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ABSTRACT

CATALYTIC CONVERSION OF LACTIC ACID TO COMMODITY AND

SPECIALTY CHEMICALS

By

Man Sang Tam

Vapor phase lactic acid conversion has been performed using a fixed-bed, down-

flow reactor. Lactic acid conversion conducted over sodium salts on low surface area

silica catalysts produces mainly 2,3-pentanedione, acetaldehyde, and acrylic acid.

Formation of acrylic acid from lactic acid is optimum at 23% yield over NaOH at 350°C

and 2-3 second residence time. This yield is relatively low as a result of acetaldehyde

formation which is favored at high temperature. The optimum 2,3-pentanedione yield

over these sodium salts is around 25% oftheoretical at 300°C and 3-4 seconds. Post-

reaction .FTIR spectra of catalysts after exposure to lactic acid vapor indicate the

formation of sodium lactate as the dominant species on the surface at 260-320°C. It is

thus concluded that the anions of initial sodium salts used do not participate in the

condensation to 2,3-pentanedione; hence similar yields are obtained for all salts once they

are fully converted to sodium lactate. Conversion ofthe sodium salt to lactate is favorable

when the salt used has a low melting point and a volatile conjugate acid.
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The results obtained from lactic acid conversion over potassium or cesium salts

and bases on silica show that the yield of 2,3-pentanedione increases with decreasing

Lewis acidity of the alkali metal. Detailed reaction studies over different alkali metal

loadings indicate that the rate of 2,3-pentanedione formation varies linearly with loading

up to saturation at 2 mmol of catalyst per gram of support. The acidity of the silica

support also reduces the yield to 2,3-pentanedione because of competitive formation of

acetaldehyde through acid-catalyzed decarbonylation. As such, the best 2,3-pentanedione

yield obtained over a 2 mmol CsOH/g silica catalyst at 280°C is 60% of theoretical with

80% selectivity. A kinetic model ofthe reaction system is developed along with a

proposed mechanism for the formation of 2,3-pentanedione from the condensation of

lactic acid catalyzed by alkali lactate.

Deactivation ofthe catalyst toward the formation of2,3-pentanedione is not

significant over forty hours. Afterward, the selectivity toward 2,3-pentanedione decreases

slowly due to coking. A similar efl‘ect is also observed with feeds containing a small

amount ofglucose. However, conversion with feed containing ammonium lactate gives

low 2,3-pentanedione yields, primarily as a result ofthe reaction between ammonium

hydroxide and 2,3-pentanedione to form a low volatility product.



To my Lord and Savior, Jesus Christ.

iv



 

 

James .'

Berglm

Wadle}

Varadar

Nagafaja

Departm‘

Suppon tC



ACKNOWLEDGMENTS

I am very gratefiil for the suggestions and guidance ofDr. Dennis Miller and Dr.

James Jackson throughout the course ofthis work. Thanks to Dr. Carl Lira, Dr. Kris

Berglund, and Dr. Thomas Pinnavaia for their service as my doctoral committee members.

I would like to thank Radu Craciun, Garry Gunter, Robert Langford, and Doug

Wadley for their valuable contributions to this work. Special thanks to Sriraman

Varadarajan, Dushyant Shekhawat, Rajesh Baskaran, Shubham Chopade, and Kirthi

Nagarajan for making my study at Michigan State University an enjoyable one. The

encouragement and support ofmy family are greatly appreciated.

Thanks to the Department of Chemical Engineering at MSU, United States

Department of Agriculture National Research Initiative; the State ofMichigan Research

Excellence Fund, and the Consortium for Plant Biotechnology Research for their financial

support to this work.



TABLE OF CONTENTS

List of Tables

List of Figures

Introduction

Chapter 1. Background

1.1. Literature Review

1.1.1. Lactic Acid

1.1.2. 2,3-Pentanedione

1.1.3. Acrylic Acid

1.1.4. Propionic Acid

1.2. Lactic Acid Reactions

1.2.1. Catalytic and Thermal Decomposition

1.2.2. Self-esterification and Polymerization

1.2.3. Dehydration

1.2.4. Reduction

1.2.5. Condensation to 2,3-Pentanedione

xii

10

ll

12

12

13

14

15

15



 

   

Chapt

t
o

L
a
)

t
o

'
1
'
!

3.3. Di.



Chapter 2.

2.1.

2.2.

2.3.

2.4.

Chapter 3.

3.1.

3.2.

3.3.

Experimental Methods

Vapor Phase Reaction

2.1.1. Materials

2.1.2. Catalyst Preparation

2.1.3. Vapor Phase Reactor

2.1.4. Reaction Procedure and Product Analyses

Post-Reaction Transmission FTIR Spectroscopy

2.2.1. FTIR Spectroscopy

2.2.2. Materials and Sample Preparation

2.2.3. Apparatus and Procedure

Post-Reaction DRIFTS

2.3.1. DRIFTS

2.3.2. Sampling Procedure

Gas Chromatography - Mass Spectrometry

Lactic Acid Conversion over Sodium Salts and Base on Silica

Vapor-Phase Reaction

3.1.1. Results

3.1.2. Efi‘ects of Sodium Catalyst Loading

Post-Reaction FTIR Results

3.2.1. Characteristic Infrared Bands of Sodium Salts and Base

3.2.2. Survey of Sodium Salts and Base

Discussion

vii

l7

17

17

19

20

22

25

25

27

27

30

30

30

31

32

32

33

42

42

42

46

58



 

 

 
  

Chapter

4

 

 



3.3.1. Carbon Balance

3.3.2. Catalyst Activity and Pathways

3.3.3. Mechanism of 2,3-Pentanedione Formation

3.3.4. Decomposition of Sodium Lactate

3.4. Summary

Chapter 4. Lactic Acid Conversion over Alkali Salts and Bases on Silica

4.1. Vapor-Phase Reaction

4.1.1. Results

4.1.2. Catalyst Activity and Pathways

4.1.3. Effect ofLoading

4.2. Post-Reaction FTIR

4.3. General Kinetic Model ofthe Reaction System

4.3.1. Kinetic Analysis ofKOH on CPG

4.3.2. Kinetic Analysis ofKOH on SiGel

4.3.3. Kinetic Model and Support Efi‘ects

4.3.4. Silica Support Sintering by Alkali Metal

4.3.5. Kinetic Analysis ofNaOH and CsOH on SiGel

4.4. Methyl Lactate Vapor-Phase Reaction Studies

4.4.1. Reaction Studies

4.4.2. Post -Reaction FTIR

4.5. Summary

viii

58

60

65

73

75

77

77

78

88

89

102

110

114

115

116

121

124

126

126

128

128



Chapter 5.

5.1.

5.2.

5.3.

5.4.

5.5.

5.6.

5.7.

5.8.

Chapter 6.

6.1.

6.2.

Chapter 7.

7.1.

7.2.

Catalyst Stability and the Effect of Feed Impurities on the

Formation of 2,3-Pentanedione from Lactic Acid

Catalyst Support Regeneration

Initial Saturation Period

Stability of Acrylic Acid and 2,3-Pentanedione

Deactivation of Catalyst with Time

Effect ofDifferent Lactic Acid Feedstock

Effect ofAmmonium Lactate Concentration in Feed

5.6.1. Materials and Experimental Procedure

5.6.2. Reaction Results and Discussion

5.6.3. Post-Reaction FTIR Results

5.6.4. Reaction of 2,3-Pentanedione in Presence ofAmmonium

Hydroxide

Effects of Glucose in Feed

Summary

The Production of Propionic Acid from Lactic Acid

Catalyst Preparation and Reaction Conditions

Lactic Acid Conversion over Molybdenum and Iron Catalysts

Summary and Recommendations

Summary

Recommendations

List of References

ix

132

132

135

136

137

141

145

145

146

153

155

156

158

159

159

160

165

165

166

169



2.1.

2.2.

2.3.

3.1.

3.2.

3.3.

3.4.

3.5.

3.6.

3.7.

4.1.

4.2.

4.3.

4.4.

4.5.

4.6.

4.7.

LIST OF TABLES

List of Chemicals

Typical Reaction Conditions

GC Operating Temperature Program

Lactic Acid Conversion over CPG and NaC3H503/CPG

Lactic Acid Conversion over NaOH/CPG and NazsiO3/CPG

Lactic Acid Conversion over NaN02/CPG and NaNO3/CPG

Lactic Acid Conversion over Na3P04/CPG and NmP207/CPG

Lactic Acid Conversion over NaCl/CPG and NaZSOJCPG

Characteristic Infi'ared Bands of Sodium Salts

Properties of Sodium Salts Used as Catalysts

Lactic Acid Conversion over LiOH/CPG and Ca(OH)2/CPG

Lactic Acid Conversion over K3P04/CPG and KCl/CPG

Lactic Acid Conversion over KOH/CPG and KNO3/CPG

Lactic Acid Conversion over CsCl/CPG and Cs;SO./CPG

Lactic Acid Conversion over CsOH/CPG and CsN03/CPG

Lactic Acid Conversion over ngPOJCPG and CsN03/CsOI-I/CPG

Melting Points of Alkali Salts and Bases

18

23

25

34

35

36

37

38

46

47

80

81

82

83

84

85

90



 

48 La

49, Pa

410. P.

4.11. St

E:

4.12 Su

413 Pa:

414. Par

51 Lacti

53. Lactic

5.3. Lactic

Times

54» Reacti<

55. Elemen

56- PTOduct

Calah'sz

1- Lactic A

62 MCIIC ‘4‘

 



4.8. Lactic Acid Conversion over SiGel Support Alone

4.9. Parameters of Kinetic Model for KOH/CPG

4.10. Parameters ofKinetic Model for KOH/SiGel

4.11. Sensitivity Analysis ofRate Constants (Percentage Change due to

Experimental Uncertainties)

4.12. Surface Areas of Used Catalysts

4.13. Parameters ofKinetic Model for NaOH/SiGel and CsOI-I/SiGel

4.14. Partial Conversion Results Using Methyl Lactate as Feedstock

5.1. Lactic Acid Conversion over Regenerated CPG and KOH/Regenerated CPG

5.2. Lactic Acid Conversion - Initial Saturation Period

5.3. Lactic Acid Conversion over NaN03/CPG (Studies at Different Residence

Times)

5.4. Reaction Conditions of 60 Hour Run

5.5. Elemental Analysis ofFeed (CHN)

5.6. Product Yields (Selectivities) fiom Different Feeds over CsOH/CPG

Catalyst

6.1. Lactic Acid Conversion over NazMoOJSi-Al and MoCuSn/Si-Al

6.2. Lactic Acid Conversion over FeCuSn/Si-Al

91

116

117

119

123

125

127

134

136

138

139

143

148

161

163



1.1.

1.2.

1.3.

1.4.

1.5.

1.6.

2.1.

2.2.

2.3.

2.4.

3.1.

3.2.

3.3.

3.4.

3.5.

3.6.

3.7.

LIST OF FIGURES

Primary Lactic Acid Pathways

Chemical Synthesis of Lactic Acid

2,3-Pentanedione Pathways

Formation ofDuroquinone from 2,3-Pentanedione

Oxidation ofPropylene to Acrylic Acid

Mechanism for Lactic Acid Pyrolysis to Acetaldehyde

Vapor-Phase Reactor

Reactor Flow Diagram

Typical Product Gas Chromatogram

Preparation Apparatus for Post-Reaction Studies

2,3-Pentanedione Yields over Various Sodium Salt Catalysts

Acrylic Acid Yield over Various Sodium Salt Catalysts

Efi‘ect of Sodium Loading on 2,3-Pentanedione Yield

FTIR Spectra of Standards

FTIR Spectra of Standards (Continued)

Post-Reaction FTIR Spectra ofNaN03 Exposed to Lactic Acid Vapor

Post-Reaction FTIR Spectra ofNa3PO4 Exposed to Lactic Acid Vapor

11

13

21

24

26

28

4o

41

43

44

45

49

50



 

38V Post-l

3.9 Post-l

310 Post-

3.ll. Post.

312 Post—l

313 Post-l

314 Post-F

315. Posr.R

3 16. PIOpos

Acid

317- Propose

3 18- Mass S;

COHVCIS

C011VCTSI

331, MaSS SP6

COnversk

 



3.8. Post-Reaction FTIR Spectra ofNaaP207 Exposed to Lactic Acid Vapor

3.9. Post-Reaction FTIR Spectra ofNa28i03 Exposed to Lactic Acid Vapor

3.10.

3.11.

3.12.

3.13.

3.14.

3.15.

3.16.

3.17.

3.18.

3.19.

3.20.

3.21.

3.22.

Post-Reaction FTIR Spectra ofNaOH Exposed to Lactic Acid Vapor

Post-Reaction FTIR Spectra ofNaCl Exposed to Lactic Acid Vapor

Post-Reaction FTIR Spectra ofNa2804 Exposed to Lactic Acid Vapor

Post-Reaction FTIR Spectra ofNaN03 Exposed to Water Vapor

Post-Reaction FTIR Spectra of Sodium Lactate

Post-Reaction FTIR Spectra ofNaN03 Exposed to Propionic Acid Vapor

Proposed Mechanism for the Formation of 2,3-Pentanedione from Lactic

Acid

Proposed Mechanism ofH/D Exchange for a-hydrogen

Mass Spectrum ofLactic Acid in Product ofLactic Acid / D20 Conversion

Mass Spectrum of Acrylic Acid in Product ofLactic Acid / D20

Conversion

Mass Spectrum ofPropionic Acid in Product ofLactic Acid / D20

Conversion

Mass Spectrum of2,3-Pentanedione in Product ofLactic Acid / D20

Conversion

Mass Spectrum ofAcetaldehyde in Product ofLactic Acid / D20

Conversion

3.23. Decomposition of Sodium Lactate at 350°C

4.1. 2,3-Pentanedione Yields over Various Alkali Salt Catalysts

4.2. Acrylic Acid Yields over Various Alkali Salt Catalysts

4.3. Experimental Results over KOH/CPG at T = 260°C

4.4. Experimental Results over KOH/CPG at T = 280°C

51

52

53

54

55

56

59

63

66

67

68

69

7O

71

72

74

79

87

92

93



5a0:.

wona:

S:

j0:

am:

a.a:

 



4.5. Experimental Results over KOH/CPG at T = 300°C

4.6. Experimental Results over KOH/CPG at T = 320°C

4.7. Experimental Results over KOH/CPG at T = 350°C

4.8. Experimental Results over KOH/SiGel at T = 260°C

4.9. Experimental Results over KOH/SiGel at T = 280°C

4.10. Experimental Results over KOH/SiGel at T = 300°C

4.11. Experimental Results over KOH/SiGel at T = 320°C

4.12. Experimental Results over KOI-I/SiGel at T = 350°C

4.13. Lactic Acid Conversion over NaOI-I/SiGel

4.14. Acetaldehyde Yield over NaOH/SiGel

4.15. 2,3-Pentanedione Yield over NaOH/SiGel

4.16. Lactic Acid Conversion over CsOH/SiGel

4.17. Acetaldehyde Yield over CsOI-I/SiGel

4.18. 2,3-Pentanedione Yield over CsOH/SiGel

4.19. Post-Reaction FTIR ofCsNO3 Exposed to Lactic Acid Vapor

4.20. Post-Reaction FTIR ofCsCl Exposed to Lactic Acid Vapor

4.21. Post-Reaction FTIR ofCsN03 Exposed to Methyl Lactate Vapor

4.22. Post-Reaction FTIR ofCsOH Exposed to Methyl Lactate Vapor

5.1. Selectivities ofProducts over Time

5.2. FTIR ofFeedI

5.3. 2,3-Pentanedione Yields fiom Difi'erent Feed Stocks

5.4. Deactivation of2,3-Pentanedione by Ammonium Lactate (T=280°C and P=

0.5 MPa)

xiv

94

95

96

97

98

99

100

101

103

104

105

106

107

108

109

111

129

130

140

142

144

147



~

Ir

 

56 DJ

5.7. Ef



5.5. 2,3-Pentanedione Yield vs. Ammonium Lactate Molar Fraction in Feed 150

5.6. DRIFTS Spectra of Catalyst afier Exposure to Ammonium Lactate 154

5.7. Effect of Glucose on 2,3-Pentanedione Formation (T=280°C and P=0.5 157

MPa)



increased

Which mt

biodegrad

and may

fermentai:

Cit—sail. P

The ami 31

lactic acid ;

commOde}

PlTUl'ic at 1' C

The 1'

WC and b;

and PTOPiOnI'.

unfavofable c

based
feedsio



INTRODUCTION

Worldwide production of lactic acid (2-hydroxy-propionic acid) has dramatically

increased since the early 19903 and is currently estimated to be over 100 million lb / yr, of

which most is produced via fermentation. The viability of making an inexpensive

biodegradable polymer - poly (lactic acid) - from lactic acid has sparked extensive interest

and research in the area of producing and recovering relatively pure lactic acid from

fermentation of Starch hydrolysates. Already, major corporations including ADM,

Cargrill, Purac, and A. E. Staley have ventured into the manufacturing of lactic acid (1).

The availability of a high volume of inexpensive lactic acid has also led to research using

lactic acid as an alternative feedstock for the production of many specialty and

commodity chemicals such as acrylic acid (2-4), propionic acid, 2,3-pentanedione,

pyruvic acid (5,6), and propylene glycol (7).

