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BIOLOGICAL CONVERSION OF GLYCEROL

INTO VALUE ADDED PRODUCTS

John Henry Austin Amery, Ph.D.

University of Nebraska, 2004

Advisers: L. Davis Clements and Kenneth W. Nickerson

Glycerol is an underutilized byproduct from the chemical processing of biological 

origin fats and oils. Aspects of the biological conversion of glycerol into value added 

products were investigated in this dissertation.

■ The first aspect investigated was the nutrients required for the Clostridium 

butyricum fermentation of glycerol to 1,3 propanediol. The nutrient supply was 

minimized, and unnecessary and rich components were eliminated. Batch 

fermentations with this nutrient minimized media resulted in a 90% substrate 

utilization, converting 51 % (w/w) into product, with a maximum specific 

productivity of 0.2% (w/w) per hour.

■ A packed bed / fluidized bed reactor insert, novel to use in fermentation studies, 

was also designed that can be used in stirred tank reactors that allowed the study 

of immobilized biocatalyst performance in the typical stirred tank reactor 

configuration. Alginate beads were not sufficiently stable to be useful for the C. 

butyricum fermentation of glycerol, but expanded vermiculite was found to be a 

suitable immobilization matrix.
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■ Enzymatic techniques for the conversion of glycerol were investigated. The 

extent of the enzymatic conversion of glycerol to 3-hydroxypropionaldehyde was 

found to be limited by substrate induced enzyme inactivation. Inactivation was 

not due to enzyme thermal denaturation, coenzyme limitation, or oxidative events. 

This inactivation event was observed to be due to the time of exposure to the 

substrate and not due to the number of reactions performed by the enzyme.

■ A naturally solvent tolerant bacteria, Providencia rettgeri OFOll, was shown to 

be genetically modified using Escherichia coli techniques and materials. This 

solvent tolerant organism could prove useful for increased solvent concentration 

in fermentations, or for solvent / solvent extractions of fermentations.

The technique that currently shows the most promise for converting glycerol into a value 

added product, in an industrially relevant manner, is the fermentation route to 1,3 

propanediol.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

 
 
 
 

 
 
 

PREVIE
W



Table of Contents

Chapter Title Page Number

1 Introduction to Biological Conversion of Glycerol to Value 1
Added Products

1.1.0.0 Introduction 1

1.2.0.0 Bibliography 7

2 Fermentation of Glycerol to 1,3 Propanediol with Clostridium 8
butyricum

2.1.0.0 Abstract 8

2.2.0.0 Introduction 8

2.3.0.0 Literature Review 9

2.3.1.0 Organisms Capable of Fermenting Glycerol 9

2.3.2.0 Strategies for Fermenting Glycerol 11

2.3.2.1 Pathway Efficiency 11

2.3.2.2 Nutrient Formulation 12

2.3.2.3 Reactor Configuration 13

2.3.3.0 The Glycerol Fermentation Pathway 13

2.4.0.0 Materials and Methods 18

2.4.1.0 Clostridium butyricum NRRL B-1024 18

2.4.2.0 Growth Media 18

2.4.2.1 Reinforced Clostridial Media 18

2.4.2.2 Pseudo Defined Media 19

2.4.2.3 The Oxygen Scrubber 19

2.4.2.4 Preparing and Degassing the Media 19

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

 
 
 
 

 
 
 

