogwaardige producten. Wereldwijd wordt er momenteel veel onderzoek gedaan om de glycerol te 

gebruiken als bouwsteen voor de productie van groene hoogwaardige chemicaliën met behulp van 

chemo-katalytische of biotechnologische omzettingen. 

In dit proefschrift wordt onderzoek beschreven naar de ontwikkeling van chemo-katalytische 

omzetting strategieën voor glycerol en dan vooral naar oxidatie reacties naar groene bouwstenen als 

glycerolzuur en melkzuur. In hoofdstuk 1 worden het bioraffinage en het “platform chemical” concept 

geïntroduceerd. Daarnaast wordt een literatuur overzicht gepresenteerd naar bekende katalytische 

omzettingen van glycerol tot groene bouwstenen voor de chemische industrie. Het hoofdstuk sluit af 

met een overzicht van het gebruik van goud als katalysator in chemische omzettingen in het algemeen 

en die voor oxidatie reacties in het bijzonder.  

In de hoofdstukken 2 t/m 4 ligt de nadruk vooral op de oxidatieve omzetting van glycerol naar 

melkzuur en methyllactaat. De laatste twee hoofdstukken (5 en 6) beschrijven de omzetting van 

glycerol naar met name glycerolzuur en de methylester van dit zuur. Voor alle bestudeerde reacties 

zijn edel metaal (Au en Pt) gebaseerde katalysatoren op een geschikt drager materiaal gebruikt 

(Schema 1).  
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Schema 1. Glycerol omzettingen naar groene bouwstenen die bestudeerd zijn en beschreven in dit proefschrift  

 

In hoofdstuk 2 worden de resultaten van een experimentele studie naar de omzetting van glycerol naar 

melkzuur met Au en Pt katalysatoren in water in de aanwezigheid van een base beschreven. 

Bimetallische Au-Pt katalysatoren op een nanoceria support bleken geschikte katalysatoren te zijn. Het 

effect van proces condities zoals base concentratie, temperatuur en initiële glycerol concentratie zijn 

bestudeerd en de hoogste melkzuur opbrengst was 80% onder optimale condities. De katalysator bleek 

verassend robuust en kon 5 keer gerecycled worden zonder verlies aan activiteit en selectiviteit.  

In hoofdstuk 3 worden de resultaten gepresenteerd van experimenteel onderzoek naar de omzetting 

van glycerol tot melkzuur zonder het gebruik van een base. Er is gevonden dat monometallische (Au 

en Pt) en bimetallische Au-Pt nanodeeltjes op een zeoliet drager prima katalysatoren zijn voor deze 

omzetting. Tussen 140 en 180°C wordt voornamelijk melkzuur gevormd en 60% selectiviteit bij 80% 

glycerol omzetting werd gevonden voor Au-Pt/USY. Helaas bleek dat melkzuur onder deze condities 

niet stabiel is. Dit leidt tot verlaagde melkzuur opbrengsten en dit is een belangrijk nadeel van de 

beschreven katalytische methode.  

In Hoofdstuk 4 wordt experimenteel onderzoek beschreven aan het katalytische systeem uit hoofdstuk 

3 met het verschil dat nu methanol inplaats van water als oplosmiddel gebruikt is. Beste resultaten zijn 

gevonden met een Au/USY-600 katalysator waarbij het gewenste methyllactaat in 73% opbrengst bij 

95% glycerol conversie gevormd werd. De gevonden 1 staps chemo-katalytische route is een 

interessant alternatief voor de huidige bereiding van methyllactaat. Deze bestaat uit twee stappen, de 
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biotechnologische omzetting van suikers naar melkzuur gevolgd door een verestering van het 

melkzuur met methanol tot methyllactaat 

In het tweede deel van het proefschrift ligt de nadruk vooral op de katalytische conversie van glycerol 

naar glycerolzuur en de overeenkomstige methylester. Katalytische experimenten met glycerol in 

methanol gebruik makend van commerciële goud katalysatoren op diverse dragers zijn beschreven in 

Hoofdstuk 5. De beste resultaten zijn gevonden met Au op een titania drager waarmee 82% 

selectiviteit naar de glycerolzuremethylester is gevonden bij 72% glycerol conversie. De aanwezigheid 

van een base is niet essentieel maar heeft wel een positieve invloed op de reactie snelheid.  

In het laatste hoofdstuk wordt de toepassing van bescherm groepen voor de selectieve oxidatie van 

glycerol met Au katalysatoren in basisch water beschreven. Er is zowel een dynamische benadering 

gebruikt met een boraat als een covalente benadering (solketal in plaats van glycerol). Bij het gebruik 

van Au/C als katalysator was de selectiviteit naar glycerolzuur significant hoger (10%) in de 

aanwezigheid van boraat. Echter, dit effect verdween vrijwel geheel bij het gebruik van hogere boraat-

glycerol ratio’s. Voor solketal was de glycerolzuur opbrengst aanzienlijk hoger dan voor glycerol 

(70% versus 51%), waaruit blijkt dat deze covalente strategie goed werkt en potentie heeft voor verder 

optimalisatie onderzoek.  
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