The primary focus of this work is on the formation of 2,3-pentanedione from

lactic acid by condensation over simple alkali salt catalysts. The formation of acrylic acid

and propionic acid from lactic acid has also been examined but found to be economically

unfavorable compared to routes of producing these chemicals starting with petroleum

based feedstocks. We have conducted extensive vapor-phase reaction studies of lactic

acid conversion over alkali metal catalyst on silica supports to optimize the reaction

conditions and the type of catalyst for the formation of 2,3-pentanedione. The



mechanistic aspects of this condensation have been investigated using Nuclear Magnetic

Resonance (NMR), Fourier Transform Infrared Spectroscopy (FTIR), Diffuse Reflectance

Infrared Fourier Transform Spectroscopy (DRIFTS), isotOpic labeling, and molecular

modeling. Upon understanding the basic chemistry of lactic acid conversion, a kinetic

model of this reaction system has been developed. We have also examined the

deactivation of the condensation to 2,3-pentanedione with time and feed impurities.
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Chapter 1

BACKGROUND

1.1. Literature Review

1.1.1. Lactic acid

Lactic acid is a simple compound containing both the hydroxyl and carboxylic

acid groups which permit it to participate in many interesting and valuable chemical

reactions. Among the known reactions of lactic acid (Figure 1.1), the dehydration to

acrylic acid, the polymerization to poly (lactic acid) and the newly discovered

condensation to 2,3-pentanedione are potentially the most profitable pathways. Lactic

acid can be manufactured either by chemical synthesis or carbohydrate fermentation.

While it was mostly produced through synthetic routes in the past by the US and Japan,

lactic acid is currently produced from fermentation throughout the world (8). The

commercially employed synthetic process is via the base-catalyzed addition of hydrogen

cyanide to acetaldehyde to produce lactonitrile (Figure 1.2). Lactonitrile is purified and

hydrolyzed to lactic acid with concentrated acid. Further purification steps are employed

to acquired highly purified lactic acid. Other synthetic routes include direct oxidation of

ethanol or propylene glycol and hydrolysis of a-chloropropionic acid (9).

Commercial production of lactic acid via carbohydrate fermentation uses mainly

Lactobacillus delbreuckii (10-12). Many carbohydrates, including whey, corn syrup, and
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Figure 1.1. Primary Lactic Acid Pathways
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cane, can be sources for the fermentation. Because lactic acid is an end product inhibitor,

it must be converted to lactate salt or extracted from the fermentation broth immediately

as it is produced. Traditionally, calcium hydroxide has been used for this purpose. The

recovered calcium lactate is then purified by evaporation and acidified with sulfuric acid

to give lactic acid (13). However, since calcium lactate has a low solubility in water

(around 8 wt%), only low concentration of lactate can be produced from fermentation to

prevent formation of a large fraction of solid hydrated calcium lactate in solution and

maintain product flow throughout the process. The cost of purifying dilute solution of

calcium lactate and disposal of large amount of CaSO4 has always been a drawback in the

production of lactic acid via fermentation.

O

)L + HCN —>

H

acetaldehyde

Ho ‘H

>.\ + 21120 + 1/2 st04 ——>

CN

OH

OH

+ 013011 —-—>

O

OH
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0

Figure 1.2. Chemical Synthesis of lactic Acid
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Recent advances in Simultaneous or coupled extractive technology have led to the

use of nanofiltration membranes (14-17), anion-exchange resin (18,19) or activated

carbon column, or solvent extraction (20,21) for recovering lactic acid. Electrodialysis

has also been considered for recovering highly purified lactic acid from its salt form

(22,23). These new innovations are currently lowering the production cost of lactic acid.

Ecochem, a Du Pont-Conagra partnership which eventually ended, had also developed a

fermentation process for lactic acid production in which ammonia is used for pH control

instead of calcium hydroxide (24,25). Ammonium lactate is highly soluble in water,

hence the concentration of lactate in broth can be as high as 30 wt% before activity of the

fermentation organism is impaired. Ammonium lactate can subsequently be converted to

lactate esters and ammonia in the presence of gaseous C02 and alcohol at around 160°C

and moderate pressure (26,27). The ammonia is then recycled back to the fermentation

broth. These advantages have made ammonia very attractive as a replacement for

calcium hydroxide. The cost of lactic acid ranges between $0.79/lb to $0.83/lb depending

on its purity (28).

The US consumes over 20 million lbs of lactic acid annually of which 85% is

used in food-related applications to improve meat shelf-life and flavors, pH buffering

agent, acidulant, and the production of emulsifying agents. Other uses include leather

tanning, pharmaceutical and cosmetic application (29). Poly (lactic acid) produced from

lactic acid is used as surgical sutures, controlled-release drugs, and prostheses. Currently,

the polymer is not used as extensively as non-biodegradable polymers due to the slightly

higher cost of production.
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1.1.2. 2,3-Pentanedione

With a current market of only around 5000 lb/yr., 2,3-pentanedione has found its

use entirely as a flavoring agent due to its strong buttery smell even in dilute

concentration. Small amounts of 2,3-pentanedione are also naturally found in beer and

coffee (30,31). Chemical synthesis of 2,3-pentanedione is achieved by the oxidation of

methyl propyl ketone in excess NaNOz and diluted HCl (32). It can also be extracted

naturally from the essential oil of Finnish pine and dairy waste. The current price of

synthetic 2,3-pentanedione is around $40/1b; natural 2,3-pentanedione costs around twice

as much.

2,3-Pentanedione undergoes self-condensation to form duroquinone (an

antioxidant) in basic and heated environment (Figure 1.3) (33). However, because of low

yields due to many competitive pathways and the high cost of 2,3-pentanedione, this

synthetic route has not been explored intensively. It also reacts with ethylenediamine and

propylenediamine to produce, after dehydrogenation, the corresponding pyrazines (nutty,

roasted flavoring agents) (34,35). 2,3-Pentanedione can be used as an effective initiator

in photopolymerization and as a biodegradable solvent (36,37).

The reaction procedure for the formation of duroquinone from 2,3-pentanedione is

relatively simple as the reaction occurs at room temperature. Since duroquinone has a

low solubility in water, recovery of duroquinone from reaction mixture can be done by

liquid-liquid extraction using an immiscible organic solvent such as toluene. This

method can recover around 90% of the duroquinone formed. Figure 1.4 illustrates the

many pathways that the condensation of 2,3-pentanedione can take; hence careful control

of the reaction environment, especially solution pH and temperature, is necessary to
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optimize the yield to duroquinone. The polymerization of 2,3-pentanedione is favored

with increasing temperature.

2,3--pentanedione W Ii.||

duroquoinone

:11 XI
2-ethyl- 3-methyl alkylpyrazines

 

Figure 1.3. 2,3-Pentanedione Pathways

After optimization of the reaction parameters, a yield of 29% theoretical was

obtained for the formation of duroquinone from 2,3-pentanedione in a batch mode (38).

This was achieved by adding 2,3-pentanedione solution (~l wt%) at around 0.5 ml/min

into a 1 M NaOH solution at room temperature. Slow addition of 2,3-pentanedione to

reaction mixture reduces polymerization and reaction temperature, since the formation of

duroquinone is exothermic. It has also been observed that in the presence of base and

high temperature (~80°C), substantial degradation of duroquinone occurs.

The formation of dihydropyrazine from 2,3-pentanedione and diamine is

accomplished by refluxing equimolar quantities of each component in ether at 35°C for

90 minutes. Ether containing the corresponding alkyl group as the diamine is used as the
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solvent since it is easily removed after the reaction by heating. The selectivity to the

desired dihydropyrazine product is usually high. For example, the formation of 2-ethyl-3-

methyl dihydropyrazine by reacting 2,3-pentanedione and ethylenediamine in ethyl ether

can be achieved at yields on the order of 85%. The dihydropyrazine is then oxidized to

pyrazine using a copper II oxide and KOH catalyst. The mixture is allowed to reflux for

few hours in methanol. The overall yield to 2-ethyl-3-methyl pyrazine from 2,3-

pentanedione and ethylenediamine is 73%. Detailed studies on the formation of

duroquinone and pyrazines from 2,3-pentanedione have been performed by Thiel (38).

1.1.3. Acrylic Acid

The primary use of acrylic acid and acrylates is in the preparation of emulsion and

solution polymers, which are used in coatings, finishes, polishes, adhesives, and the

making of polymer fibers (39). Polymer fibers of acrylic acid are used as superabsorbents

in disposable diapers. Worldwide production of acrylic acid is around 2 billion pounds

per year and is expected to increase steadily at 3% per year.

Acrylic acid can be produced starting with a variety of petroleum based chemicals

including acetylene, ethylene, and propylene. Because of the low cost of propylene and

the development of very selective catalysts, commercial production of acrylic acid has

been essentially based on propylene oxidation. However, some older plants still use the

acetylene-based Reppe process for the production of acrylates. The oxidation of

propylene to acrylic acid (Figure 1.5) is a two step process involving the formation of

acrolein as an intermediate. Over 80% yield based on propylene can be obtained using a

bismuth molybdate catalyst in the first stage and a molybdenum vanadium oxide catalyst
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in the second stage. Current price of acrylic acid is about $0.60/lb, making a lactic acid

based process extremely dubious even if the selectivity to acrylic acid is 100%.

propylene aCI'Oleln

\— + 02 ——'> M + H30

O

M” + 1/2 02 __» \ /OH

O O

acrylic acid

Figure 1.5. Oxidation of Propylene to Acrylic Acid

1.1.4. Propionic Acid

Like lactic acid, propionic acid can be manufactured either by chemical synthesis

or fermentation of carbohydrates. Commercially, propionic acid is produced exclusively

by the oxidation of propionaldehyde which is obtained by the catalytic hydroforrnylation

of ethylene with carbon monoxide and hydrogen under relatively high temperature and

pressure (The Oxo process) (40). Propionic acid fermentation of whey or lactose is

achieved using Propionibacterium acidipropionici (41-43). However, due to its slow

fermentation rate and low product concentration and yield, conventional propionic acid

fermentation has not been able to compete economically with the synthetic route. Around

400 million pounds of propionic acid is produced annually worldwide, of which 60% is

consumed by the US (44). Propionic acid and its salts are used as animal feed and corn

preservatives, mold inhibitors, herbicides, cellulosic plastics, and anti-arthritic drugs.

Current cost of synthetic propionic acid is around $0.4l/lb, while natural propionic acid is

priced at around ten times as much.
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1.2. Lactic Acid Reactions

Since lactic acid contains both hydroxyl and carboxylic acid functional groups, it

can undergo many interesting chemical reactions. The boiling point of lactic acid is

around 190°C at atmospheric pressure, but because of the ease of self-esterification, low

molecular weight polymers are usually formed at elevated temperature when

concentrated. The major pathways of lactic acid are shown in Figure 1.1; these reactions

are considered individually in the following sections.

1.2.1. Catalytic and thermal decomposition

Thermal decomposition or pyrolysis of lactic acid results in the formation of

acetaldehyde, carbon monoxide, and water. It is reported that this intramolecular

elimination can be assisted by the acidic hydrogen of the carboxyl group without any

catalyst (45,46). A five-membered cyclic transition state is formed which rearranges to a

lactone resulting in the elimination of a water molecule (Figure 1.6). The lactone further

decomposes to acetaldehyde and carbon monoxide. The decarbonylation of lactic acid is

enhanced in an acidic environment and at high temperature. In the presence of base,

decarboxylation of lactic acid to acetaldehyde, carbon dioxide, and hydrogen occurs. A

free-radical mechanism is suggested for this reaction. Since the price of acetaldehyde is

only $0.45/lb, the formation of acetaldehyde from lactic acid is a major undesirable

pathway that must be suppressed to increase the selectivities to other desirable pathways.

One way of doing so is to use a low surface area silica support so as to lower the acidity

of the support surface (47).
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H O

acetaldehyde - J

Figure 1.6. Mechanism for Lactic Acid Pyrolysis to Acetaldehyde

1.2.2. Self-esterification and polymerization

Since lactic acid contains both the hydroxyl and carboxylic acid groups, it can

undergo self-esterification to form either dilactide or lactoyllactic acid (Figure 1.1) (48)

Similar to all esterifications, the latter reaction is acid-catalyzed. The production of

dilactide is catalyzed by primarily weak bases (49). Continued esterification of

lactoyllactic acid gives poly(lactic acid), but the produced polymer usually has low

average molecular weight because of the equilibrium constraint imposed by water

concentration. The commercialized route patented by Du-Pont for the production of high

molecular weight biodegradable poly(lactic acid) from lactic acid involves two catalytic

steps. After the formation of lactide, water is removed by distillation and then a simple

catalytic ring-opening polymerization of the purified lactide produces polylactide.

Currently, poly (lactic acid) is estimated to cost in the range of $100-$150. Co-
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polymerization of lactic acid and diisocyanate has also been examined in the production

of poly (ester-urethane) (SO-53).

1.2.3. Dehydration

The dehydration of lactic acid to acrylic acid has been the focus of many studies in

the past due to the demand for acrylate-based polymers (54-58). In 1958, a patent by

Holmen claims the invention of a process in which 68% acrylic acid yields was obtained

at around 400°C using sulfate and phosphate catalysts (2). It has been known that

phosphate salts are commonly used in catalytic dehydration, but no complete mechanistic

explanation has been proposed. Monobasic sodium phosphate catalyst buffered with

sodium bicarbonate has also been used to obtain 58% acrylic acid yield from lactic acid

(59). Recently, in 1989, Mok, Antal, and Jones published an in-depth study of lactic acid

reactions in supercritical water (60). A mechanism for the dehydration of lactic acid to

acrylic acid without catalyst was proposed which involved the leaving of the Ot-hydroxyl

group and the carboxyl hydrogen instead of a hydrogen from the methyl group, forming a

lactone as an intermediate. They had also identified the decarbonylation of lactic acid to

acetaldehyde as the major competing reactions since both go through similar transition

states. Further studies on lactic acid conversion in supercritical water using phosphate

catalysts resulted in a 58% acrylic acid yield (61). Extensive conversion studies of lactic

acid to acrylic acid over various sodium salts and supports have been performed by

Gunter and Langford (47,62). It was found that sodium metasilicate and bromate exhibit

the highest selectivity toward the formation of acrylic acid.
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1.2.4. Reduction

Lactic acid has been reported to undergo direct reduction to propanoic acid during

fermentation (63). Catalytic conversion of lactic acid to propionic acid was achieved

with 50% yield using platinum and palladium catalysts at 250°C (4). A 1987 patent by

Velenyi et al. describes a catalytic process for the conversion of a-hydroxy carboxylic

acid to aliphatic carboxylic acid and aldehyde (64). The catalysts used have the formula

MaM’bOx, where M is at least one element selected from molybdenum, copper, or tin, and

M’ is at least one element selected from Group IA, IIA, IVA, VA, VIA, VIIIB, or VB.

The catalyst is prepared by water impregnation of approximately 30 wt% of the metal

oxides onto 70 wt% of silica or silica-alumina support. After mixing, the aqueous slurry

is dried and calcined at 400°C under either oxygen or nitrogen for about 3 hours. Because

of the complexity of the catalyst system, the exact structures of these oxide complexes on

the silica support are not known. The feed (~26 wt% of lactic acid) is carried by nitrogen

through a down flow, fixed bed reactor. Using M05Cu4SnOx on silica-alumina, Velenyi

was able to obtain a 64% propionic acid yield with a total conversion of 99% at 350°C

and atmospheric pressure.

1.2.5. Condensation to 2,3-pentanedione

The condensation of lactic acid to 2,3-pentanedione over basic sodium salt

catalysts was discovered by Gunter et al. in our laboratory (65). This pathway is

extremely attractive economically since 2,3-pentanedione is priced so much higher than

lactic acid and the catalysts are inexpensive. Studies with various sodium salts have

found that the best catalysts for 2,3-pentanedione formation are group IV and V oxides,
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with sodium arsenate showing the best 2,3-pentanedione yield of 25% at 300°C and 0.5

MPa (66). Further examinations with sodium phosphates have demonstrated that both

conversion and selectivity toward 2,3-pentanedione increase with increasing basicity of

the phosphates in the order of Na3PO4 > N82HPO4 > NaHzPO4. FTIR and 31P-NMR

spectroscopic studies of the phosphate catalysts before and after lactic acid conversion

has reviewed the formations of tetrasodium pyrophosphate and sodium lactate on

NazHPO4 and Na3PO4 catalyst surfaces after reaction (67). With NaH2P04, sodium

polyphosphates and sodium trimetaphosphate were observed with considerably less

proton exchange between the phosphates and lactic acid. It was concluded that the

presence of sodium lactate and/or pyrophosphate on the supported catalysts had

increased the catalytic activity toward the formation of 2,3-pentanedione. Reaction

conditions are also optimized for the formation of 2,3-pentanedione from lactic acid at

300°C, 0.5 MPa, and 3 second residence time over sodium salts supported on low surface

area silica (68). Using a low surface acidic silica support is recommended to lower the

activity toward acetaldehyde formation.
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Chapter 2

EXPERIMENTAL METHODS

2.1. Vapor Phase Reaction

2.1.1. Materials

L-(-)-lactic acid was obtained from Purac, Inc. at 88 wt% solution and the feed

solution was prepared by dilution to 34 wt% with HPLC water. A 34 wt% of lactic acid

was the highest lactic acid concentration which can be sufficiently vaporized at typical

reaction temperature in the vapor-phase reactor.

All of the alkali salts and bases were obtained from Aldrich in solid crystalline

form except for cesium hydroxide, which was obtained at 50 wt% in solution. The

purities of all chemicals used in this project are listed in Table 2.1.