PREVIE
W



2.4.3.0 Fermentation Containers 20

2.4.3.1 The Anaerobic Glove Box 20

2.4.3.2 Fermentation Tubes 20

2.4.3.3 Stirred Tank Reactor 21

2.4.4.0 Analytical Methods 22

2.4.4.1 Gas Chromatographic Analysis of Glycerol and 1,3 Propanediol 22

2.4.4.2 Ion Chromatographic Analysis of Lactate, Acetate, Formate, 
Butyrate, Phosphate, and Sulfate

24

2.4.4.3 Spectrophotometric Analysis of Ammonia 26

2.4.4.4 Spectrophotometric and Centrifugal analysis of Cell Mass 27

2.4.4.5 Experimental Planning 27

2.5.0.0 Results 28

2.5.1.0 Tube Fermentations 28

2.5.1.1 RCM Tube Cultures 28

2.5.1.2 Pseudo Defined Media Tube Cultures 28

2.5.2.0 Stirred Tank Fermentations 38

2.5.2.1 Optimization of Fermentation pH and Investigation of Substrate 
Concentration Effect on the Fermentation

38

2.5.2.2 Elimination of Unessential Components from the Fermentation 
Media

41

2.5.2.3 Minimization of Nutrients in the Fermentation Media 45

2.S.2.4 Investigation of the Cause of the Lag Phase 51

2.5.2.5 Fermentation Performance Using an Immobilization Matrix 54

2.6.0.0 Summary 55

2.7.0.0 Bibliography 58

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

 
 
 
 

 
 
 

PREVIE
W



VI

3 Immobilized Bacteria: Reactors and Support Matrices 63

3.1.0.0 Abstract 63

3.2.0.0 Introduction 63

3.3.0.0 Literature Review 64

3.4.0.0 Materials and Methods 66

3.4.1.0 Immobilization Substrates 66

3.4.1.1 Alginate Entrapment 66

3.4.1.2 Acrylamide Entrapment 67

3.4.1.3 Vermiculite Adsorption 68

3.4.2.0 Stirred Tank Fluidized Bed Reactor Insert 69

3.4.2.1 Alpha Model Reactor Insert 71

3.4.2.2 Beta Model Reactor Insert 74

3.5.0.0 Results 75

3.5.1.0 Cell Immobilization Techniques 75

3.5.1.1 Alginate Entrapment -  Bead Stability 75

3.5.1.2 Alginate Entrapment -  Use for Seeding Glycerol Fermentations 76

3.5.1.3 Alginate Entrapment -  Fermentation of Glycerol with 77
Immobilized C. butyricum

3.5.1.4 Acrylamide Entrapment -  Fermentation of Glycerol with 78
Immobilized C. butyricum

3.5.1.5 Vermiculite Adsorption -  Fermentation of Glycerol with 78
Immobilized C. butyricum

3.5.2.0 Stirred Tank Fluidized Bed Reactor Insert Performance 80

3.5.2.1 Alpha Model Reactor and Insert Performance 80

3.5.2.2 Beta Model Reactor and Insert Performance 80

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

 
 
 
 

 
 
 

PREVIE
W



3.6.0.0 Summary

3.7.0.0 Bibliography

4 Glycerol Dehydratase Conversion of Glycerol to
3-Hydroxypropionaldehyde

4.1.0.0 Abstract

4.2.0.0 Introduction

4.3.0.0 Literature Review

4.3.1.0 Diol Dehydratase from Klebsiella oxytoca, formerly know as 
Klebsiella pneumoniae, and Aerobacter aerogenes

4.3.2.0 Glycerol Dehydratase from Citrobacterfreundii

4.3.3.0 Glycerol Dehydratase from Klebsiella oxytoca

4.3.4.0 Glycerol Dehydratase from Clostridium butyricum

4.3.5.0 Coenzyme B12

4.3.6.0 Chemical Hydrogenation of 3-Hydroxypropionaldehyde

4.4.0.0 Materials and Methods

4.4.1.0 Plasmid pMS 3

4.4.2.0 Escherichia coli DH5oc

4.4.3.0 Escherichia coli BL21 (DE3)

4.4.4.0 Protein Preparation for Enzyme Activity Assay

4.4.5.0 The Glycerol Dehydratase Enzyme Assay

4.4.6.0 Spectrophotometric Analysis of the Enzyme Product

4.5.0.0 Results

4.5.1.0 Escherichia coli DH5a Transformation with pMS 3

4.5.2.0 Escherichia coli BL21 (DE3) Transformation with pMS 3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

 
 
 
 

 
 
 

PREVIE
W



4.5.2.1

4.5.3.0

4.5.3.1

4.5.3.2

4.5.3.3

4.5.3.4

4.5.4.0

4.5.4.1

4.5.4.2

4.6.0.0

4.7.0.0

5

5.1.0.0

5.2.0.0

5.3.0.0

5.4.0.0

5.4.1.0

5.4.2.0

5.4.3.0

5.4.4.0

5.5.0.0

v u i

E. coli BL21 (DE3) Expression of Dehydratase Enzyme 99

Dehydratase Activity of Enzyme Preparation 100

Determining Which Reaction Component Limits the Extent of 100 
the Reaction

Determining What Effect Oxygen has on the Enzymatic Reaction 101

The Effect of Temperature on the Enzymatic Reaction 102

End Product Inhibition of the Enzymatic Reaction 103

Dehydratase Activity of Whole Cells 104

Dehydratase Activity of the Whole Cells Grown Normally 105
Compared to Cells Grown in the Presence of Glycerol

Dehydratase Activity of Transformed Whole Cells Compare 106
to Non-Transformed Whole Cells

Summary 108

Bibliography 109

Genetically Modifying the Solvent Tolerant Bacteria 112
Providencia rettgeri OF011

Abstract 112

Introduction 112

Literature Review 114

Materials and Methods 117

Providencia rettgeri OF011 117

Plasmid pMS 3 117

Plasmid pGP 1-2 118

Phage Lambda AB1157 119

Results 120

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

 
 
 
 

 
 
 

PREVIE
W



IX

5.5.1.0 Chemical Transformation of P. rettgeri OFOll with pMS 3 120

5.5.2.0 Phage Lambda Infection of P. rettgeri OFOll 122

5.5.3.0 Electroporation Transformation of P. rettgeri OFOll with 123
pGP 1-2

5.6.0.0 Summary 123

5.7.0.0 Bibliography 124

6 Discussion of Biological Conversion of Glycerol to 125
Value Added Products

6.1.0.0 Fermenting Glycerol to 1,3 Propanediol with 125
Clostridium butyricum

6.1.1.0 Cause of the Variability in the Lag Phase 125

6.1.2.0 Value of the Minimized Media to an Industrial Setting 127

6.1.3.0 Fermentation Pathways Based Upon Products Formed 128

6.2.0.0 Immobilized Biological Reactors and Support Matrices 131

6.2.1.0 Immobilized Reactor Designs Based on Potential Uses 131

6.3.0.0 Enzymatic Conversion of Glycerol to 132
3-Hydroxypropionaldehyde

6.3.1.1 Enzyme Inactivation and its Implications for Industrial Use 132

6.4.0.0 Genetic Engineering of a Solvent Tolerant Bacteria 134

6.5.0.0 Best Candidate for Biological Conversion of Glycerol 134
to Value Added Products

7 Conclusions on Biological Conversion of Glycerol 136
to Value Added Products

7.1.0.0 Fermenting Glycerol to 1,3 Propanediol with Clostridium 136
butyricum

7.2.0.0 Immobilized Biological Reactors and Support Matrices 136

7.3.0.0 Enzymatic Conversion of Glycerol to 3-Hydroxypropionaldehyde 136

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

 
 
 
 

 
 
 