The silica catalyst support used in most of the experiments is a low surface area

controlled-pore glass (CPGOBOOOD) manufactured by CPG, Inc. This support (CPG) has

a surface area of about 7.2 mz/g with a low pore volume of 0.76 cc/g. A silica gel (SiGel)

support, manufactured by Davison Chemical Co. with a N2 BET surface area of 280 mzlg,

is also used in some of the loading experiments.
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Table 2.1. List of Chemicals
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Chemical Name Chemical Formula Purity Form Obtained

Acetaldehyde C2H40 99.5+% liquid

Acetol C3H6O2 90% liquid

Acrylic acid C3H402 99% liquid

Ammonium Hydroxide NHaOH 99+% 28-30% in water

Calcium Hydroxide Ca(OH)2 95+% solid

Cesium Chloride CsCl 99% solid

Cesium Hydroxide CsOH 99% 50 wt % in solution

Cesium Nitrate CSNO3 99% solid

Cesium Sulfate Cs2SO4 99+% solid

Copper (11) Nitrate Cu(NO3)2o 2.5H2O 98% solid

Hemipentahydrate

Deuterated Water D20 99.9% liquid

Helium He 99.7% gas

HPLC Water H2O 99.9997% liquid

Iron (III) Nitrate Nonahydrate Fe(NO3)3o 9H2O 98+% solid

Lactic Acid (Aldrich) C3H603 85% solution

Lactic Acid (Purac, Inc.) C3H603 88% solution

Lithium hydroxide monohydrate LiOH-H2O 98% solid

Methyl (S)-(-)-Lactate C3H503CH3 98% liquid

Nitric Acid I-INO3 70% solution

2,3-Pentanedione CngO2 98% liquid

2-Propanol C3H30 100% liquid

Phosphoric Acid H3PO4 85+% solution

Potassium Bromide KBr 99.99% solid

Potassium Chloride KC] 99+% solid

Potassium Hydroxide KOH 85% pellet

Potassium Methoxide KOCH3 95% powder
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Table 2.1. List of Chemicals (Continued)

 

 

Chemical Name Chemical Formula Purity Form Obtained

Potassium Nitrate KNO3 99% solid

Potassium Phosphate, tribasic K3PO4 97% solid

Propionic Acid C3H6O2 99.5% ‘ liquid

Sodium Chloride NaCl 99+% solid

Sodium Hydroxide NaOH 98.7% pellet

Sodium Lactate NaC3H503 99% solid

Sodium Metasilicate Na2SiO3 89% solid

Sodium Molybdate (VI) Na2MoO4 98+% powder

Sodium Nitrate NaNO3 99% solid

Sodium Nitrite NaNO2 97+% solid

Sodium Phosphate, Na3PO4012 H2O 98+% solid

tribasic dodecahydrate

Sodium Pyrophosphate, Na4P2O7 99% solid

decahydrate

Sodium Sulfate ' Na2SO4 99+% solid

Tin (II) Oxide SnO 99+% powder

2.1.2. Catalyst Preparation

The catalyst was prepared by completely dissolving the salt or base in HPLC

water before the Silica support was added at the amount specified by the desired loading.

The CPG support was purchased as 60-70 mesh particles and was used with no further

grinding. The mixture was then dried over a hot plate with constant stirring. After most

of the water was removed, the mixture was dried in a furnace at 100°C overnight. The

SiGel support was finely ground (<230 mesh) and calcined in air at 500°C for 24 hours
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prior to pore volume impregnation of the alkali salt. The resulting catalyst was dried at

120°C and again calcined in air at 500°C.

2.1.3. Vapor Phase Reactor

All reactions were performed in a downflow fixed-bed vapor-phase reactor

(Figure 2.1) with an inner quartz liner. The reactor body is a stainless steel tube 19.5”

long, 1.25” OD, and 0.55” ID. The heated portion of the reactor contains a 6.5” long and

0.5” thick copper heat sink to give better temperature control and distribution over that

section. The second part (bottom piece) of the reactor is attached to this stainless steel

tube with a six screw flange, and can be removed to allow insertion of a quartz liner. The

19” long and 0.5” OD quartz liner contains a fused medium fine quartz frit 10” from the

top. The catalyst is supported on the frit, which allows the vaporized product to flow

through. A Viton O-ring and a spring-loaded metal-to-metal seal ring manufactured by

the Helicoflex Company are used to seal the two pieces of the reactor from gas leakage.

The liquid feed is fed into the reactor at the top through a glass tube, while helium is fed

in at the side. Glass and quartz are used to prevent any corrosion of the stainless steel

tube by lactic acid at high temperature. They also suppress any unwanted side reaction of

lactic acid with the metal.

The reactor is heated by a clamshell electric heater surrounding the copper heat

sink portion of the reactor. The heater is controlled by an Omega PID temperature

controller which receives feedback information from a thermocouple inside a

thermocouple well between the heating element and the copper heat sink. The reaction

temperature is measured inside the reactor using the thermocouple well located below the
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Figure 2.1. Vapor-Phase Reactor
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supporting frit. The reaction temperature is controlled by adjusting the temperature of the

heating element until the desired inside temperature is achieved. The heating element

temperature is usually 30°C higher than the inside reaction temperature. The reactor

portions above and below the copper heat sink are heated by heating tape controlled by

another Omega PID temperature controller. Preheating the feed at the top portion of the

reactor provides better temperature control throughout the catalyst bed. The bottom

removable piece of the reactor is not heated to avoid product decomposition and further

reaction.

2.1.4. Reaction Procedure and Product Analyses

The catalyst is weighed and loaded into the quartz liner which goes into the

reactor. The reactor is heated to 260°C under helium flow before lactic acid feed is

pumped into the reactor at a high flowrate (~0.5 ml/min) for 20 minutes. After the initial

lactic acid saturation period, the flowrate is lowered to the desired value and the reactor is

allowed to equilibrate for 30 minutes before product samples are collected. It is found

that samples collected during the saturation period do not contain sufficient lactic acid to

close the carbon balance. The reactions occurring during the initial saturation period is

discussed further in Section 5.2. Typical steady-state reaction conditions are listed in

Table 2.2.

The reactor effluent passes through a stainless steel trap immersed in ice water to

condense out the liquid products. A separate bypass trap is used during equilibration

periods before and in between sample collection. The gases leaving the ice trap flow

through a metering valve, a filter, two infrared analyzers and a bubble meter before
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venting into the hood. A schematic of the reactor system is shown on Figure 2.2. Gas

flowrate is measured by the bubble meter and controlled by the metering valve. Two

Riken infrared gas analyzers (model no. RI—550A) obtained from CEA Instruments, Inc.

are used to measure the amounts of CO and CO2 in volume percentage continuously.

These readings are useful to confirm that steady state reaction conditions have been

reached. The gases were collected in gas bags and analyzed by gas chromatography

(GC), and only CO and CO2 were detected.

Table 2.2. Typical Reaction Conditions

 

Temperature (°C) 260 - 370

Pressure (MPa) 0.5

Liquid flow rate (ml/min) 0.1

Helium flow rate (ml/min) 20

Vaporized Feed Composition Lactic acid : 0.08

(mole fraction) Water : 0.75

Helium : 0.17

Catalyst weight (g) 2.0-3.0

Catalyst bed height (cm) 5.0-6.0

Residence time (sec) 3.0-4.0

 

Once steady state has been reached at the specified reaction conditions, the liquid

products are collected for 25 minutes and if necessary filtered using a disposable syringe

filter. The liquid product is then mixed in an equal amount with a standard solution

containing 10 g/l of 2-propanol as internal calibration standard and 0.06 M oxalic acid as

a column conditioner. The resulting mixture is analyzed in a Varian 3700 GC with a

glass 2 mm x 2 m 4% Carbowax 20M, 80/120 Carbopack B-DA column from Supelco,
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Figure 2.2. Reactor Flow Diagram
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Inc. using a flame ionization detector. Chromatograms were recorded on a Hewlett

Packard HP3394 Integrator. The temperature program used for GC analysis is given in

Table 2.3, and a typical product chromatogram is shown on Figure 2.3. Products which

are of concern in this project include acetaldehyde, ethanol, acetic acid, acetol, 2,3-

pentanedione, propionic acid, acrylic acid, and lactic acid.

Table 2.3. GC Operating Temperature Program

 

Column Supelco 4% Carbowax 20M 80/120

Carbopack B-DA in glass

Injector Temperature 200 °C

Initial Column Temperature 100 °C / 0 min.

Ramp Rate 5 °C / min.

Final Column Temperature 200 °C / 6 mins.

Detector Temperature 200 °C

 

2.2. Post-Reaction Transmission FI‘IR Spectroscopy

2.2.1. FTIR Spectroscopy

Transmission Fourier Transform Infrared (FTIR) spectroscopy has been widely

used in studying heterogeneous catalytic reaction because of the ability to provide surface

information under extreme reaction conditions (68-71). Standard equipment necessary

for acquiring IR spectra and even doing in situ studies has been manufactured and can be

obtained at moderate cost. Depending on the types of catalyst and reaction conditions,

information on the structures of the adsorbed species and the kinetics of the reaction

system can be attained from the infrared spectra. Quantitative information on the reaction

species, either adsorbed or free, is usually obtained using the Beer-Lambert law.
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In the current project, alkali salts were vacuum dried onto an IR-transparent

silicon disk and then exposed to lactic acid vapor at reaction temperature. An infrared

spectrum was then taken to determine the chemical species present on the disk after the

treatment. The silicon disk was chosen to imitate the actual catalyst support which has

low surface area and pore volume. This technique provides us with a clear and accurate

IR spectrum of the surface species without support interference and a rapid method to

characterize the surface chemistry of our reaction system.

2.2.2. Materials and Sample Preparation

The chemicals used in the post-reaction FTIR studies are discussed in Section

2.1.1. The 9 mm diameter and 2 mm thick silicon disks with an infrared transparent

window from 8300-660 cm'1 were obtained from Spectra Tech Inc" Aqueous solutions

of the alkali salts were prepared using HPLC water. The molar concentrations of these

solutions were chosen by trial and error to give appropriate transmittances and thus clear

spectra. Twenty-five pl of the solution were then vacuum dried onto both sides of the

silicon disk inside a glass desiccator. Concentrations of these solutions are listed in Table

3.7.

2.2.3. Apparatus and Procedure

The apparatus employed to expose the sample silicon disk to lactic acid vapor

developed by Gunter (62) and is shown in Figure 2.4. It contains a 200 ml three-neck

round bottom flask where lactic acid solution is vaporized using a heating mantle which

is controlled by a variable autotransformer. The lactic acid solution temperature is
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monitored by a thermometer and is usually kept at 1700C. Lactic acid vapor is carried

through the glass frit and sample disk by helium gas before being condensed out by a

water condenser and finally collected in an Erlenmeyer flask. The gas flowrate is

measured at the end by a bubble meter. The column which contains the sample disk is

heated to the desire reaction temperature with heating tape that is controlled by an Omega

PI controller which receives its feedback from a thermocouple in a thermocouple well

slightly above the sample disk.

The 85% lactic acid solution was dried at 170°C for around one hour to remove

most of the water before the experiments. After water removal, the column was

preheated to the desired temperature. A sample disk prepared by the procedure described

above was then placed in the column on the glass frit. After returning to the desired

temperature with reversed gas flow, the disk was exposed to lactic acid vapor for about

10 minutes before gas flow was reversed again and the column heating tape is turned off.

The disk was then cooled to below 100°C, taken out of the column and inserted into a

magnetic sample holder (Spectra Tech) which fits into the FTIR spectrometer. The disk

was transferred immediately to a Nicolet IR/42 spectrometer where an IR spectrum of the

disk was collected in the mid-IR region of 400-4800 cm'1 with 32 scans and a resolution

of 1 cm'1 at ambient temperature under nitrogen. The spectrometer contains a broadband

helicoil globar source and a deuterated triglycine sulfate (DTGS) pyroelectric detector

with a KBr window. The spectrum is obtained with a Dell system 200 personal computer

using Nicolet PC/[R version 3.00. After the spectrum of the sample disk was collected,

subtraction of the background clean silicon disk spectra was done to obtain a spectrum of

the chemical species on the disk surface after exposure to lactic acid vapor. The baseline
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of the spectrum was usually corrected with a second or third order method to give a more

presentable spectrum. This procedure was repeated using different sample disks for

temperatures from ISO-350°C.

2.3. Post-Reaction DRIFTS

2.3.1. Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)

DRIFTS is an extremely promising technique for the study of powder samples

including catalysts (72-75). Unlike transmission FI‘IR, powder samples do not have to be

pressed into self-supporting wafers. In DRIFTS, semi-ellipsoidal or ellipsoidal mirrors

are used to optimize IR beam collection from the irradiated sample surface. Because of

the complexity in building sampling cells, DRIFTS has not been as widely used as

transmission FTIR. However, this will soon change due to the availability of

commercialized DRIFTS cells which can be attached to ordinary FTIR spectrometers.

Another drawback of DRIFTS is that a dilute sample has to be used to get reproducible

band intensities for quantitative analysis.

2.3.2. Sampling Procedure

The powder catalyst samples are mixed with KBr in a 1:10 sample to KBr ratio

before being loaded into a microsample cup. The sample cup is then placed directly into

a Mattson Galaxy 3000 FTIR spectrometer equipped with a SpectraTech DRIFTS

attachment. For high sensitivity, a mercury-cadmium-telluride (MTC) detector is used

which needs to be cooled to liquid N2 temperature before spectrum collection. The IR
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spectrum is collected at 4 cm'1 resolution for 50-100 scans in the range of 600-4000 cm".

Background subtraction is done to obtain the spectrum of the sample itself.

2.4. Gas Chromatography - Mass Spectrometry (GC-MS)

GC-MS is used in addition to NMR and FI'IR spectroscopies to identify unknown

products which elute out of our standard GC analysis. It is also useful in this project to

provide locations of isotopes for isotopic labeling experiments with deuterated water.

This is accomplished by comparing the fragments in the mass spectra of labeled products E

to the standard mass spectra of these products (76). GC-MS analyses are carried out on a

Varian VG-TRIO] 8288 mass spectrometer coupled to a Hewlett Packard 5890] gas

chromatograph via a heated interface. The data are processed and recorded using the

Lab-Base software running on a personal computer. A similar GC column and

temperature program as the ones described in the Section 2.1.4 were used for GC-MS

analysis. Direct (splitless) injection of around 0.5 ul of sample was used.
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Chapter 3

LACTIC ACID CONVERSION OVER SODIUM SALTS AND BASE ON SILICA

This chapter focuses on vapor-phase reaction studies of lactic acid conversion

over selected sodium salts supported on low surface area silica, and the development of a

mechanism for the condensation of lactic acid to 2,3-pentanedione. Information on the

intermediate species and steps of 2,3-pentanedione formation are provided by post-

reaction FTIR spectroscopy of model catalysts and explanations are given regarding the

observed activity differences between the studied sodium salts. These results aid in the

identification of the ideal catalysts and reaction conditions for the production of 2,3-

pentanedione.

3.1. Vapor-phase reaction

Materials used in these studies were discussed in Section 2.1.1. and the reactor

system was described in Section 2.1.3. The selected sodium salts (NaOH, NaCl, NaN03,

NaNOz, Na28i03, Na2804, NaC3H503, Na4P207, and Na3PO4-12H20) were obtained from

Aldrich in solid form and impregnated onto CPG (Section 2.1.2). This support was

chosen to minimize the formation of acetaldehyde from lactic acid in accordance with

results from previous work (66).
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3.1.1. Results

All reported results are obtained at reaction conditions listed in Table 2.2 and

usually at a loading of 1 mmol of salt per gram of CPG. Product yields and selectivities

of lactic acid conversion over CPG alone and over NaC3H503, NaOH, NaZSiO3, NaNOz,

NaNOg, Na4P207, Na3PO4, NaCl, and NazSO4 supported on CPG are presented in Tables

3.1-3.5. Product yield is defined as percentage of the theoretical yield except for CO and

C02, which are reported as moles of gas formed per 100 moles of lactic acid fed into the

reactor. Selectivities are reported as the percentage of lactic acid converted to the specific

products. Minor products such as ethanol, acetic acid, and methyl ethyl ketone are

included as “Other” in these tables. The row labeled “Unknown” include all unidentified

compounds on the chromatogram; “unknown” yield is calculated with an assumed

response factor of 1 with respect to the internal standard (2-propanol).

Over the support alone, production of acetaldehyde and carbon monoxide from

decarbonylation of lactic acid is dominant. This is especially apparent at 350°C, where

77% of the converted lactic acid goes to acetaldehyde through decarbonylation.

Selectivities toward the other conversion pathways increase dramatically when sodium

salt or base, except for Na2804, is added as catalysts. Although addition of NaZSO4 does

not enhance the production of the desirable products, it does lower the extent of

decarbonylation of lactic acid to acetaldehyde at high temperature, presumably by

blocking or neutralizing some of the acid sites on the surface of the silica support. Lactic

acid conversion over NaNOz is performed since it is a decomposition product of NaN03

at high temperature.
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Among the desired products, acrylic acid and propionic acid are favored at higher

temperature, while the formation of 2,3-pentanedione is preferred at lower temperature.

Yields of 2,3-pentanedione and acrylic acid from 260°C to 370°C over the selected

sodium salts and base are displayed in Figures 3-1 and 3-2. Only a small amount of

propionic acid is generally produced over these catalysts, and attempts are made to

increase propionic acid yield by using metal catalysts. Detailed discussions of these

experiments are presented in Chapter 6.

For the active sodium salts and base (NaOH, NaNO3, NaNOz, Na2Si03,

NaC3H503, Na4P207, and Na3PO4), the yield of 2,3-pentanedione is a maximum at 300°C,

and is the same for all salts within experimental uncertainty, except silicate. These results

are similar to yields obtained with NazHAsO4 in previous studies completed in our group

(66). Yields for sodium metasilicate are slightly higher at 300°C, because twice as much

sodium is present (i.e. twice the base equivalence) per mole of loading. Further

discussion on catalyst loading effects are presented below and Chapter 4. Unsupported

sodium silicate was also used as catalyst, however, there were a lot of coking and the

highest 2,3-pentanedione yield obtained was only 15% of theoretical.

The decline in 2,3-pentanedione as temperature is increased above 300°C is

attributable to competition with acrylic acid and acetaldehyde formation pathways.

Acrylic acid yield reaches a maximum at around 350°C for most of the sodium salts

studied. Both 2,3-pentanedione and acrylic acid yields from NaCl and Na2804 are

significantly lower at all temperatures, indicating that NaCl and Na2S04 behave

differently than the other sodium salts.
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Figure 3.1. 2,3-Pentanedione Yields over Various Sodium Salt Catalysts
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Figure 3.2. Acrylic Acid Yield over Various Sodium Salt Catalysts
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3.1.2. Effects of sodium catalyst loading

The effect of loading on lactic acid conversion over sodium catalysts was

investigated using NaOH and NaNO; with loading ranging from 1.0 to 4.0 mmol/g of

CPG (Figure 3.3). It was found that sodium loading of 2 mmol/g of support gives the

highest yield of 2,3-pentanedione at the optimum temperature of 300°C. The slightly

higher 2,3-pentanedione yield obtained over Na2SiO3 in Figure 3.1 was a consequence of

higher loading (2 mmol Na / g support). However, higher loadings did increase the yield

slightly at lower temperatures. Further examination of the effect of loading is discussed

in Section 4.1.2, where a kinetic model of the reaction system for sodium catalysts is

developed.

3.2. Post-reaction FTIR results

The apparatus and procedure used for exposing sodium salts to lactic acid vapor

have been described in Section 2.2.2. The FTIR spectra of the samples on silicon disks

are taken at room temperature after the samples were exposed to lactic acid vapor at 150-

350°C. This model catalyst system provides important information about the species on

the catalyst after the reaction.

3.2.1. Characteristic infrared bands of sodium salts and base

Standard infrared spectra of lactic acid, sodium lactate, NaOH, NaNO3, Na2Si03,

Na2804, Na3PO4, and Na4P207 are given in Figure 3.4-3.5 in the region between 2000-

700 cm", where most of the significant spectral information is provided in the
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identification of the species. Frequencies of strong absorption bands for these sodium

Salts are listed in Table 3.6 (79).

Table 3.6. Characteristic Infrared Bands of Sodium Salts (79)

Characteristic IR Bands (cm'l)

 

 

Sodium Salt

T NaNO3 2427, 1789 (WC), 1354, 837

Na3PO4 1028 (v1.0)

Na4P207 1123, 893, 552

Na2Si03 1437, 1034 (v5.0)

NaOH 1428, 996, 883

NaC3H503 1599 (mg), 1460, 1422, 1361, 1123, 1087,1042 -

NaCl ---

NaZSO4 1135 (v5-0), 997

CPG 1396, 1103 (v5.0), 919, 800

 
The salt samples are prepared in the same manner as described in Section 2.2.2 before an

infrared spectrum is taken. Concentrations of the sodium salt solutions used to prepare

these samples on silicon disks are listed in Table 3.7. Sodium chloride does not have an

Infrared spectrum itself, hence no standard infrared spectrum is given. A post-reaction

F‘fiI‘IIR study was not done with NaNOz because it is of interest only as the decomposition

Product of NaNO3_ This decomposition does not occur until temperature reaches above

350°C (80).

3‘2—2. Survey of sodium salts and base

Spectra from post-reaction FTIR studies on NaNO3, Na3PO4, Na4P207, Na28i03,

I aOH, NaCl, and Na2SO4 at temperatures from 25-350°C are presented in Figures 3.6-
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3'12. respectively. Detailed discussions of the spectra for NaNO3, Na3POa, and NaanO7

haVC been given in earlier publications (67,68). In short, upon exposing NaNO3 to lactic

acid vapor at temperature above 200°C, sodium lactate is formed and the conjugate acid,

nitric ac: i d, is vaporized (Figure 3.6). This interpretation is supported by sodium lactate

bands at 1599, 1415, 1123, 1042, 855, and 778 cm1 and the disappearance of NaN03

balids at 2427, 1789, 1354, and 837 cm'1 as temperature is increased. As a reference,

FTIR spectra were collected after sodium nitrate deposited on a silicon disk was exposed

‘0 Water vapor at temperatures between 150°C and 350°C (Figure 3.13). These spectra

Clearly Show that sodium nitrate is thermally stable over the entire range of reaction

te"1pcrature.

At 150°C, lactic acid simply condenses on the disk as indicated by the 1730 cm’l

peak, In the case of Na3P04, proton exchange with lactic acid results in the formation of

Sodn‘urn l actate and NazHPoa (Figure 3.7). At temperatures above 200°C, NazHPOa

COHdenses to Na4P207 (1123 cm"), which stays on the silicon disk. To further understand

the re21¢:tions of phosphates, post-reaction FTIR spectra of Na4P207 was obtained (Figure

3'8)- The high concentration of lactic acid condensed on the silicon disk at 150°C

C°mplicates the interpretation of the spectrum, but at higher temperature, sodium lactate

is dealt]y observed (peaks at 1600, 1421, and 1416 cm") in significant amounts. Along

Witt; Sodium lactate, Na4P207 / Na3HP207 are the dominant species present at reaction

1

emID€=‘II‘=1I:ures. Although proton transfer to pyrophosphate from lactic acid is equilibrium

limi
ted, it does proceed to a significant extent and enough sodium lactate is formed to

give . . . .
2’3~pentanedione y1eld smular to those from other monosodium salts.
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Sodium metasilicate (NaZSiO3) exhibits behavior similar to that of sodium nitrate

upon exposure to lactic acid vapor (Figure 3.9). Sodium lactate forms on the surface of

the disk (1596 cm") while silicic acid (characterized by the band of SiO3'2 at 1034 cm!)

decomposes. It was also observed that chemical reaction occurs between the sodium

metasilicate and the silicon disk, which distorts the FTIR spectra at 300°C and 350°C.

Figure 3.10 displays the spectra for NaOH following exposure to lactic acid. The

formation of sodium lactate is inevitable and the water produced is evaporated. The

results of post-reaction FTIR studies on NaCl (Figure 3.11) and Nasta (Figure 3.12)

show that these salts behave differently than the other studied sodium salts. Subtraction

of the clean silicon disk spectrum was not done for NaCl post-reaction spectra because

the signal from the sample was quite weak and the spectra are distorted if subtraction was

performed. For NaCl, no noticeable change in the disk spectrum is encountered until the

temperature reaches 250°C, where a small peak is observed at 1599 cm’I indicative of the

presence of sodium lactate. This band becomes more apparent as temperature rises.

Spectra of the FTIR studies with Na2804 are shown on Figure 3.12. No sodium lactate or

even lactic acid is observed on the disk from 150-350°C. However, the intensity of a

small peak at 1112 cm", which we attribute to a K2S04 impurity, increases slightly with

temperature.

There are several noticeable changes in the sodium lactate absorption bands when

Na28103 or NaOH are exposed to lactic acid vapor at 350°C. These changes were also

observed in spectra of used NaNO3 or Na3P04 catalysts collected with DRIFTS . The

carbonyl stretching band of sodium lactate, which usually absorbs at 1599 cm", shifts to

about 1579 cm". Accompanying this shift, the bands at 1129, 1040, and 3360 cm'1
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vanish. In order to examine these changes, reaction experiments were conducted with

sodium lactate deposited on the silicon disk (Figure 3.14). Sodium lactate was vacuum

dried onto the silicon disk and then exposed to helium gas at temperatures between 150-

350°C for 10 minutes. The FTIR spectrum was taken afterward to see if any

decomposition had occurred without exposure to lactic acid. At 250°C, the same shifts

observed with Na28i03 or NaOH are detected for sodium lactate. The reasons for these

changes are discussed in Section 3.3.4.

3.3. Discussion

3.3.1. Carbon balance

Carbon balance closure is an important measure of the quality of the experimental

results. The carbon recovery for each experiment, which does not take into account

catalyst coking, is given with the results in Tables 3.1-3.5 as error in percentage of

carbon. These data clearly establish a relationship between carbon recovery and the

degree of conversion. While almost complete carbon recovery is achieved at lower

conversion and temperature (T < 300°C), the carbon balance is as much as 30% off at 95-

100% conversion and higher temperature. This can be explained by the weight gain

resulting from coking on the catalyst bed which can amount to 50% of the initial bed

weight (68). Most of the coke deposits are observed on top of the catalyst bed and on the

walls of the glass liner above the bed. Vaporization of lactic acid under pressure is

usually not complete due to self-polymerization at reaction temperature. These low

molecular weight lactic acid polymers are essentially nonvolatile and will decompose

upon prolonged heating which leads to coke formation on top of the catalyst bed.
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3.3.2. Catalyst activity and pathways

As mentioned previously, decarbonylation of lactic acid to acetaldehyde and

carbon monoxide is activated by the acid sites on the silica support. Following

impregnation of the sodium salts, most of the acetaldehyde is produced by

decarboxylation of lactic acid on the basic catalyst, as revealed by the dramatic shift from

C0 to C02 production in the presence of catalyst at high temperatures. For example, in

the case of sodium lactate catalyst at 350°C , 75% of the acetaldehyde formed was

obtained by decarboxylation of lactic acid as compared to only 23% on the CPG support

alone.

Post-reaction FTIR results indicate a clear connection between activities toward

the formation of 2,3-pentanedione and acrylic acid and the ability of the sodium salt to

form sodium lactate on the support surface upon exposure to lactic acid vapor. It is

therefore concluded that sodium lactate is an important stable intermediate in the

formation of 2,3-pentanedione and acrylic acid in the reaction system. This idea is

supported by the fact that similar product yields are obtained when starting with sodium

lactate on the support at the same loading and reaction conditions. Together with the

evidence that all active sodium salts and base give similar 2,3-pentanedione yields across

the examined range of temperatures, these results lead to the additional conclusion that

anions do not participate in the condensation process once sodium lactate is formed.

Indeed, in most cases the anions have been protonated and departed as volatile acids.

Although the yields of acrylic acid were similar at temperatures below 300°C for

all active sodium salts studied, there were differences between them at higher

temperatures where acrylic acid production is maximum. Since acrylic acid yields over
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NaCl and Na2804 were substantially lower than over active salts, the presence of sodium

lactate must be considered a factor in formation of acrylic acid. The maximum acrylic

acid yield occurred at around 350°C, where sodium lactate decomposition was also

observed by post-reaction FTIR. Investigation of the decomposition products via IR and

NMR spectroscopies is discussed further in Section 3.3.4. Acrylic acid yield over

NaaPZO-l catalyst seems to still be increasing beyond 370°C, which is the highest

experimental temperature investigated. However, lactic acid conversion studies at 390°C

and different contact time revealed no further increase in acrylic acid yield. It is

extremely difficult to optimize the selectivity toward acrylic acid because of the

competitive pathways to acetaldehyde, which increase dramatically with temperature.

The results discussed so far lead to the following two-step reaction pathway for

the catalytic conversion of lactic acid to 2,3-pentanedione with simple sodium salts:

(Step I - Initial sodium lactate formation)

C3H6O3 + NaX —> Na+c3H503' + HX T

(Step II - Sodium lactate catalyzed 2,3-Pentanedione production)

2 C311603 + Na+C3H503‘ -> C5H302 + 2 H20 + C02 + Na+C3H503'

where NaX represents any sodium salt.

Because the formation of surface sodium lactate from the sodium salt and lactic

acid (Step 1) appears critical in the condensation to 2,3-pentanedione, it is important to '

consider both the thermodynamics and kinetics of this proton transfer in order to explain

the ease of lactate formation and observed activities of the sodium salts. It is

thermodynamically unfavorable to form strong acids such as HNO3, H2804, and HCl

from lactic acid via Step I, so the only way proton transfer can proceed to any extent is by
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the continuous removal of these acids from the surface as they form. In order for this to

occur, the temperature of the reaction has to be above the boiling point of the conjugate

acid and high enough to compensate for the unfavorable difference in pKa. The boiling

points and pKa of the conjugate acids formed by protonation of the studied sodium salts

are reported on Table 3.7. Of the acids formed, all decompose or vaporize below 260°C

except HZSOa, which vaporizes at 330°C. The reaction of Na3P04 with lactic acid is

somewhat different from other sodium salts studied, as the conjugate acid phosphate is

consumed via reaction to perphosphate (Gunter, 1996).

The validity of this proton transfer reaction was further confirmed by exposing

sodium nitrate on a disk to propionic acid (a weaker acid then lactic acid with a pKa of

4.9). The FTIR spectra of the resulting sample (Figure 3.15) shows the formation of

sodium propionate at temperatures above 300°C. Because of the lower pKa value, it is

understandable that higher temperature is necessary in the formation of sodium

propionate as compared to sodium lactate.

The rate of formation of sodium lactate must also depend strongly on the

accessibility of the salt to lactic acid. We propose that maximum accessibility is expected

for sodium salts that form a molten or liquid film on the support surface at reaction

conditions. This film provides a medium for rapid proton exchange as well as enhanced

spreading of the salt over the support. While the active salt hydrates either melt or

decompose at or below 300°C (Table 3.7), neither Nasta nor NaCl (which do not form

hydrates) melt until 800°C. This factor, together with the thermodynamic considerations

discussed above, account for the slow formation of sodium lactate and the resulting low

catalytic activity of NaCl and Na2804 relative to other salts. The relatively large quantity
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of carbon monoxide produced with Na2304 at 350°C indicates little interaction between

Na2804 and support acid sites on the surface; Na2804 is therefore not dispersing on the

support surface as active salts do. The effect of these two factors- the vapor temperature

of the conjugate acid and the melting temperature of the salt- on the formation rate of

sodium lactate is clearly observed in the post-reaction spectra on Figures 3.6-3. 12; these

results suggest that any low melting point sodium salt with a low boiling point conjugate

acid could be employed for the catalytic formation of 2,3-pentanedione from lactic acid

because sodium lactate is the ultimate catalyst.

With active sodium salts, the formation rate of sodium lactate is relatively fast, so

that all of the salt is converted to sodium lactate in the initial saturation period before

product collection begins. This is why carbon balances of samples collected during the

initial period are substantially off. However, NaCI FTIR results show that little sodium

lactate is formed, and the 2,3-pentanedione yield stays relatively low throughout the

experimental temperature range. An eight hour reaction study of NaCl at 300°C showed

no change in 2,3-pentanedione yield within experimental uncertainty. Since we believe

that 2,3-pentanedione formation rate is related to the quantity of sodium lactate on the

surface, this suggests that the surface concentration of sodium lactate does not increase

with reaction time. A reverse temperature experiment for NaCl, where product samples

were collected from 370°C down to 260°C, was also conducted. The resulting 2,3-

pentanedione yields, given in Figure 3., are mostly the same for the forward and reverse

experiments. Increasing the temperature does not seem to affect the surface sodium

lactate concentration neither. Finally, a simple AgNO3 titration of the wash solution of a

used NaCl catalyst indicates that at least 65% of the Cl' impregnated on the catalyst
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remains after 6 hour of reaction. The above results indicate that within the temperature

range of the studies, most of the NaCl present is not accessible for proton exchange with

lactic acid. Because sodium lactate is not consumed in the formation of 2,3-

pentanedione, the concentration of surface sodium lactate, depends only on the properties

of the sodium salt - its melting point and anion. Also, since conversion of active sodium

salts to sodium lactate is complete at all temperatures studied, the temperature

dependence of 2,3-pentanedione yield results from kinetic effects and the concentration of

surface lactic acid.

3.3.3. Mechanism of 2,3-pentanedione formation

A proposed mechanism for Step II of the reaction pathway to 2,3-pentanedione

involving only lactic acid and sodium lactate is shown in Figure 3.16. The initial step is

the enolization at the os-carbon of lactic acid by surface sodium lactate, which produces

an enolate form of pyruvaldehyde hydrate. After deprotonation, the compound then

attacks another molecule of lactic acid at the carbonyl carbon and undergoes a Claisen

condensation, followed by decarboxylation and ketonization with loss of water.

According to the proposed mechanism, any strong base can be used as a catalyst to

deprotonate the a-hydrogen of lactic acid, and initiate the condensation toward 2,3-

pentanedione. However, if a base stronger than lactate is used, reaction between this base

and lactic acid will occur readily and lactate will ultimately be the catalyst.

The deprotonation of the a-hydrogen of lactic acid in a basic environment can be

examined with hydrogen-deuterium (H—D) exchange by using D20 as the feed solvent. A

proposed mechanism for base catalyzed H-D exchange in the a carbon of lactic acid is
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shown in Figure 3.17. Lactic acid conversion over sodium nitrate catalyst was done at

260°C and 300°C using lactic acid feedstock that was diluted from 88 wt% to 34 wt%

with D20. Samples of feed and products were analyzed by gas chromatography-mass

spectroscopy (GC-MS) and the mass spectra of products collected at 260°C are presented

in Figures 318-322 for lactic acid, propionic acid, acrylic acid, 2,3-pentanedione, and

acetaldehyde, respectively. Standard mass spectra of the compounds are reproduced on

the upper-right comer of the product mass spectra for comparison. Fragment ions of the

major peaks are also included on these spectra to specify where H-D exchanges had

    

occurred.

B-

E ,,0 -BH H3C\ ’0' +131) D ,o _

Hac— —C\ /c= \ H3C—C—C: +3

(SD 0D D0 0D D 0D

Figure 3.17. Proposed Mechanisum of HID Exchange for (st-hydrogen

The mass spectrum of the lactic acid in feed (not shown) only displays H-D

exchanges in the carboxyl and hydroxyl hydrogen, which are expected. However, the

peak at m/z = 47 amu in Figure 3.18 clearly demonstrates that H-D exchange in the 01

position of lactic acid occurs under reaction conditions. This is further confirmed by the

H-D exchanges observed in the 01 carbons of acrylic acid and propionic acid and the

carbons adjacent to the carbonyl group of 2,3-pentanedione and acetaldehyde in the

product (Figures 3.19-3.22). The H-D exchanges of these products can be a consequence

of H-D exchanges in the lactic acid or direct exchanges on the products after they are
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formed in the reactor. Further examination and development of this mechanistic scheme

has been done by Craciun (81) using molecular modeling, isotopic labeling, DRIFTS,

NMR and variable temperature-mass spectroscopies.