PREVIE
W



7.4.0.0 Genetically Engineering a Solvent Tolerant Bacteria

A Appendix

A.2.0.0 Chapter 2 Appendix

A.2.1.0 Media and Solution Formulations

A.2.1.1 RCM

A.2.1.2 Pseudo Defined Media Composition

A.2.1.3 Pseudo Defined Media Cost

A.2.1.4 Trace Element Solution Composition

A.2.1.5 Trace Element Solution Cost

A.2.1.6 Iron Solution Composition

A.2.1.7 Iron Solution Cost

A.2.1.8 Resazurin Solution Composition

A.2.1.9 Minimal Defined Media Cost

A.2.2.0 Protocols

A.2.2.1 Opening and Culturing C. butyricum ATCC 859

A.2.2.2 Procedure for Making RCM

A.2.2.3 Procedure for Making Pseudo Defined Media

A.2.2.4 Degassing Tubes

A.2.2.5 Degassing Bulk Media

A.2.3.0 Data From Tube Fermentations

A.2.3.1 Pseudo Defined Media, 2% Glycerol, Immobilized and Free Cells

A.2.3.2 Pseudo Defined Media, 5% Glycerol, Immobilized Cells,
Toluene Spiked

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

 
 
 
 

 
 
 

PREVIE
W



A.2.3.3

A.2.3.4

A.2.3.5

A.2.3.6

A.2.3.7

A.2.3.8

A.2.3.9

A.2.3.10

A.2.4.0

A.2.4.1

A.2.4.2

A.2.4.3

A.2.4.4

A.2.4.5

A.2.4.6

A.2.4.7

A.2.4.8

Pseudo Defined Media, 5% Glycerol, Comparing Reducing 146
Agents

Pseudo Defined Media, 5% Glycerol, Heat Shocked Cells 147

Pseudo Defined Media, 5% Glycerol, Excess Trace Nutrients 147
or Added Byproducts

Pseudo Defined Media, 5% Glycerol, lh  Normal Trace Nutrients, 148 
Vi Normal Iron Solution, pH Controlled at 7

Repeat of Pseudo Defined Media, 5% Glycerol, Vi Normal Trace 148 
Nutrients, Vi Normal Iron Solution, pH Controlled at 7

Pseudo Defined Media, 5% Glycerol, pH Controlled at 7, 149
Comparison of Immobilized and Free Cells

Pseudo Defined Media, 5% Glycerol, pH Controlled at 7, Week 149 
2 of Immobilized Cells

Pseudo Defined Media, 5% Glycerol, pH Controlled at 7, 5 150
Replicates

Reactor Data 150

Pseudo Defined Media, 5% Glycerol, pH 7, Initial Performance 150

Pseudo Defined Media, 5% Glycerol, pH 7.0, Investigation of 151
pH Optimum

Pseudo Defined Media, 5% Glycerol, pH 6.0, Investigation of 151
pH Optimum

Pseudo Defined Media, 5% Glycerol, pH 8.0, Investigation of 151
pH Optimum

Pseudo Defined Media, 5% Glycerol, pH 6.5, Investigation of 152
pH Optimum

Pseudo Defined Media, 7.5% Glycerol, pH 7.0, Investigation of 152 
Increased Substrate Concentration

Pseudo Defined Media, 7.5% Glycerol, pH 6.5, Investigation of 153 
Increased Substrate Concentration

Pseudo Defined Media, 5% Glycerol, No Calcium Carbonate 153

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

 
 
 
 

 
 
 

PREVIE
W



xii

A.2.4.9 Defined Media, 5% Glycerol, No Calcium Carbonate, No Yeast 154
Extract, Added Biotin, Inoculum From Rich Media Tube

A.2.4.10 Defined Media, 5% Glycerol, No Calcium Carbonate, No Yeast 155
Extract, Added Biotin, Inoculum From Rich Media Tube, Cells 
Washed

A.2.4.11 Defined Media, 5% Glycerol, No Calcium Carbonate, No Yeast 156
Extract, No Biotin, Inoculum From Log Phase Reactor with 
Defined Media

A.2.4.12 Defined Media, 5% Glycerol, No Calcium Carbonate, No Yeast 157
Extract, Inoculum From Log Phase Reactor with Defined Media

A.2.4.13 Defined Media, 5% Glycerol, No Calcium Carbonate, No Yeast 158
Extract, Limited Phosphate and Ammonia, Inoculum From Log 
Phase Reactor with Identical Media