3.3.4. Decomposition of sodium lactate

The DRIFTS spectrum of a NaOH on CPG catalyst (Figure 3.23a) after vapor-

phase lactic acid conversion at 350°C displays features similar to those obtained from

sodium lactate on silicon disk experiments (Figure 3.14). This further assures us that our

post-reaction IR spectra accurately reflect the actual species on the catalysts after

experiments. Strong peaks at 1103, 919, and 800 cm'1 are attributed to the support. The

absence of absorption bands at 1124 and 1043 cm’l and the lower frequencies of the

observed methyl stretching (vas = 2955 cm"1 and v5 = 2875 cm") and carbonyl stretching

(1569 cm'l) in Figure 3.12 (350°C) are consistent with the loss of the OL-hydroxyl group

on sodium lactate.

To identify the species present on the support following reaction at 350°C, the

used catalyst was treated with water or D20 to dissolve the sodium species on the support

surface. Approximately two-thirds of the material present on the support dissolved in

water. The aqueous solution containing the dissolved portion of the residue was acidified

with HNO3 and analyzed via gas chromatography/mass spectroscopy (GC/MS).

Propionic acid and acetic acid were identified as the main compounds in the solution.

The sodium forms of these species were confirmed via 1H NMR as the dominant species

in the dissolved residue. Further, the carbonyl and methyl stretching frequencies of pure
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sodium propionate and sodium acetate (IR spectra shown on Figures 3.23b and 3.23c,

respectively) match those of the species on the support following reaction at 350°C.

Finally, an x-ray photoelectron spectroscopy (XPS) survey of the used catalyst

indicates the presence of carboxylate carbon (288.1 eV), oxygen (531.0 eV), and sodium

(1075.0), consistent with the presence of sodium acetate and sodium propionate. The

survey also shows no (C-OH) carbon in accordance with lactate decomposition at 350°C.

Finally, a large non-oxygen bonded carbon (285.0 eV) peak was observed, which is

believed to be from coke on the catalyst formed by decomposition of sodium lactate,

lactic acid, and products. The surface sodium acetate and sodium propionate will convert

back to sodium lactate in the presence of lactic acid similar to the protonation observed

with the other salts. However, if the rate of sodium lactate decomposition (loss of the on-

hydroxyl group) at 350°C is more rapid than the deprotonation of the a-hydrogen of

another lactic acid, which initiates the condensation toward 2,3-pentanedione, then the

production of 2,3-pentanedione will be lowered at these temperatures due to the thermal

decomposition of sodium lactate. Nevertheless, the consumption of lactic acid by other

pathways, especially the formation of acetaldehyde, are the major cause of low 2,3-

pentanedione yield at high temperatures.

3.4. Summary

Catalytic conversion of lactic acid to 2,3-pentanedione over sodium salts and base

on low surface area silica support has been studied. Yield and selectivity toward 2,3-

pentanedione are optimal at around 300°C, 34 seconds residence time, and 0.5 MPa total

Pressure. Anions of initial salt catalysts used do not participate in lactic acid
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condensation to 2,3—pentanedione once steady-state conditions have been achieved;

instead, sodium lactate has been identified by post-reaction FTIR spectrosc0py as the

primary, stable species on the support during reaction. Sodium lactate is believed to be

an intermediate and ultimately the actual catalyst in 2,3-pentanedione formation and a

mechanism for the condensation of sodium lactate and lactic acid is proposed. Such acid-

base chemistry may be significant in a wide range of catalysis systems. Conversion of a

sodium salt to sodium lactate is greatest when the salt has a low melting point and a

volatile conjugate acid is used; the extent of conversion depends weakly on reaction time

and temperature within experimental conditions. The requirement for a low-melting salt

supports the notion that a fluid film is needed to achieve the NaX + HC3H503 d

NaC3H503 + HX metathesis. At high temperature (~350°C), sodium lactate decomposes

to sodium propionate and sodium acetate, which may be responsible for the reduced 2,3-

pentanedione yields at higher temperatures.



Chapter 4

LACTIC ACID CONVERSION OVER ALKALI SALTS AND BASES ON SILICA

This chapter details the investigation of using alkali metal salts other than sodium

salts as potential catalysts for the condensation of lactic acid to 2,3-pentanedione at

various loadings. The identification of sodium lactate as the actual catalyst in all sodium

salt catalysts has led to the conclusion that activity toward 2,3-pentanedione formation

does not depend strongly on the anion of the salt. However, the anion does play a major

role in determining the extent of sodium lactate formation. Alkali metal hydroxides are

the principal catalysts used in these studies, even though conversions were done on other

salts of the alkali metals for comparison. Potassium hydroxide was loaded at different

catalyst loadings on a high surface area silica support (SiGel) and on CPG to further

examine support and loading effects. A detailed kinetic model of lactic acid conversion

over KOH on silica was developed from these experimental results. The model was

further applied to obtain rate constants for NaOH/SiGel and CsOH/SiGel, and provides a

reasonably accurate description of the system.

4'1 - Vapor-phase reaction

Feedstock and catalyst supports used in the following studies were discussed in

Section 2.1.1. and the reactor system was described in Section 2.1.3. All salts and bases
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(KOH, KNO3, K3PO4, KCl, CsNO3, CsCl, Csst4, LiOH, and Ca(OH)3) were obtained in

solid form from Aldrich except for CsOH, which was purchased as a 50 wt% aqueous

solution. These salts were wet impregnated onto CPG with the procedure described in

Section 2.1.1. Experiments were conducted with Cs3PO4 which was made by reacting 3

moles of CsOH per mole of H3PO4 before impregnation.

4.1.1. Results

All lactic acid conversion studies reported in this Section were conducted at

similar reaction conditions as listed in Table 2.2 at a loading of l mmole per gram of

CPG. Figure 4.1 summarizes the 2,3-pentanedione yields obtained over various alkali

salts as catalysts for the conversion of lactic acid. Substantial effects are seen with

increased 2,3-pentanedione yield corresponding to increasing the atomic weight of the

metal cation. The optimum temperature also declined from 320°C for lithium to 280°C

for cesium; both sodium and potassium have their optimum yields at 300°C. Complete

product yield and conversion data for the different catalysts (LiOH, Ca(OH)2, KOH,

KNO3, K3P04, KCl, CsOH, CsNO3, CsCl, C52S04, and C53PO4) from 260-350°C are

tabulated in Tables 4.1-4.6. Results over the support alone are given in Table 3.1.

Cesium hydroxide gave a 49% 2,3-pentanedione yield with 64% selectivity at 280°C

when dispersed on CPG at 1 mmol/g. Higher selectivity (>80%) was achieved at 260°C

bu‘ with lower yield. Similar product yields were found with cesium nitrate and

phosPhate (Figure 4.1), suggesting that the anions of the active catalysts do not participate

in the formation of 2,3-pentanedione. This is consistent with the results observed with

Sodium and potassium catalysts. KC] and CsCl gave significantly lower yields as
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compared to their active counterparts. Over C52304, conversion at low temperature was

negligible, and at high temperature, acetaldehyde became the dominant product. Since 2

mmol/g was found to be the optimum loading for sodium catalysts (Section 3.1.2),

reaction was also conducted with 1:] mmol CsOH2CsNO3 / g CPG catalyst (Table 4.6),

which is essentially the same as 2 mmol of cesium per gram of support. Results of this

experiment showed a higher 2,3-pentanedione yield (57%) at a selectivity of 75%; this is

the best yield obtained so far in our effect to optimize the formation of 2,3-pentanedione

from lactic acid.

Calcium hydroxide, which contains an alkaline earth metal, was also examined as

a potential catalyst for the conversion of lactic acid to 2,3-pentanedione (Table 4.1), but

the yield toward 2,3-pentanedione was only 3% of theoretical at 300°C. This is extremely

low compared to the alkali metal catalysts. Lactic acid conversion was likewise relatively

low and the catalyst was more selective to acetaldehyde and acrylic acid, possibly because

of its higher acidity. As mentioned earlier, acetaldehyde formation is favored on acidic

catalysts.

A different trend was observed for the acrylic acid formation, for which yield

decreases with increasing basicity (Figure 4.2). Again, anions of active cesium and

potassium species do not have a significant effect on the yield. Over all, sodium

hydroxide was found to be the most promising catalyst for acrylic acid formation, with

23% yield at 350°C (Table 3.2). However, this yield is still too low to be economically

competitive with the current petroleum-based production processes for acrylic acid.

Further experimental efforts are needed to overcome the formation of acetaldehyde at

high temperature and hence increase the selectivity toward acrylic acid.
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Figure 4.2. Acrylic Acid Yields over Various Alkali Salt Catalysts
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4.1.2. Catalyst activity and pathways

Results from the different alkali hydroxides clearly display higher activity and

selectivity toward 2,3-pentanedione formation with decreasing Lewis acidity of the alkali

metal. At low temperatures, approximately 90% of the carbon was recovered in the

products. However, carbon recoveries at 350°C were relatively poor, especially for the

cesium catalysts where close to 50% of the carbon was lost due to coking and cracking.

This is evident by the large amounts of C02 and CO produced (Tables 4.5-4.6).

Product samples were normally collected consecutively from 260°C up to 370°C

for each catalyst. To check for hysteresis effects and verify the validity of the yield trends

with temperature, an experiment was conducted with reaction temperatures in the reverse

order (370°C to 260°C) over 1 mmol CsN03 / g CPG. Figure 4.1 contains the product

yields of the forward and reverse temperature collection experiments with CSNO3. The

agreement between the results of these two experiments is within experimental error; no

catalyst hysteresis with temperature is thus observed. In addition, this result leads to the

conclusion that conversion of CsNO3 to cesium lactate is complete even at the lowest

temperature studied. This is supported by the post-reaction FTIR spectra of CsNO3

(Figure 4.19); we thus conclude that the amount of cesium lactate does not change over

the experimental temperature range studied.

The reaction pathway and mechanism for the catalytic condensation of lactic acid

to 2,3-pentanedione have been proposed and discussed for sodium salts (Section 3.3.3).

In general, the reaction can occur with any alkali salt, but the lower electronegativities of

the heavier alkali metals, thus higher negative charges on the carboxylate oxygen, are

believed to enhance the deprotonation of the (it-hydrogen of another lactic acid molecule
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which initiates the condensation toward 2.3-pentanedione. We have also suggested that

the formation of alkali lactate via proton transfer from lactic acid to the anion of the salt

depends strongly on the vaporization temperature of the corresponding conjugate acid and

the melting point of the alkali salt (Section 3.3.2). Clearly, if the conjugate acid formed

from proton transfer was continuously vaporized, the reaction would be quickly driven

toward complete formation of alkali lactate. Except for H2804, conjugate acids produced

from these salt catalysts with lactic acid vaporize at temperatures much lower than the

reaction temperature. Our results also indicate that proton transfer between the alkali salt

and lactic acid is much more efficient when the alkali salt has a low melting point. The

melting points of the selected alkali salts are listed in Table 4.7. The high melting points

of the sulfates and chlorides prevent sufficient conversion of the salt to surface alkali

lactate, which is necessary to initiate the formation of 2.3-pentanedione. High conjugate

acid boiling point and high salt melting point thus explain the lower 2,3-pentanedione

yields obtained from KCl, CsCl, and CSzSO4.

4.1.3. Effect of loading

Lactic acid conversions were conducted with different KOH loadings on CPG

(0.05 - 4.0 mmol/g) and on SiGel (0.1 - 3.0 mmol/g) to identify the optimum loading at

constant feed composition and residence time. Complete results of lactic acid conversion

over SiGel support alone are tabulated in Table 4.8. Because the bulk densities of these

two supports were different, the mass of SiGel catalysts used was approximately three-

fourths that for CPG to achieve the same residence time (~ 3—4 seconds). Acetaldehyde is

the main side-product of the reaction system, especially with SiGel-supported catalysts.
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Table 4.7. Melting Points of Alkali Salts and Bases

 

 

Alkali Salt or Base Melting Point (°C)

LiOH 450

Ca(OH)2 -H20, 580

KNO3 334

KOH 360

KCl 770

K3PO4 1340

CSOH 272

CsNO3 414

CsCl 645

CSzSO4 1010

Lactic acid conversion and yields of 2,3-pentanedione and acetaldehyde at 260°C, 280°C,

300°C, 320°C and 350°C over KOH/CPG are plotted on Figures 4.3-4.7, respectively, for

each temperature. The corresponding results over KOH/SiGel are given on Figures 4.8-

4.12. There appears to be an optimum loading of 2 mmol of KOH per gram of support at

300°C for 2,3-pentanedione formation on both CPG (Figure 4.5) and SiGel (Figure 4.10)

catalysts. This was also observed as the optimum loading for sodium salts on CPG

catalysts (Section 3.1.2). Further increase in loading to 3 or 4 mmol/g does not

significantly change the yield at the optimum temperature; however, both yields and

conversions are slightly higher at lower temperature. Yields of 2,3-pentanedione at 2

mmol KOH/g are found to be almost 10% higher over CPG support relative to SiGel

support, while the acetaldehyde yields are 10% lower. This is attributed to the lower

surface acidic of CPG as compared to SiGel, which reduces acid-site catalyzed
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decarbonylation of lactic acid to acetaldehyde and carbon monoxide. Detailed discussion

on loading and support effects is presented below in Section 4.3.3.

Sodium and cesium catalyst loadings were also investigated on SiGel with

loadings between 0.5-3.0 mmol/g. Lactic acid conversion and yields of 2,3-pentanedione

and acetaldehyde are given in Figures 4.13-4.15 for NaOH/SiGel and in Figures 4.16-4.18

for CsOH/SiGel, respectively. Again, the optimum loading for these hydroxides is found

to be 2 mmol/g. 2,3-Pentanedione yield on CsOH/SiGel at 2 mmol/g and 280 °C is

substantially lower than results obtained from cesium on CPG (Table 4.6), which is also a

consequence of the more acidic SiGel support.

4.2. Post-reaction FTIR

Spectra from post-reaction FTIR of CsNO3 salt are shown in Figure 4.19. Cesium

lactate is observed to form upon exposure of CsNO3 on silicon disk to lactic acid vapor at

high temperature. Little CsN03 (1763, 1343, 1050, and 834 cm") reacted with the lactic

acid until above 250°C, where cesium lactate (1598, 1414, 1120, 1042, 854, and

777 cm") was observed. It is clear from the IR studies with NaNO3 (Figure 3.6) that

sodium lactate is rapidly formed in the presence of lactic acid vapor at temperatures

around 200°C. With CsN03, no cesium lactate was observed on the silicon disk until

250°C. This occurred because CsNO3 melts at a higher temperature than NaNO3, and

thus a slightly higher reaction temperature is needed to form the molten phase which

enables fast proton transfer with lactic acid. This reinforces our conclusion (Section

3.3.2) that the melting point of the starting alkali salt is extremely important in the

formation of surface alkali lactate and thus catalyst activity. Post-reaction FTIR
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Figure 4.19. Post-Reaction FTIR Spectra ofCsNO3 Exposed to Lactic Acid Vapor
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spectroscopy was also done with CsCl (Figures 4.20) and KC] and again, the silicon disk

infrared spectrum was not subtracted from these spectra to prevent any misleading

distortions. Only a trace amount of lactate was observed at 250°C; this amount of surface

lactate was found to increase slightly with temperature in both cases. The ineffectiveness

of chlorides in forming lactate is consistent with results observed for NaCl and can be

explained by their high melting point (Table 4.7).

4.3. General kinetic model of the reaction system

A detailed kinetic model for the conversion of lactic acid over MOH on silica

support has been developed, where M can be any alkali metal. In this model, the rate

expression for acetaldehyde formation includes both support acid-site catalyzed

decarbonylation (km) and base-site catalyzed (kw) decarboxylation pathways of lactic

acid conversion (Figure 1.1).

k

CH3CH(OH)COOH _l_a> CH3CHO + C0 + H20

k

CH3CH(OH)COOH —1—b—> CH3CHO + (:02 + H2

Based on our previously proposed pathway for sodium salt catalyst (Section

3.3.2), the formation of 2,3-pentanedione

' k

2 CH3CH(OH)COOH ——2—> CH3C(O)C(O)C2H5 + 2H20 + C02

is expressed in the model as first order with respect to basic site concentration and second

order in lactic acid concentration. This is because formation of alkali lactate from lactic

acid and MOH is rapid and the condensation reaction between lactic acid and alkali

lactate is expected to be the rate-limiting step in 2,3-pentanedione formation. The
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Figure 4.20. Post-Reaction FTIR Spectra of CsCl Exposed to Lactic Acid Vapor
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enolization of lactic acid catalyzed by lactate and the subsequent condensation between

the enolate lactate and lactic acid are not considered separately in this model.

Two additional reactions are included in the model. The first reaction accounts

for minor catalytic conversion of lactic acid to products such as acrylic acid and propionic

acid via first order pathways (k3). The second reaction (k4) reflects the loss of 2,3-

pentanedione via decomposition in the presence of lactic acid vapor (Wadley et al., 1997)

and via decomposition of surface alkali lactate at high temperature (Section 3.5).

Finally, the model accounts for neutralization of the acidic support sites (HA),

which contribute to lactic acid decarbonylation, by alkali hydroxide via an equilibrium

reaction:

ch

 

MOH + HA MA + [~le

 

At steady state,

[MA] = Cn = concentration of neutralized sites = K. [MOH][HA],

where Ke = Keg/[H20].

The one-dimensional molar balances in an integral, tubular reactor are given below for

the key species in the reaction system:

 

  

dCA

Acetaldehyde: dz = (kmCs + k,be) CL (1)

. de 2

2,3-Pentanedlone: 7; = szbCL - k4Cp (2)

. _ dCL dCA 2

Lactic Acrd: - — - 2k2C,,CL — k3CbCL (3)

dz" dz
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where,

CA, Cp, CL, are concentrations of acetaldehyde, 2,3-pentanedione, and lactic acid,

respectively;

Cb = CMOH - Cn = concentration of available MOH on the support after

impregnation (mmol/g support);

C5 = C0 - Cn = concentration of available acidic sites on the support (mmol/g

support);

CMOH = loading of MOH (mmol/g support);

Co = the initial concentration of acidic support sites on the support (mmol/g

support);

and 1: = residence time.

An analysis using the Weisz-Prater Criterion gives an observable modulus 1']th of less

than 0.02 for CPG and SiGel at all reaction conditions with an assumed diffusivity of 1045

mzls, indicating negligible mass transport limitations within the support material. Thus,

the intrinsic kinetic rate constants can be obtained from the experimental results.

Equations 1 and 3 can be integrated directly to obtain algebraic expressions for

CA('c) and CL(1):

CA (1;) = ELBCLIDFJJBC—w) (4)

b a + bCL

Cm) = a (5)

(idles - b
C

Lo
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where,

CLO: concentration of lactic acid at t = O,

a = k..,Cs + kleb + kng,

b = 2 szb.

Equation 2 is numerically integrated for the concentration of 2,3-pentanedione with

respect to residence time using Euler’s method. In this model, acetaldehyde is the

dominant product when there is no base added on the support (Cb = 0), and hence to a

good approximation, lactic acid is entirely converted to acetaldehyde on the support alone

and so CA(’c) = CLO (l-e'm) and CL(’t) = Cu, e”.

A regression scheme is used to obtain the best-fit pre—exponential factors and

activation energies of the rate constants in the model to the experimental results. This

scheme is essentially a nonlinear least-square error method where the parameters are

adjusted simultaneously until the sum of the squares of the residuals between the

predicted reactor effluent concentrations and the experimental values is minimized. This

is accomplished using the tool “Solver” in Microsoft Excel 7.0 on the above equations.

4.3.1. Kinetic analysis of KOH on CPG

Optimization using the complete kinetic model gave a surface acid site

concentration (Co) of 0.028 mmol/g for CPG. This very low value suggests that support

effects can be neglected (Co = 0) in the presence of KOH at the loadings that are used. In

support of this, a simple calculation shows that even at the lowest KOH loading of 0.05

mmol/g of CPG, there is about one molecular layer of KOH on the support (assuming a

molecular area of 26 A2 for KOH). Neglecting support acid site effects simplifies the
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model to eight parameters - the pre-exponential factors and activation energies of the

remaining four rate constants (kw, k2, k3, k4). Reoptimizing with the simplified model

gave essentially the same least square error as with the original model, but with fewer

parameters. Optimized parameters for the simplified model, along with calculated

turnover frequencies at optimum conditions for 2,3-pentanedione formation (300°C and

0.5 MPa at the reaction inlet) are presented in Table 4.9. Selected results of the model fit

to data are presented in Figures 4.3-4.7. The predicted lactic acid conversion and yields

of acetaldehyde and 2,3-pentanedione as described by these rate coefficients in the model

(Equations 1-3) are plotted as lines along with the experimental values on these figures.

An average residence time of 3.34 seconds is used in the simulations, while the

experimental values are collected at residence times between 3-4 seconds. Since Cm" =

2 mmol/g is experimentally observed to be a saturation limit, simulations are not done

beyond a loading of 2 mmol/g where the model does not apply.

4.3.2. Kinetic analysis of KOH on SiGel

The SiGel support has a significant number of surface acidic sites and a high

enough surface area such that monolayer coverage of KOH occurs at a loading of about 1

mmol/g. All five rate constants (k1,, krb, k2, k3, k4) and the equilibrium constant (K) thus

have to be included to adequately represent the experimental results from KOH on this

support; values of the optimized rate constants and C0 for the SiGel support, along with

turnover frequencies are listed in Table 4.10. Rate constants kn, and kg were purposely

set to the same values as those obtained for CPG support since they represent the same

reactions. We did in some cases allow them to vary (optimized values also given in
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Table 4.9. Parameters of Kinetic Model for KOH/CPG

 

 

 

 

 

KOH / CPG

C0 ~ 0 (0.028 mmol / g CPG)

Preexponential Factor Activation Turnover.

Energy Frequency

(kJ/mol) (s‘)

k... -- -- --

k... 2.88 x 1014 g cat. mol" s'1 140 4.65 x 10“

k2 7.95 x 10'6 g cat. liter mol'?’ s'1 137 3.43 x 10’3

k3 8.12 x 10” g cat. mol’1 5'1 114 8.83 x 10‘4

k4 3.16x10'4s'l 178 --

Kc -- -- --

Average Absolute Differences between Predicted and Experimental Values

Lactic Acid Conversion 4.7

Acetaldehyde Yield 2.8

2,3»Pentanedione Yield 3.5

 

'At 300°C, 0.5 MPa, and reaction inlet concentrations.

Table 4.10), and the least square error was only lowered by 2%. Calculated yields of 2,3-

pentanedione and acetaldehyde, and conversion of lactic acid are presented as lines along

with the experimental data in Figures 4.8-4.12. The simulations are calculated at an

average residence time of 3.54 seconds.

4.3.3. Kinetic model and support effects

Within the range of reaction conditions, the kinetic model predicts 2,3-

Pentanedione, acetaldehyde, and lactic acid concentrations reasonably well, and supports

the formation of 2,3-pentanedione as a condensation between lactic acid and alkali

lactate. In general, experimental uncertainty of lactic acid conversion ranges up to i5%,
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largely the result of the relatively difficult GC analysis of lactic acid (Gunter et al., 1994).

Duplicate experiments under the same reaction conditions indicate that uncertainties in

2,3-pentanedione and acetaldehyde yields can be as high as i3 (e. g. 20% i 3%).

From our model fit, the average absolute differences between predicted and

experimental values of yield or conversion percent for KOH/CPG (Table 4.9) are 3.5%

for 2,3-pentanedione yield, 2.8% for acetaldehyde yield, and 4.7% for lactic acid

conversion. For KOH/SiGel, the average differences are 5.9% in lactic acid conversion,

2.8% in 2,3-pentanedione theoretical yield, and 2.6% in acetaldehyde yield. Hence, the

predicted yields and conversions are for the most part within experimental errors for

 
catalysts on both supports. The larger differences between the calculated and

experimental 2,3-pentanedione yield and lactic acid conversion at 260°C are likely caused

by incomplete vaporization of lactic acid in the feed at this low temperature. At 350° C,

differences in model and experiment are at least partially caused by thermal

decomposition of lactic acid and alkali lactate on the support surface, resulting in higher

lactic acid conversion than predicted. Thermal decomposition of alkali lactate to

propionate and acetate has been observed in post-reaction FTIR spectroscopy for sodium

salts (Section 3.3.4) and, along with less favorable conditions for lactic acid adsorption,

explains the sharp reduction in 2,3-pentanedione yield at high temperature.

The sensitivities of these optimized values with respect to the experimental

uncertainties were investigated by altering some of the experimental values by the

amounts of their respective uncertainties and then re-optimizing to obtain new rate

constants. The average changes for some scenarios are reported in Table 4.11. Kinetic

constants of major reactions (kg and k1,.) are found to be relatively insensitive to
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experimental uncertainties for both KOH/CPG and KOH/SiGel. As expected, the largest

changes occurred when all of the experimental values were either increased or decreased

by the uncertainty amounts. Kinetic constants which correspond to minor reactions such

as the decomposition of 2,3-pentanedione (k4) and base-catalyzed decarboxylation of

lactic acid (kw) are found to have the greatest sensitivity to uncertainties.

A simplified kinetic model is sufficient to describe the KOH/CPG system because

of the low surface area and low acidity of CPG; even at a loading of 0.05 mmol KOH/g of

CPG, monolayer coverage exists and essentially all support acid sites are neutralized.

This explains the low carbon monoxide concentrations observed (510 moles of CO per

100 moles of lactic acid fed; Table 3.1) from acid-catalyzed decarbonylation with the

CPG-supported catalysts at 350°C. At KOH loadings above 0.05 mmol/g, the surface

composition stays essentially the same but there are more layers of KOH. It is apparent

that multi-layers of KOH are accessible to lactic acid since 2,3-pentanedione yield

increases with KOH loading beyond a monolayer. However, results clearly show a limit

in catalyst accessibility as KOH loading approaches 2 mmol/g.

The high acidic site concentration and surface area of SiGel support complicates

the reaction system, since as the surface composition changes with increasing KOH

loading the pathway to acetaldehyde from lactic acid also alters from decarbonylation to

decarboxylation. Acidic sites on the SiGel support not only increase the yield of

acetaldehyde, they also reduce the activity of the catalyst, resulting in lower 2,3-

pentanedione theoretical yield and lactic acid conversion at low loadings of KOH. The

shape of the acetaldehyde curve is a direct indication of contributions from both lactic

acid decarboxylation and decarbonylation as surface acidic sites are replaced by basic
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sites with increased KOH loading. For example, decarbonylation of lactic acid dominates

on the support alone at 350°C, resulting in the formation of 47 moles ofCO and 1 mole of

CC; for every 100 moles of lactic acid fed (Table 4.8). At a KOH loading of 3 mmng

and 350°C, in contrast, the pathway to acetaldehyde is largely through decarboxylation, as

evident by the formation of 5 moles ofCO from decarbonylation and 17 moles of CO;

from decarboxylation for every 100 moles of lactic acid fed (some additional C02 is r

liberated in 2,3-pentanedione formation). Since decarbonylation of lactic acid is more

favorable than decarboxylation, with a higher rate constant (k1. > kn.) and lower activation

energy, the minimum in the acetaldehyde formation curve indicates neutralization ofthe  
acidic sites.

Our optimized rate constant for the decarbonylation of lactic acid to acetaldehyde

is around seventy times greater than that reported by Chuchani et al. (45,46) for thermal

decomposition of lactic acid. This is a consequence ofthe much more rapid

heterogeneous acid-catalyzed decarbonylation. As observed by Chuchani et al., a small

increase in the surface-to-volume ratio (6 times) resulted in a significant heterogeneous

efl‘ect which raised the rate constant by 10%. The SN ratio in our conversion studies is

several order ofmagnitude greater than the studies conducted by Chuchani et a1.

4.3.4. Silica support sintering by alkali metal

At loadings below 2 mmol KOH/g, the reaction occurs within the kinetic regime

and the rate of2,3-pentanedione formation is linearly proportional to KOH loading. At

higher loadings, the catalytic effect is observed to reach a limit (e.g. not all alkali is

accessible to lactic acid), and thus the described kinetic model no longer applies. This
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saturation limit is unexpected, since mass transfer calculations indicate negligible pore

diffusion or pellet boundary layer resistances. Surface areas of used KOH catalysts were

measured by N2 BET to further understand the observed loading limit.

Used KOH/SiGel catalysts were calcined at 500°C for 5 hours to remove

carboneous residues; surface area measurements of selected used catalysts are reported in

Table 4.12. Similar surface areas were obtained from used catalysts before the removal

of residues. The surface area of these catalysts decreases dramatically with increased

KOH loadings. This Sintering effect of silicon oxide support upon alkali impregnation is

consistent with results observed and reported by Perrichon and others (82-84). At a KOH

loading of 3 mmol/g of SiGel support, the resulting catalyst area was similar to that of

CPG, which explains the similar observed saturation loading for catalysts on both types

of supports. Increasing KOH loading to 9 mmol/g further drops the catalyst surface area

to about 1.6 mzlg (Table 4.12), and 2,3-pentanedione yield over this catalyst at 300°C

decreases to 18% of theoretical.

As indicated in Table 4.12, support Sintering does occur for CPG supported

catalysts also. The effect is not as significant as SiGel since CPG already has a very low

surface area. Amount of area lost was also found to depend on the basicity of the alkali

metal and increases in the order of Cs > K > Na.

The observed saturation loading of KOH is therefore a combination of support

Sintering, resulting in reduced support surface area, and inaccessibility of lactic acid to

alkali lactate on the sintered support. It is clear from a simple calculation that alkali

lactate is present in the equivalent of many molecular layers (>50) at KOH loadings
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Table 4.12. Surface Areas of Used Catalysts

 

 

 

Catalyst Loading Surface Area ( mz/g )

(mmol/g of support)

SiGel
0

280

KOH/SiGel 0.3 96.2

KOH/SiGel
1 5 1 .6

KOH/SiGel
3 6.4

KOH/SiGel
9

1 .6
F

KOH/3%Ba/SiGel
3 14.7

CPG 0 7.2

KOH/CPG
1 6.8

CsOH/CPG N 5
”
N

“
r

NaOH/CPG 4 4.0

 

above 2 mmol/g, but we cannot say at this time if the inaccessibility results from simple

diffusion resistances across this multilayer film, from filling of the sintered support pore

volume (thus excluding lactic acid vapor), or from trapping and isolation of a fraction of

the catalyst in the support during Sintering. In any case, there certainly exists an optimum

KOH loading for 2,3-pentanedione formation on silica supports.

In order to decrease silica support Sintering from alkali impregnation, barium

nitrate was first impregnated onto SiGel before the KOH. Barium is known to strengthen

the structures of high surface area aluminum and titanium oxide catalysts and provide

good thermal stability on these porous material (85). Crystalline Ba(NO3)2 obtained from

Mallinckrodt Co. was dissolved in HPLC water and wet impregnated onto SiGel. The

mixture was then dried at 100°C to remove most of the water before calcining at 400°C.

KOH was further loaded onto the resulting silica support in the same way as described in
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Section 2.1.1. Lactic acid conversion is conducted over a 2 mmol KOH/g SiGel

containing 3% barium; results are reported on Table 4.8. Yields of 2,3-pentanedione and

acetaldehyde and lactic conversion over experimental temperatures are very similar to the

ones obtained with 2 mmol KOH/g SiGel (Figures 4.8-4.12). However, as indicated by

the N2 BET measurement of the resulting catalyst surface area (Table 4.12), the use of

barium does not significantly decrease support Sintering by KOH on SiGel.

4.3.5. Kinetic analysis of NaOH and CsOH on SiGel

The kinetic model was further applied to reaction results from NaOH and CsOH

supported on SiGel. Optimization of the rate constants were accomplished with the same

method as mentioned for KOH/SiGel in Section 4.2.3 with all of the parameters. The

optimized values for these catalysts and turnover frequencies are presented in Table 4.13.

Calculated values of lactic acid conversions and yields of acetaldehyde and 2,3-

pentanedione using this model are plotted as lines on Figures 4.13-4.18 along with the

reported experimental values. Again, simulations were not carried out for metal loadings

above 2 mmol/g, where catalyst saturation occurs. Absolute average differences between

the predicted and experimental values are also reported in Table 4.13; they are mostly

within experimental errors and thus the model describes the system reasonably well.

The turnover frequency of acid-site catalyzed decarbonylation of lactic acid stays

essentially constant for all three alkali hydroxides on SiGel, which is expected since this

is a support effect. As for base catalyzed decarboxylation and condensation of lactic acid

to acetaldehyde and 2,3-pentanedione, the turnover frequencies increase in the order of
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Na < K < Cs. These reactions obviously depend significantly on the basicity of the alkali

metal, but the ratio between these two turnover frequencies indicate that the increase in

2,3-pentanedione formation from sodium to cesium is greater than that for acetaldehyde

formation.

4.4. Methyl lactate vapor-phase reaction studies

4.4.1. Reaction studies

Reaction studies using methyl lactate as feedstock for the formation of 2,3-

pentanedione and methyl acrylate over sodium, potassium and cesium salts were also  
investigated to improve yields to these products. Methyl lactate is easier to vaporize as

compared to lactic acid and thus higher feed concentration (up to 98wt%) can be used,

which should improve condensation toward 2,3-pentanedione yield. Also, methyl lactate

was successfully employed in the formation of methyl acrylate over aluminum phosphate

catalyst with 61% yield (3). All additional chemicals used in this Section are obtained

from Aldrich.

Selected experimental results from these salts at 280°C or 300°C are tabulated in

Table 4.14. Sodium lactate is shown as a representative sodium salt and to stress the fact

that the alkali lactate is the actual catalyst for the condensation to 2,3-pentanedione from

either lactic acid or methyl lactate. As expected, 2,3-pentanedione yield increases from

sodium to cesium, but cesium nitrate is clearly much less selective toward the formation

of 2,3-pentanedione than cesium hydroxide as a catalyst. This is because the formation of

cesium lactate is greatly hindered by the need to form CH3NO3 as revealed by post-
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reaction FTIR spectra. The CsOH catalyst is also very selective (88%) to the

condensation of methyl lactate toward 2,3-pentanedione.

Potassium methoxide is examined as an equivalent to using potassium hydroxide

in lactic acid conversion to 2,3-pentanedione; of course, dimethyl ether is formed upon

the formation of potassium lactate. It also demonstrates that water is not necessary in the

formation of 2,3-pentanedione even though it reduces the activation energy of the

pathway by stabilizing the intermediate species formed, as illustrated by molecular

modeling (77). In all instances, methyl lactate as a feedstock has proven to be less active

than lactic acid in the formation of 2,3-pentanedione, and more prone to coking

(decomposition) and the formation of acetaldehyde through base-catalyzed

decarboxylation. The yields to acrylate reported in Table 4.14 over these catalysts

include both methyl acrylate and acrylic acid. They are also too low to make acrylates

from lactate esters economically feasible.

Table 4.14. Partial Conversion Results Using Methyl Lactate as Feedstock

 

 

Catalyst on CPG NaC3H503 KOCH3 CsNO3 CsOH

(2 mmol/g)

Temperature (°C) 300 300 280 280

2,3-Pentanedione 9 16 10 29

Yield (% Theoretical)

Acrylate 5 9 7 5

Yield (% Theoretical)

Conversion (%) 55 71 79 33
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4.4.2. Post-reaction FTIR

Post-reaction FTIR spectra of CsNO3 and CsOH after being treated with methyl

lactate vapor are given in Figures 4.21 and 4.22, respectively for temperatures of 200°C,

250°C, and 300°C. In the case of CsNO3, there was only a small peak at 1590 cm'I even

at 300°C, indicating the formation of small quantity of lactate . Most of the CsNO3 stays

unreacted over the reaction temperature in the presence of methyl lactate vapor. On the

other hand, CsOH was converted to cesium lactate (1593, 1457, 1309, 1119, 1084, 1035,

and 849) at 200°C. Since cesium lactate acts as the actual catalyst for the formation of

2,3-pentanedione, it is understandable that CsOH is more active than CsN03. Notice that

cesium lactate begins to decompose at 300°C (peak at 1593 cm’l shifts to 1569 cm'l),

which is at a lower temperature than for sodium lactate (decomposition at 350°C) as

observed and discussed in Section 3.3.4.