A.2.4.14 Defined Media, 5% Glycerol, No Calcium Carbonate, No Yeast 159
Extract, 2X Limited Phosphate, Limited Ammonia, Inoculum 
From Log Phase Reactor with Identical Media, Repeat Trial

A.2.4.15 Defined Media, 5% Glycerol, No Calcium Carbonate, No Yeast 160
Extract, 2X Limited Phosphate, Normal Ammonia, Inoculum 
From Log Phase Reactor with Identical Media

A.2.4.16 Defined Media, 5% Glycerol, No Calcium Carbonate, No Yeast 161
Extract, 2X Limited Phosphate, Normal Ammonia, Inoculum 
From Log Phase Reactor with Identical Media, Repeat Trial

A.2.4.17 Spectral Scan of Conditioned Defined Media 162

A.2.4.18 Lag Phase Investigation of Conditioned Defined Media 162

A.2.4.19 Lag Phase Investigation of Defined Media with Added Carbonate 162

A.2.4.20 Repeat Trial of Sodium Carbonate Amended Media 163

A.2.4.21 Defined Media, 5% Glycerol, pH 7.0, Inoculum of Calcium 164
Alginate Immobilized Cells

A.3.0.0 Chapter 3 Appendix 165

A.4.0.0 Chapter 4 Appendix 165

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

 
 
 
 

 
 
 

PREVIE
W



A.4.1.0

A.4.1.1

A.4.1.2

A.4.1.3

A.4.1.4

A.4.2.0

A.4.2.1

A.4.2.2

A.4.2.3

A.4.2.4

A.4.2.5

A.4.2.6

xm
Protocols 165

Protocol for the Preparation of a Protein Sample for 165
SDS-PAGE Analysis

Protocol for Protein Preparation for Enzyme Activity Assay 166

Protocol for the Spectrophotometric Analysis of the Activity 167
Product

Protocol for the Preparation of Whole Cells for the Enzyme 168
Activity Assay

Experimental Data 168

Determining the Limiting Component of the Enzymatic Reaction 169

Enzymatic Reaction with Aerobic and Reduced Environment 169

Temperature Effect on the Enzymatic Reaction 169

End Product Inhibition of the Enzymatic Reaction 170

Comparison of Cells Grown Normally to Cells Grown in the 170
Presence of Glycerol

Comparing Results of Transformed Cells with Non-Transfored 170
Cells

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

 
 
 
 

 
 
 

PREVIE
W



xiv
List of Figures

Title Page Number

Enzymatic Fermentation Pathways Potentially Present 15
in Glycerol Fermentations

1.3 Propanediol Calibration Using Plotter Results 23

1.3 Propanediol Calibration using Integrator Results 24

Phosphate Calibration Results 26

Glycerol Consumption in a 2% Glycerol Pseudo Defined 29
Media, Comparing Free and Immobilized Cells

1.3 Propanediol Production in 2% Glycerol Pseudo Defined 30 
Media, Comparing Free and Immobilized Cells

Glycerol Consumption in 5% Glycerol, Pseudo Defined Media, 31
Immobilized Cells With and Without Toluene

2.8 Effect of Added Trace Nutrients, Products, and By-Products 33
on Fermentation in 5% Glycerol, Pseudo Defined Media

2.9 Neutralization of pH in 5% Glycerol, Pseudo Defined Media 34

2.10 Repeat Trial of pH Neutralized, 5% Glycerol, Pseudo Defined 35
Media

2.11 Comparison of 1,3 Propanediol Production Between Free and 36
Immobilized Cells in 5% Glycerol Pseudo Defined Media

2.12 Multi Week Comparison of Immobilized Cells, 1,3 Propanediol 37
Production in 5% Glycerol, Pseudo Defined Media

2.13 Repeatability of pH Neutralization Results in Free Cell 38
Fermentation of 5% Glycerol, Pseudo Defined Media

2.14 Investigation the pH Optimum of the Fermentation with 5% 39
Glycerol in Pseudo Defined Media

2.15 Investigating the Effect of pH on the Fermentation of 7.5% 40
Glycerol in Pseudo Defined Media

Figure

2.1

2.2

2.3

2.4

2.5

2.6 

2.7

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

 
 