4.5. Summary

In conclusion, it was found that the formation of 2,3-pentanedione from lactic acid

vapor over alkali salt improves with decreasing Lewis acidity of the alkali metal. A

kinetic model developed from experimental results of different alkali hydroxide loadings

on silica further supports the bimolecular scheme proposed for the formation of 2,3-

pentanedione. It also illustrates the importance of support surface acidity in the formation

of acetaldehyde from decarbonylation of lactic acid, since incorporation of this pathway is

needed to sufficiently describe the observed yields. The proposed kinetic model fits best

over reaction temperatures from 280—320°C and at alkali metal loadings below 2 mmol/g

of support, where desirable product yields are high and mass transport limitations are
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negligible. At temperatures below 280°C, complete vaporization of the lactic acid feed is

difficult, and at 350°C, other decomposition reactions of lactic acid and alkali lactate

complicate the reaction system. Methyl lactate was examined as an alternative feedstock

because of its lower boiling point; however, it was found to be less active over all tested

catalysts than lactic acid in the formation of 2,3-pentanedione and acrylate.

 



Chapter 5

CATALYST STABILITY AND THE EFFECT OF FEED IMPURITIES ON THE

FORMATION OF 2,3-PENTANEDIONE FROM LACTIC ACID

Investigation of the deactivation of catalysts used in the conversion of

fermentation-derived lactic acid to 2,3-pentanedione is reported in this chapter. This

chapter also includes catalyst and reaction characterization of lactic acid conversion

including support regeneration and the initial reaction transient period before steady state

is achieved. Catalyst deactivation with time and by feed impurities have been studied.

The feed impurities examined include ammonia, in the form of ammonium lactate, as a

pH adjusting agent during lactate fermentation and glucose, representative of residual

starting material in the production of lactic acid through fermentation.

5.1. Catalyst support regeneration

The controlled-pore glass (CPGO3000D) employed for the preparation of catalysts

is an expensive packing used mainly for the purification and separation of biopolymers or

synthetic polymers in permeation chromatography. This rigid, high purity silica is chosen

as catalyst support to reduce the formation of acetaldehyde because it has a low surface

area (7 mzlg) and large pore diameter (3002 i 9.1 A), and low surface acidity.

Regeneration of used CPG is done by washing the used catalysts with concentrated nitric

132
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acid (70%) at 70°C with constant stirring for 10-15 minutes. The acidic phase is then

decanted. Nitric acid washing is repeated three times to remove most of the base. After

the acid treatment, the CPG is washed with HPLC water five times and then filtered. The

slurry is dried in an oven at 100°C for 5 hours and calcined at 500°C for another 5 hours

to remove carbonaceous material left on the support.

 

Lactic acid conversion over regenerated CPG support alone (Table 5.1) indicates If-

that some residual alkali base on the support was not removed or neutralized by the nitric

acid treatment. This is apparent by the higher 2,3-pentanedione and acrylic acid yields

and lower acetaldehyde yield at 350°C on the regenerated support as compared to fresh

3,.

CPG (Table 3.1). Potassium hydroxide catalyst prepared on this support with a loading

of l mmol/g displays similar activity results (Table 5.1) as 1 mmol KOH per gram of

fresh CPG (Table 4.2). The lower 2,3-pentanedione yields at 300°C and 320°C on the

regenerated CPG catalyst are attributed to the loss of surface area due to Sintering of the

support as discussed in Section 4.2.4. However, conversion studies with sodium sulfate

impregnated on regenerated CPG gave distorted results with higher activities to 2,3-

pentanedione due to leftover base on the support. Overall, CPG can be regenerated and

used for highly active alkali salts, such as potassium and cesium hydroxides, in the

conversion of lactic acid to 2,3-pentanedione.

Catalyst regeneration has also been attempted inside the reactor by passing air into

the reactor at 400°C and 0.5 MPa to remove coke formed on the catalyst during reaction.

Air was flowed through the reactor for four hours and lactic acid feed was reinitiated at

280°C with helium carrier. However, very low lactic acid conversion was observed and a

DRIFTS spectrum of the resulting catalyst showed only trace amount of lactic acid
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condensed on the CPG support without any indication of surface lactate. It is believed

that while heating to 400°C, the surface alkali lactate melted and carried off the catalyst

bed, thus ceasing catalytic activity.

5.2. Initial saturation period before steady state

As mentioned in the procedure for lactic acid conversion studies in Section 2.1.4, I“

lactic acid was fed at a relatively high flow rate (0.5 ml/min) to the reactor at the start of

experiment prior to establishing the steady state flow rate for the experiment. This initial

lactic acid saturation period is needed to ensure reasonable carbon balances and accurate  

l
i
g
h
—

yields for subsequent product sample collections. As an example, for cesium catalysts at

280°C and 2 mmol/g, the 2,3-pentanedione yield and carbon balance are approximately

55% and -13%.

To investigate the importance of this initial reaction period, the flow rate of lactic

acid feed was maintained at 0.1 ml/min right from the beginning without saturating the

bed with lactic acid. Table 5.2 shows conversion results over 2 mmol CsOH/g CPG at

280°C of products collected at 30-55, 90-115, and 150-175 minutes after the starting the

lactic acid feed into the reactor. As indicated by the first product sample, over 31% of the

carbon was not recovered and 2,3-pentanedione yield was lower than the subsequent

product samples collected at the same reaction conditions. This is because some of the

lactic acid in the feed was consumed initially by conversion of the cesium hydroxide on

the catalyst to cesium lactate prior to the formation of 2,3-pentanedione.

More precise experiments show that approximately 6 m1 of 34wt% of lactic acid

has to be fed over a typical amount of catalyst before product collection in order to obtain
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good carbon balance and accurate product yields. Stoichiometrically, about 1.5 m1 of

feed is consumed in the formation of cesium lactate. Hence, all conversion studies start

with a lactic acid saturation period where about 10 ml of feed is passed through the

catalyst bed before allowing the reactor to reach steady state at the desired reaction

parameters.

Table 5.2. lactic Acid Conversion - Initial Saturation Period

 

 

Catalyst 2 mmol CsOH / g CPG

time (min) 30-55 90-115 150-175 N

Temperature (°C) 280 280 280 '

Contact Time(s) 2.8 2.9 2.6

Error (% Carbon) -30.6 ~15.6 -13.7

Conversion (BOF) 94.1 95.0 97.0

Yield (% Theoretical)

Acrylic acid 0.0 0.0 1.2

Propionic acid 0.7 0.4 0.4

2,3-Pentanedione 36.6 55.1 56.5

Acetaldehyde 9. 1 9.2 8.0

Acetol 0.0 l .0 1 .8

Other 0.0 0.0 0.0

Unknown 7.4 8.4 6.5

CO* 1.5 1.4 1.5

C02* 55.6 51.7 61.9

Selectivity (%)

Acrylic acid 0 0 2

Propionic acid 1 l 1

2,3-Pentanedione 79 84 83

Acetaldehyde 20 14 12

Acetol 0 2 3

Other 0 0 0 
 

5.3. Stability of acrylic acid and 2,3-pentanedione

The stability of acrylic acid and 2,3-pentanedione formed from the catalytic

conversion of lactic acid over alkali salts was examined to check for secondary reactions
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at 350°C. Conversion results over sodium nitrate at 350°C and different residence time

are reported in Table 5.3. These product samples are collected at residence times from

0.6-5.4 seconds at constant feed composition. It is clear that almost complete conversion

was achieved at 0.6 second and increase in residence time only affects the conversion

slightly. Among the main products, only propionic acid and acetaldehyde seem to

increase with residence time. The small increase in acetaldehyde causes the higher Ft.

conversion of lactic acid. The similar acrylic acid and 2,3-pentanedione yields obtained

for higher residence times lead to the conclusion that secondary reactions of these

 products do not seem to be significant over the catalyst bed even at the highest 1 '- '

experimental temperature. Likewise, no reaction is observed when 2,3-pentanedione was E;

fed onto fresh or used sodium nitrate catalysts. However, when 2,3-pentanedione (60g/l)

was added into the the standard 34wt% lactic acid feed and fed into the reactor at 350°C,

less 2,3-pentanedione was found in the product with increasing residence time (Table

5.3). Thus, secondary reaction of 2,3-pentanedione does take place in the presence of

lactic acid and at high temperature, but only to a limited extent.

5.4. Deactivation of catalyst with time

A sixty hour lactic acid conversion experiment was conducted over CsOH/CPG at

reaction conditions specified in Table 5.4 to examine catalyst activity over time. These

reaction conditions are chosen to optimize 2,3-pentanedione yield and avoid the

formation of side-products, especially acetaldehyde. Selectivities of the major products

with time are given in Figure 5.1. Yields of 2,3-pentanedione are approximately 45%,

with lactic acid conversion around 70%. Clearly, the cesium catalyst is extremely
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selective toward 2,3-pentanedione formation and very stable throughout the sixty hour

experiment.

The catalyst was taken out of the reactor at the end of experiment and found to

have gained 3.18g in mass, of which only 10% is weight gained due to the conversion of

cesium hydroxide to cesium lactate. The accumulation of coke deposits is responsible for

the slow decrease in 2,3-pentanedione selectivity and increase in acetaldehyde selectivity

at the end of eXperiment. Selectivities to acrylic acid and propionic acid remained

relatively low and constant throughout the study. Overall,the activity of cesium catalyst

is stable in the conversion of lactic acid to 2,3-pentanedione, however, the increase in

coke deposit with time does favor the formation of acetaldehyde.

Table 5.4. Reaction conditions of 60 hour run

 

Temperature (°C) 280

Pressure (MPa) 0.5

Liquid flow rate (ml/min) 0.25

Helium flow rate (ml/min) 30

Vaporized Feed Composition Lactic acid : 0.08

(mole fraction) Water : 0.75

Helium : 0.17

Catalyst weight (g) 4.2

Catalyst bed height (cm) 9.5

Catalyst Loading 1 mmol CsOH / g CPG

Residence time (sec) 2.0-3.0

 

 

r
:

4
3
3
'
.

a
‘

.
‘
_

,
'
.
'

‘
A

'
_
L
a
"

4



 

8
0
-

I

I

c

\D

+
A
c
e
t
a
l
d
e
h
y
d
e

+
A
c
r
y
l
i
c
A
c
i
d

1

3

-
o
—
P
r
o
p
i
o
n
i
c
A
c
i
d

(%) 41141139138

4

it

+
2
,
3
-
P
e
n
t
a
n
e
d
i
0
n
e

 

 
 

F
i
g
u
r
e

5
.
1
.

S
e
l
e
c
t
i
v
i
t
i
e
s
o
f
P
r
o
d
u
c
t
s
o
v
e
r
T
i
m
e

 

3
0

T
i
m
e
(
h
o
u
r
)

 
 

140



141

5.5. Effect of different lactic acid feedstocks

Lactic acid (88wt%) from Purac, Inc. was employed as feedstock in most studies

conducted on the formation of 2,3-pentanedione. This lactic acid is obtained from

fermentation and is solely in the 1-(+) form. To investigate other feedstocks, a mixture of

dl-lactic acid was obtained from Aldrich at 85wt% and diluted to 34wt% before being fed

over sodium / CPG catalysts. Results suggest that the condensation to 2,3-pentanedione

 

is not affected by the different stereoisomers of lactic acid. Yields of all major products

obtained from the two forms of lactic acid are consistent and no significant difference is

observed throughout the range of reaction temperature. 1 :1 _ 
Two other samples of actual lactate fermentation products were also diluted to 34

wt% and used as feedstocks in selected conversion experiments. Feed 1, a dark, yellow-

brownish liquid obtained from New Energy Company of Indiana, was purified only by

membrane nanofiltration and passage over activated carbon. Feed 11, provided by Archer

Daniels Midland Co., is a semi-refined pilot plant product of light yellow color that was

subjected to purification and acidulation to convert lactate largely to free lactic acid.

Ammonia is used in both of these lactic acid fermentation processes as the pH adjusting

agent because of the advantages discussed in Section 1.2.1.

Analysis of these feedstocks using gas chromatography indicates the presence of

lactic acid or lactate in both feeds and a very small amount of ethanol in Feed 1. A FTIR

spectrum of Feed I (Figure 5.2), however, shows that most of the lactic acid is in the form

of lactate. The carbonyl (C=O) of lactic acid stretches at around 1720 cm", while the

carbonyl band for ammonium lactate appears at around 1580 cm". No indication of

amide (vas = 1660 cm‘1 for C=O) was observed in this feed. Elemental analysis (CHN) of
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these samples is reported in Table 5.5. Amounts of ammonium lactate present in these

samples are calculated based on the assumption that ammonium lactate is the only source

of nitrogen. This is a relatively good assumption in light of the fact that most of the

protein (enzymes) can easily be removed by membrane nanofiltration.

2,3-Pentanedione yields from these feedstocks, all containing approximately 4.0

M lactate, over 2 mmol CsOH/g CPG at 260-350°C are given in Figure 5.3. It is clear

that the product concentration of 2,3—pentanedione decreases dramatically with increased

concentration of ammonium lactate in the feed. While high purity lactic acid leads to a

2,3-pentanedione yield of 50—60% with 80% selectivity, Feed 1, which is substantially

ammonium lactate, gave almost no 2,3-pentanedione. Further, essentially all condensible

products from this material have high boiling points and thus were not detected with gas

chromatography; only CO and C02 formation and coking of the catalyst were observed.

Feed 11, in which some lactate is present as free acid, gave higher yields but still clearly

less than those from high purity lactic acid feed. This surprising result is further

investigated and explained in the following sections.

Table 5.5. Elemental Analysis of Feed (CHN)

 

Carbon Nitrogen Ammonium Iactate

(wt%) (wt%) (molar % of total lactate)

Feed I 13.78 4.05 76

Feed II 13.33 0.94 18

 

Since ammonium lactate is the cause of low 2,3-pentanedione yield, it was

recommended that the fermented lactic acid feedstocks be further purified to convert most
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of the lactate to the free acid form, at least below 5% lactate content. The manufacturer

of Feed II was able to provide us with a more purified lactic acid feed (Feed III). The 2,3-

pentanedione yields from Feed III over the same cesium hydroxide catalyst are shown on

Figure 5.3. These results are similar to the ones obtained with lactic acid from Purac, Inc.

and hence Feed III is considerably purer than Feed II with essentially no ammonium

lactate present.

5.6. Effect of ammonium lactate concentration in feed

5.6.1. Materials and experimental procedure

High-purity fermentation-derived L-(+)-lactic acid (SP-88, 88% from Purac, Inc.)

was used as the starting material for all of the experiments presented in previous chapters.

Ammonium hydroxide (Aldrich, 30 wt% solution) was added to this material in specified

quantities as a model impurity to investigate the effects of ammonia on the conversion of

lactic acid to 2.3-pentanedione. The amount of ammonia in the feed is given as the

ammonium lactate molar fraction, defined as the fraction of feed lactate present as

ammonium lactate. The total feed lactate concentration is maintained at 4.0 M in all

experiments described below unless otherwise specified. This molar concentration

corresponds to 34 wt% lactic acid solution.

The reactor and reaction procedure are described in Section 2.1.2. All of the

following experiments were conducted at 280°C over 2 mmol CsOH/g CPG catalyst. In

most situations, multiple points at the same steady state condition were taken; if either

feed composition or reaction temperature were changed, the reactor was allowed to reach

a new steady state before the collection procedure was repeated.
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5.6.2. Reaction results and discussion

Introduction of ammonium lactate into lactic acid feed dramatically reduces the

yield of 2,3-pentanedione over silica-supported CsOH catalyst. Figure 5.4 gives 2,3-

pentanedione yields from experiments at 2800C where feed composition is switched at

"t=0" from high purity lactic acid to "impure" feed containing an ammonium lactate

fraction ranging from 0.0 to 0.3. In the experiment with 0.25 fraction of ammonium

lactate, the feed was changed back to pure lactic acid at t=6 hr. Stable product yields

were achieved around 2 hr exposure to feed; complete, steady state product distributions

are given in Table 5.6 (columns A-F) for each concentration of ammonium lactate

investigated. An ammonium lactate fraction "of 0.05 did not seem to reduce 2,3-

pentanedione yield significantly below the typical range obtained with pure lactic acid

feed (set of first points on left side of Figure 5.4). Interestingly, it was observed that the

stable 2,3-pentanedione yields varied linearly with the concentration of ammonium

lactate in the feed as shown on Figure 5.5, in which the final 2,3-pentandione yields are

plotted against ammonium lactate fraction in feed.

The results in Table 5.6 show that the carbon balance was not satisfactorily closed

during experiments with ammonium in the feed. However, the total mass balance

(including H20) around the reactor system over the entire experiment was found to be

within the acceptable range of :l-2%, gas evolution as CO and C02 were within the

normal ranges, and the weight gain of the catalyst bed was around 1 g, which is typical.

The quantity of organic material detectable by gas chromatography in the product solution

was much less than typically observed with pure lactic acid feed. Further analysis of the

product solution with HPLC showed large quantities of organic species (UV detector at
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260 am) that were not observed in gas chromatographic analyses. This indicates that

species of low volatility are formed in the presence of ammonia and are present in the

product solution; these species are not eluted during our usual gas chromatographic

analysis at 200°C and are thus not recovered for inclusion in the carbon balance.