 
 

 
 
 

PREVIE
W



2.16

2.17

2.18

2.19

2.20 

2.21 

2.22

2.23

2.24

2.25

2.26

2.27

2.28

2.29

2.30

2.31

Effect on Fermentation of Elimination of Carbonate from the 41 
5% Glycerol Pseudo Defined Media, Product and Cell Formation

Effect on Fermentation of Elimination of Carbonate from the 42
5% Glycerol Pseudo Defined Media, Byproduct Formation

Effect of Elimination of Yeast Extract on the Increase in the 43
Lag Phase of the Reactor in 5% Glycerol Pseudo Defined Media

Effect of Different Inoculums on the Lag Phase of the 44
Fermentation of 5% Glycerol in Pseudo Defined Media

Product Formation, Substrate Consumption, and Cell Production 46 
Under Nutrient Limiting Conditions

Neutralizer Added to Fermentation Under Nutrient Limiting 46
Conditions

Byproduct Organic Acid Formation During Nutrient Limiting 47
Fermentation Conditions

Nutrient Consumption During Nutrient Limiting Fermentation 47
Conditions

Substrate, Product, and Cell Mass Monitoring of the Fermentation 48 
with Adequate Nutrient Supply

Neutralizer Added to the Fermentation with Adequate Nutrient 49
Supply

Byproduct Monitoring of the Fermentation with Adequate 49
Nutrient Supply

Nutrient Monitoring of the Fermentation with Adequate Nutrient 50
Supply

Comparison of the Similarity of the Fermentation Between Two 50
Trials with Adequate Nutrient Supply

Absorption Spectrum of Conditioned Media 52

Lag Phase Investigation of Conditioned Media 52

Effect of Added Carbonate on the Lag Phase of the Fermentation 53

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

 
 
 
 

 
 
 

PREVIE
W



2.32 Comparison of Aqueous Phase Cell Concentration Between a 
Reactor Inoculated with Free Cells and Immobilized Cells

xvi
54

2.33 Comparison of Product Concentration Between a Reactor 55
Inoculated with Free Cells and Immobilized Cells

3.1 Diagram of Fluidized Bed Stirred Tank Reactor Insert Operated 70
in Up Flow Mode

3.2 Diagram of Fluidized Bed Stirred Tank Reactor Insert Operated 71
in Down Flow Mode

3.3 Photo of Alpha Model Reactor and Insert 72

3.4 Photo of Beta Model Reactor and Insert 73

3.5 Stability of Alginate Beads with Various Formation Conditions 76

4.1 Combination of Enzymatic and Chemical Pathwyas to 87
Value Added Products

4.2 Structure of Coenzyme B 12 91

4.3 Plasmid pMS 3 94

4.4 Agarose Gel of Plasmid Purification from DH5a Transformed 97
with pMS 3

4.5 Agarose Gel of Restriction Digest of Plasmid Purification from 97
DH5a Transformed with pMS 3

4.6 Agarose Gel of Plasmid Purification from BL21 (DE3) 98
Transformed with pMS 3

4.7 Agarose Gel of Restriction Digest of Plasmid Purification from 99
BL21 (DE3) Transformed with pMS 3

4.8 Determining the Limiting Component of the Enzymatic Reaction 101

4.9 Enzymatic Reaction with Aerobic and Reduced Environment 102

4.10 Temperature Effect on the Enzymatic Reaction 103

4.11 End Product Inhibition of the Enzymatic Reaction 104

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

 
 
 
 

 
 
 