Results in Figure 5.4 illustrate several key points regarding the disappearance of

2,3-pentanedione with ammonia. First, 2,3-pentanedione yield is strongly affected by the

amount of ammonium lactate in the feed as clearly demonstrated on Figure 5.5. Second,

the deactivation is reversible in that yield of 2,3-pentanedione returns to its original value

when ammonium lactate is removed from the feed. Third, acetaldehyde yield is not

greatly affected by the addition of ammonium lactate, indicating that ammonia does not

affect the decarboxylation pathway. Thus, ammonia seems to affect product distribution

after lactic acid has been converted to 2,3-pentanedione.

Several other experiments with different feeds and catalysts were conducted to

explain the deactivating effects of ammonia. Key results of these experiments are also

given in Table 5.6. Most obviously, it is necessary to determine if ammonia addition

simply lowers the effective concentration of free lactic acid and thus lowers the yield of

2,3-pentanedione. To do this, a series of pure lactic acid feeds of lower lactic acid

concentration (down to 3.1 M, or about 80% of the original concentration) was examined

and only a slight decrease in 2,3-pentanedione yield over this range (Table 5.6, column G)

was found. It was also observed that lactic acid elutes from our gas chromatograph upon

injection of ammonium lactate, suggesting that the salt fully decomposes to lactic acid

and ammonia upon injection at 200°C. From these observations, it was concluded that
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the deactivating effect of ammonium lactate is much greater than would be expected by

the simple reduction in free lactic acid concentration.

Next, an experiment (column H in Table 5.6) with feed enriched in 2,3-

pentanedione was conducted to investigate secondary degradation of 2,3-pentanedione by

ammonia as the deactivation pathway. The feed contained 3.27 wt% (0.21 M) 2,3-

pentanedione and an ammonium lactate fraction of 0.25; this 2.3-pentanedione . 1'“

concentration is around half of that obtained in atypical condensed reactor effluent over

CsOH catalyst. All 2,3-pentanedione fed, plus a small additional quantity formed from

 
lactic acid, was recovered in the reactor effluent, illustrating that secondary 2,3- J

pentanedione degradation does not seem responsible for reduced 2,3-pentanedione yields.

The carbon balance for this experiment (excluding 2,3-pentanedione fed) was comparable

with results (column B) using the 0.25 fraction ammonium lactate feed alone, with the

difference mostly accounted for by the difference in observed lactic acid conversion, a

value for which uncertainty typically approaches 15%.

A set of feeds with different ammonium lactate fractions from 0.0 to 0.25 were

used in an experiment over the silica support (CPG) alone; the result for the ammonium

lactate fraction of 0.25 is given in Table 5.6 (column I). As expected, conversion was

low and the predominant product was acetaldehyde. Over the range of ammonium lactate

fraction up to 0.25, the carbon recovery was on the order of 80-90%, much better than

the 40-50% obtained with the same feed, at the same conditions, when CsOH catalyst was

present (column B). Acetaldehyde yields were only slightly lower over the support alone;

the only clear differences with and without CsOH present are the larger C02 evolution

and much higher lactic acid conversion in the presence of catalyst. Clearly, CsOH
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contributes to cracking or condensation of lactate in the reactor in the presence of

ammonia, leading to products that exit the reactor (no excessive coke buildup is

observed) but are not detected by gas chromatographic analyses (hence the poor carbon

recovery).

5.6.3. Post-reaction FTIR results

Further insight into the possible influence of ammonia on lactate conversion is

given via post-reaction FTIR spectroscopic analyses. It has been clearly demonstrated

from previous chapters that lactic acid reacts with a variety of alkali metal salt catalysts to

form alkali metal lactate, which is the dominant species on the catalyst surface at

conditions favorable to 2,3-pentanedione formation (260-3200C). These alkali lactate

salts are characterized by a strong IR absorption band (C=O stretch) at 1590-1600 cm",

whereas free lactic acid exhibits a band for the same vibrational mode at 1720-1730 cm".

A post-reaction DRIFTS spectrum, collected on a Perkin-Elmer System 2000 IR

with DTGS detector, is given as Figure 5.6 a) for a catalyst exposed to ammonium lactate

in the reactor. The bands at 1105 and 1400 cm'l are attributed to the CPG support. The

presence of a band at 1650 cm'1 in the C=O stretch region in addition to that for cesium

lactate (1591 cm") is clearly visible, suggesting that ammonium lactate is forming an

additional compound on the surface. The location of the band is consistent with the C=O

stretch of an amide. This the band at around 1650 cm'1 arises as a result of ammonium

lactate decomposition is supported by the spectrum in Figure 5.6 b), which is a DRIFTS

spectrum of the solid residue from ammonium lactate pyrolyzed at 280°C for 1 hr. The

band at about 1650 cm'1 is clearly present. Ammonium lactate is expected to decompose
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to ammonia and lactic acid upon heating, and since the weight gain on the catalyst is

relatively small, the thermal decomposition of ammonium lactate to amide is not

substantial. Yet, it may account for the 10% error in carbon balance when feeds

containing ammonium lactate are fed over the support alone.

5.6.4. Reactions of 2,3-pentanedione in presence of ammonium hydroxide

Since it is known that ammonium lactate converts to ammonia and lactic acid

upon heating to reaction temperature (86), the reactions between 2,3-pentanedione and

ammonium hydroxide at room and higher temperatures were examined. Studies were

conducted with the addition of various amount of ammonium hydroxide to saturated

aqueous solutions of 2,3-pentanedione. It was found that the concentration of 2,3-

pentanedione decreased rapidly in the presence of ammonium hydroxide even at room

temperature. Almost half of the 2,3-pentanedione was consumed when 1.5 x 10’3 moles

of NH40H was added to 60 g/l 2,3-pentanedione solution. When the mixture was left

alone for 24 hours, needle—like crystals were formed. These crystals were extracted with

d-toluene and subsequently identified as duroquinone using 1H and 13C NMR. A detailed

discussion of the condensation of 2,3-pentanedione to duroquinone in the presence of

base can be found in Section 1.2.2. The yield of duroquinone formed from this mixture

has been calculated to be around 13%, which is close to the results obtained using

triethylamine (38).

When a similar mixture of 2,3-pentanedione and ammonium hydroxide was

heated to around 100°C directly after mixing, a polymeric material was formed. This

product resembles our reaction products obtained from feeds with ammonium lactate, and

 



156

was also obtained during our investigation in the formation of duroquinone from 2,3-

pentanedione. We are still in the process of identifying the material; the pathways by

which this product and duroquinone are formed are indicated in Figure 1.4. Neither

product vaporizes below 200°C and is thus not eluted during GC analyses of the products.

As a result, it is concluded that the ammonium lactate does not truly deactivate the

alkali metal catalysts toward the formation of 2,3-pentanedione from lactic acid, although

a small amount of amide is formed. Instead, the ammonium hydroxide that is formed

.
1
5
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$
3
1
-
4
_
l

'
.

f
'
.
"
1

from aqueous ammonium lactate decomposition reacts with 2,3-pentanedione formed in

the catalytic process to produce a nonvolatile substance. Because the reaction between

 
2,3—pentanedione and ammonium hydroxide occurs mostly after passing through the

catalyst bed at reaction temperature, the material is carried into the product samples.

5.7. Effects of glucose in feed

Results of an experiment in which 1 wt% glucose was added to lactic acid

feedstock over CsOH catalyst are given in Figure 5.7 and in Table 5.6 (column J).

Glucose was fed with lactic acid over a six-hour period, and only a slight decline in 2,3—

pentanedione yield was observed over the course of reaction. The effect was clearly

reversible, as the yield returned to its initial value once glucose was removed from the

feed solution. Upon disassembly of the reactor, significant carbon deposits were

observed both on the walls of the quartz tube above the catalyst bed and on the top of the

catalyst bed itself. It is clear that long-term use of a feed containing substantial amounts

of glucose would eventually plug the reactor with carbonaceous residue from the glucose

decomposition. The carbonaceous material can also facilitate the formation of
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acetaldehyde and propionic acid from lactic acid, as it was found that catalysts with

carbon supports are extremely selective to these side-products. Nevertheless, the current

experiment shows that glucose in small quantities does not poison the reaction, and that

as long as exposure of the catalyst to such feeds is kept to a minimum, there will be little

effect on desired product yields.

5.8. Summary

Deactivation of the alkali metal catalyst toward the formation of 2,3-pentanedione

from lactic acid is negligible for the first forty hours of the reaction. 2,3-Pentanedione

yield beyond this point decreases slightly due to coking of the catalyst. Ammonia used in

pH adjustment during lactate fermentation does not directly effect the catalyst activity

toward the formation of 2.3-pentanedione. However, 2,3-pentanedione formed during the

catalytic reaction is consumed in the presence of ammonium hydroxide and at high

temperature to form nonvolatile species which exit the reactor with products. The effect

is noticeable when greater than 5% of the feed lactate is in the form of ammonium lactate,

and at 25% ammonium lactate essentially all of the 2,3-pentanedione formed is reacted

and leading to a very low 2,3-pentanedione yield. Fortunately, this effect of ammonium

hydroxide does not deactivate the catalyst. Glucose has little effect on catalyst activity

other than acting as a source for coke formation, which will eventually plug the reactor at

the top of the catalyst bed.

 



Chapter 6

PRODUCTION OF PROPIONIC ACID FROM LACTIC ACID

This chapter documents our preliminary conversion studies of lactic acid to

propionic acid over transition metal catalysts. Currently, synthetic propionic acid is

priced below lactic acid and it is not economically feasible to investigate this pathway

unless the propionic acid produced by this route is categorized as natural. Since

propionic acid has found its use primarily as a preservative, environmentally benign and

low-toxicity metals are used as catalysts. Molybdenum catalysts are found to have high

selectivity toward propionic acid, while other selected metals favor the formation of

acetaldehyde. Although the reaction conditions for the formation of propionic acid from

lactic acid have not been optimized, the relatively low yields from our initial studies do

not indicate an economically promising pathway.

6.1. Catalyst preparation and reaction conditions

The transition metal salts (NazMoO4, Cu(NO3)2-xH20, SnO, and

Fe(NO3)309H20) used in the reduction of lactic acid to propionic acid were obtained in

solid form from Aldrich. Purity and concentration of these compounds are reported in

Table 2.1. These metal salts and oxide were dissolved in HPLC water and wet

impregnated onto a 16 mesh silica alumina (7% Al) support with a surface area of about 5

159
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mz/g. The mixture .was dried on a hot plate to remove most of the water and then

calcined in air at 400°C for 4 hours.

The catalyst pellets are loaded into the reactor described in Section 2.1.1, where

lactic acid conversion was studied at 300-400°C under atmospheric pressure with helium

as carrier gas. Residence time of these experiments is around 5 seconds; other

experimental conditions are reported in Table 2.1. Pellets of 16 mesh were employed

because it was found that catalysts with smaller size tend to harden upon heating and plug

the reactor. Also, conversion over these fine particle catalysts show predominantly

acetaldehyde formation.

6.2. Lactic acid conversion over molybdenum and iron catalysts

The study of the reduction of lactic acid to pr0pionic acid was prompted by the

observed high selectivity toward propionic acid over sodium molybdate (VI) while

screening for potential catalysts for 2,3-pentanedione formation. Detailed conversion

results between 280-350°C are given in Table 6.1. Yields of propionic acid were as high

as 20% with lactic acid conversion over 90%, however, over 40% of the carbon was

usually not recovered. Acetaldehyde and carbon dioxide were also formed in high yields,

especially at high temperatures. Even though propionic acid yields were relatively high,

molybdenum was found to leach into the products as indicated by the dark violet color of

the liquid samples collected.

As mentioned in Section 1.3.4, Velenyi and Dolhyj were able to obtain a

propionic acid yield of 64% from lactic acid by using a combination of molybdenum,

copper, and tin oxides on silica-alumina catalyst conducted at 350°C and 1 atmosphere
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with nitrogen as the carrier gas (62). These metals are in a ratio of M05Cu4$n0x and

comprised about 30 wt% of the total catalyst. A similar catalyst was prepared in our

laboratory and lactic acid conversion studies were performed under similar conditions.

Conversion and yields over 300-370°C are listed in Table 6.1. Propionic acid yields are

only slightly higher than using N32MOO4 alone; however, leaching of molybdenum into

the products was not observed. Thus, the copper and tin metal oxides act as promoters P...

.
J

:
‘
.
1
5

for the formation of propionic acid, and stabilize the molybdenum oxides on the catalyst.

Acetaldehyde yields were also lower in the presence of this combination of oxides, but

20% of the carbon was still unaccounted for in the products.

1
7
4
:
-

-.
.

A
'

 
Studies of lactic acid conversion to propionic acid were also conducted over iron

catalysts either alone or in place of molybdenum with copper and tin metal oxides. The

yields to propionic acid were very similar in both catalysts (Table 6.2) at values less than

10%; it was observed that acetaldehyde formation was dominant within the experimental

temperature range. When hydrogen was used as the carrier gas over the iron catalyst, it

was found that the yield of propionic acid increased to 16% at 350°C. However,

acetaldehyde yield was still relatively high at 30%.

The absence of acrylic acid formed through the reduction of lactic acid to

propionic acid suggests that the pathway to propionic acid does not involve the

dehydration of lactic acid to acrylic acid first and then further hydrogenation to propionic

acid. The reduction of these oxides on the catalyst is not fully understood, although the

large amount of carbon dioxide emitted seems to indicate that lactic acid was involved. If

this is the case, then theoretical yield to propionic acid would be much lower than 100%

since lactic acid is consumed in the reduction of the metals. Further studies of the
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oxidation states of the metals before and alter the reaction are necessary to understand this

direct pathway to propionic acid from lactic acid.

 



Chapter 7

SUMMARY AND RECOMMENDATIONS

7.1. Summary

Lactic acid obtained from fermentation can be converted to 2,3—pentanedione,

acetaldehyde, acrylic acid, and propionic acid in a fixed-bed, down-flow reactor.

Formation of acrylic acid from lactic acid is relatively low at 23% yield over NaOH at

350°C because of the competing decarboxylation reaction to acetaldehyde at high

temperature. However, 2,3-pentanedione can be produced in high yield over alkali metal

catalysts at temperatures between 280-300°C with yield increasing in the order of Na < K

< Cs. 2,3-Pentanedione yield as high as 60% theoretical with a 80% selectivity is

obtained over a 2 mmol CsOH/g silica catalyst at 280°C. Catalyst loading also increases

the yield to 2,3-pentanedione proportionally up to a saturation limit of 2 mmol of metal

per gram of support.

Post-reaction FTIR spectra of these alkali metal catalysts after exposure to lactic

acid vapor indicate the formation of alkali lactate as the dominant species on the surface

at 260-320°C. Along with the fact that similar yields can be obtained with sodium lactate

as the catalyst, it is thus concluded that the anions of initial sodium salts used do not

participate in the condensation to 2,3-pentanedione. Thus, the proposed mechanism for

the formation of 2,3-pentanedione involves presence of both lactic acid and alkali lactate.
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Conversion of the alkali salt to lactate is found to be greatest when a low melting point

salt with a volatile conjugate acid is used.

The decarbonylation of lactic acid to acetaldehyde can be greatly reduced by using

a silica support with low surface acidity. A kinetic model of the reaction system is

developed and the agreement between the predicted values and experimental data

supports the reaction between lactic acid and lactate in the formation of 2.3-pentanedione. I“

The alkali metal catalyst was found to be relatively stable toward the formation of 2,3- 5-

pentanedione with time and glucose impurity. However, 2,3-pentanedione selectivity

 decreases slowly with coking which enhances the formation of acetaldehyde. The

presence of ammonium lactate in feed does not significantly deactivate the pathway to

2.3-pentanedione, but the formation of ammonium hydroxide in the product causes

secondary reactions of 2,3-pentanedione and thus very little 2,3-pentanedione is observed

in product at high levels of ammonium lactate in feed.

Our preliminary studies in the formation of propionic acid from lactic acid over

molybdenum and other mixed transition metal catalysts show a 28% yield at 350°C and 5

second residence time. However, further investigations on reducing side-reactions of

lactic acid at these reaction conditions are needed to make this pathway valuable.

7.2. Recommendations

The optimization of the conversion of lactic acid to 2,3-pentanedione in the vapor

phase is mostly complete and the best catalysts for the reaction have been found. The

Sintering effect on high surface area silica support by alkali hydroxide has limited our

studies to only low surface area silica at optimum conditions. Since there is a direct
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relationship between catalyst loading and 2,3-pentanedione yield, it is possible to increase

2.3-pentanedione yield slightly further by loading the alkali lactate directly onto a high

surface area support. The alkali lactates are only weak bases and should not cause

significant support Sintering. However, higher surface area corresponds to higher surface

acidity and higher selectivity toward the formation of acetaldehyde.

Since ammonium lactate does not deactivate the catalytic pathway to 2,3- n

pentanedione from lactic acid, 2,3-pentanedione from lactic acid feed containing

ammonium lactate can be obtained by eliminating the ammonium hydroxide produced

from the decomposition of ammonium lactate. The slow reactions between 2,3-

 

V
J
.
.
.

pentanedione and ammonium hydroxide at room temperature indicate that most of the

2,3-pentandione is consumed inside the reactor once it is formed. It is possible to

eliminate the formation of ammonium hydroxide by the addition of nitric acid to the feed

hence converting the ammonium lactate to lactic acid and ammonium nitrate. Since

ammonium nitrate is soluble in water and known to decompose to H20 and N20 at 210°C

(80,87), it does not seem to pose any problem to the catalytic conversion of lactic acid.

However, because the decarbonylation of lactic acid to acetaldehyde increases with in

acid medium, the addition of nitric acid to the feed must not be in excess. The addition of

acid at the product stream can also prevent secondary reaction of 2,3-pentanedione with

ammonium hydroxide.

The yield of propionic acid from lactic acid conversion over transition metals can

still be increased by the use of higher surface area support, especially activated carbon

supports. Carbon support was observed to increase the selectivity for propionic acid in
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our studies with sodium phosphates. Using hydrogen as the carrier gas should also favor

the formation of propionic acid although higher reaction pressure may be needed.
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