PREVIE
W



4.12 Comparison of Cells Grown Normally to Cells Grown in the 
Presence of Glycerol

xvii
106

4.13

5.1

5.2

5.3

5.4

5.5

5.6

6.1

Comparing Results of Transformed Cells with Non-Transformed 107
Cells

Plasmid pMS 3 118

Plasmid pGP 1-2 119

Midi Scale Alkaline Lysis Plasmid Purification of P. rettgeri 120
OFOll Transformed with pMS 3

Purified vs. Un-Purified Midi Scale Alkaline Lysis Plasmid 121
Purification of P. rettgeri OFOll Transformed with pMS 3

Pst I and Hind III Restriction Digested, Purified Plasmid 121
Preparation from P. rettgeri OFOl 1 Transformed with pMS 3

Pst I and Hind III Restriction Digested Preparation from E. coli 122
DH5a Transformed with Purified Plasmid Preparation from 
P. rettgeri OFOll Transformed with pMS 3

Fermentation Pathways Implicated in Clostridium butyricum 130
Fermentations of Glycerol Based Upon Products Formed

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

 
 
 
 

 
 
 

PREVIE
W



xviii
List of Tables

Table Title Page Number

2.1 Common Names, Systematic Names, and EC Numbers of the 17
Enzymes Responsible for the Reactions Described in Figure 2.1

2.2 Method Events for Ion Chromatographic Analysis 25

5.1 Octanol Water Partition Coefficients for Various Solvents 114

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

 
 
 
 

 
 
 

PREVIE
W



1

Chapter 1

Introduction to Biological Conversion of Glycerol 

to Value Added Products

1.1.0.0 Introduction

The desire to derive chemical feedstocks from renewable resources has been an 

intensely studied topic in recent years. Whether this interest is due to trying to end the 

dependence of the United States on foreign oil, to create a larger market for domestic 

farm products, or for the production of inherently “green” products, is up for debate. 

However, the one driving force that does not change is the need for a cost competitive 

product.

One of the categories of feedstocks obtained from natural products are the 

triglycerides, also known as fats or biological oils. These raw materials of the 

oleochemical industry may be readily obtained from plant seeds such as soybeans, com, 

or canola, or from animal fats such as beef tallow. Regardless of the source, the 

triglyceride consists of three fatty acid units and one glycerol unit. The fatty acid 

composition will vary from source to source, but the glycerol is uniform amongst the 

different sources.

Recent and past work has focused on converting the fatty acid portion into 

products such as soap and biodiesel and fatty acid alcohols and amines. While these 

products efficiently use the fatty acid portion of the triglyceride, the crude glycerol 

coproduct portion has historically not been the product from these conversions that is 

driving the market. If the conversion of triglycerides into biodiesel becomes prevalent,
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which at most would supply 10% of a 55 billion gallon per year diesel market, this could 

result in the overproduction of crude glycerol for which no current market exists. Current 

usage and growth rates estimate that in the year 2011, 350 million gallons of biodiesel 

will be sold, compared to the 6.2 million gallons sold in 2000 (Wilson, 2002).

The fatty acid industry is viewed as growing at rates similar to the growth of the 

gross domestic product. Although the raw materials and products of this industry are 

viewed as environmentally friendly, the industry is not growing by leaps and bounds 

(McCoy, 1999). This industry works on thin margins, and the price of raw materials and 

products are subject to fluctuations, which is one factor that influenced the substantial 

corporate restructuring that occurred in recent years in this industry. The coproduct of 

fats and oils splitting, glycerol, is notoriously volatile with respect to market value 

because its production is dictated by demand for fatty acids. Purified glycerol prices 

typically vary between $0.40 and $1.00 per pound (McCoy, 2000).

Glycerol is not only produced as the coproduct of fats and oils splitting 

operations. Dow Chemical makes glycerol synthetically from epichlorohydrin. Glycerol 

is also a coproduct produced during industrial ethanol fermentation, which has seen 

increasing applications in recent years. In a process purification patent issued in 1993 

(U.S. Pat. No. 5177009), an ion exclusion based purification is described that allows the 

purification of glycerol. It is anticipated that a pound of glycerol can be obtained for 

every gallon of ethanol produced, and 99.7% pure glycerol could be produced for as little 

as $0.15 per pound (McCoy, 2000).

An approach to utilizing the glycerol coproduct is to refine it into reagent grade 

glycerol. The oldest branded product made by Procter and Gamble is Star Glycerin, and
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it has been made for more than 100 years (McCoy, 2002). Unfortunately traditional 

purification processes for glycerol are expensive and there is a limited market for this 

product even though there are thousands of uses for glycerol. A second strategy for 

utilizing this glycerol would be to convert the crude coproduct glycerol into a different 

product that is worth more money, which could then be purified and sold. One of the 

products that glycerol can be biologically converted into is 1,3 propanediol (1,3 PD). As 

with any process, the conversion to a new product and subsequent purification is driven 

by the requirement that the cost of the conversion process not be excessively large with 

respect to the price commanded by the final product.

Dupont is particularly interested in 1,3 propanediol, as it is polymerized with 

terephthalic acid to form the polymer polytrimethylene terephthalate (PTT) (Tullo, 2000; 

CENEAR, 2000). It is estimated that the demand for this polymer will reach 2 billion 

pounds by year 2010. DuPont markets this stain resistant PTT polyester under the name 

of Sorona. These polymers have been known for over 50 years, but were never widely 

used because the route for synthesizing 1,3 PD was not economical. Synthetic routes to 

produce 1,3 PD include the Degussa-Hiils process, recently acquired by DuPont, which 

makes 1,3 PD from the hydration of acrolein (U.S. Pat. No. 5093537). Another route 

recently developed by Shell, the only other producer of PTT in the world, marketed with 

the name Corterra, involves the reaction of ethylene oxide with carbon monoxide in the 

presence of a cobalt catalyst to form 1,3 PD (U.S. Pat. No. 5463144, 5463145, 5463146, 

5545767, and 5684214). Both of these chemically synthetic production methods rely on 

the use of components listed as EPA hazardous air pollutants and extreme reaction 

conditions to produce 1,3 PD (Ritter, 2003).
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An alternative to the chemical synthesis of 1,3 propanediol is the anaerobic 

fermentation of glycerol to this product. This fermentation has been known for over a 

century, and was patented in 1993 (U.S. Pat. No. 5254467). Recent work by DuPont and 

Genencor (Ritter, 2003) has involved genetically constructing a pathway into a bacterial 

strain that allows the fermentation of glucose into 1,3 PD (U.S. Pat. No. 5686276). This 

process has the potential to be a lower cost route to 1,3 PD when compared to the 

synthetic routes (McCoy, 2003). This new pathway consists of the conversion of glucose 

into glycerol, which is ultimately converted into 1,3 PD. DuPont demonstrated the 

process at a pilot plant operated by A.E. Staley, a subsidiary of Tate & Lyle, in Decatur 

Illinois. They have started construction on a “large-scale” fermentation facility in 

Loudon, Tennessee in collaboration with the carbohydrate processor Tate & Lyle. This 

facility is expected to begin operations in 2006 (Ritter, 2004).

The anaerobic conversion of glucose into glycerol requires a reducing equivalent 

(NADH) as does the conversion of glycerol into 1,3 PD. When only a single carbon 

source is available for fermentation, the glucose fermentation to 1,3 PD has a maximum 

carbon efficiency of 33% forming product, while the glycerol fermentation has 66% 

forming product. If it is assumed that 1,3 PD will command a market value similar to 

that of 1,4 butanediol ($0.55 to $0.70 per pound) (Chemical Market Reporter), a diol used 

for similar terephthalate polyesters, and applying the “rule of thumb” that product cost 

should be at least 4 times the raw material cost, we can infer that the price of crude 

glycerol and the nutrients necessary to ferment it to 1,3 PD should be no more than $0.10 

to $0.15 per pound of glycerol substrate.
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