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ABSTRACT

CATALYTIC UPGRADING OF LACTIC ACID
OVER SUPPORTED SALT CATALYSTS

By

Garry Gunter

Liquid phase conversion of lactic acid over zeolites
was performed in a batch reactor at 240-260°C and 590-960
psig for residence times of 2-3 hours. Products include
acetaldehyde and ethanol at 30-42% selectivities, and lesser
amounts of propanoic acid, acetic acid and acrylic acid.
Conversions are 3.7-5.3% at 240°C based on lactic acid fed.

Lactic acid conversion over supported and neat sodium
phosphate catalysts was performed in a packed bed reactor at
1.4-10 atmospheres, 280-350°C and contact times of 0.4-5.0
seconds. Five major reaction pathways were observed: 1)
decarboxylation to acetaldehyde, 2) decarbonylation to
acetaldehyde, 3) dehydration to acrylic acid, 4) reduction
to propanoic acid and 5) condensation to 2,3-pentanedione.
Minor products include ethanol, acetic acid, acetone and
acetol. The high-value flavoring ingredient, 2,3-
pentanedione, has never been previously observed as a
product of lactic acid condensation.

Production of acrylic acid is favored at 350°C and 0.4

seconds residence time. 2,3-Pentanedione formation is
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favored at 280°C and 4.0 seconds residence time. Basic
phosphate salts favor acrylic acid and 2,3-pentanedione.
Relatively acidic salts produce more acetaldehyde and
propanoic acid.

A catalyst survey compared various supported sodium
salt catalysts including tetraborate, carbonate, nitrate,
silicate, phosphate, sulfate, chlorate, arsenate, bromate
and molybdate. Very basic salts produce higher selectivities
to 2,3-pentanedione, acidic salts produce more propanoic
acid and moderately basic salts produce more acetaldehyde.
Group V salts (nitrate, phosphate and arsenate) produce 2,3-
pentanedione selectivities up to 64%. Conversion increases
with increasing size of the central atom of the catalyst
salt.

A mixture of condensed sodium phosphate salts 1is
present on the surface of supported phosphate salt catalysts
and was analyzed using MAS-’'P-NMR.

Chemical species adsorbed on model catalyst surfaces
were studied using transmission FTIR. The more basic sodium
phosphate salts alter the equilibrium between the gas phase
and the surface reactants to produce a greater surface
reactant concentration. This leads to greater conversion and
better product selectivity.

Proposed reaction mechanisms to acrylic acid and 2,3-
pentanedione both involve formation of cyclic transition

states.
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Chapter 1. Introduction

1.1. Background

Lactic acid holds great potential as a feedstock in the
chemical process industry. Lactic acid is produced by
fermentation of corn starch hydrolysate. Increased demand
for biodegradable polymers manufactured from lactic acid
monomers has led to improved technology for production of
lactic acid from starch hydrolysate at high yield and low
cost. These developments enhance the prospects for use of
lactic acid as a renewable-resource feedstock for production
of traditionally petroleum derived chemicals. Lactic acid
may be converted to several valuable products using
inorganic catalysis. These products include acrylic acid,
2,3-pentanedione, propanoic acid, acetol and acetaldehvde.

Acrylic acid is the starting material for the
production of acrylic and acrylate polymers, and 1is
currently produced from petro;eum by oxidation of propylene.
One of the keys to the production of polymers from renewable
resources is the conversion of lactic acid to acrylic acid.
Lactic acid may be converted to the condensation product
2,3-pentanedione with greater than 50% selectivity over
inorganic salt catalysts.

We have attempted to determine catalysts and conditions

which favor the various product pathways and to achieve high
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2
product yields using inorganic salt catalysts. We have also
attempted to understand the chemistry of the conversion of
lactic acid. We have gained insight into mechanistic aspects
of surface reactions by determination of surface species

using both NMR and FTIR.
1.2. Literature Review

1.2.1. Lactic Acid
1.2.1.1. Manufacture

The market for lactic acid is about 50 million lb/yr in
the U.S. (1,2). Its uses include pharmaceutical
preparations, leather and textiles, food additives, as well
as production of inks, solvents, lacquers and plastics (3).
This is a rather small market at present, but lactic acid
has much potential. Its possible uses include production of
lactic acid polymers, acrylic polymers, and small molecules
such as ethanol and propylene glycol for which large markets
already exist.

Presently, about 85% of the lactic acid sold is
produced by synthesis. The most important synthetic route is
via lactonitrile, as shown in Figure 1.1. Lactonitrile is a
by-product of acrylonitrile synthesis, but can also be

prepared from acetaldehyde and hydrogen cyanide (4).
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3
CH,CHO + HCN —> CH,CH(OH)CN
Acetaldehyde Lactonitrile
CH,CH(OH)CN + 2 H,0 + HCl1 —> CH,CH(OH)COOH + NH,C1
Lactonitrile Lactic Acid

Figure 1.1. Lactic Acid Synthesis via Lactonitrile

In the past, lactic acid was manufactured almost
exclusively from sugar by fermentation using various micro-
organisms. The present trend is shifting away from synthetic
routes and back to fermentation pathways. Plans have been
recently announced by DuPont, ConAgra and Cargill to build
plants to make lactic acid from corn starch. These new
plants will produce higher yields of lactic acid at lower
cost utilizing new technology. This technology includes
improved fermentation processes with lactic acid yields
greater than 95% theoretical and better purification using
nontraditional separation technigques such as membrane
separation. Current projections predict a tripling of the
lactic acid market to greater than 150 million lb/yr in 1995
with a lowering of the price from $0.60-1.00/1b to $0.25-
0.35/1b. Most of this new market is targeted for lactic acid
polymer production, but the lower price of the feedstock

will make its use for other products more viable.
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1.2.1.2. Properties

Lactic acid has rather interesting chemistry because it
contains both hydroxy and carboxylic acid functional groups.
Lactic acid self-esterifies to form lactide and polylactic
acid (5). Lactic acid forms esters easily with alcohols. The
boiling point of lactic acid is about 190°C at 1 atm
pressure, so in many cases the high boiling point of lactic
acid derivatives makes separation by distillation difficult

because of unwanted side reactions.

1.2.1.3. Primary Conversion Pathways

Several studies have been performed which examine the
conversion pathways of lactic acid. Many of these studies
have focused on acrylic acid formation since acrylic acid is
believed to be one of the keys to production of polymers
from renewable resources.

Some of the challenges associated with catalytic
conversion of lactic acid include: 1) difficulty in
vaporizing lactic acid, 2) coking, cracking and
esterification of the high boiling lactic acid, 3) poor
selectivity to any one product leading to a complex product
mixture, 4) difficulty in shutting down undesirable
pathways, 5) sensitivity of product selectivity to contact
materials and catalyst supports and 6) problems in

developing reliable methods of analysis.
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)

Holmen describes reaction of lactic acid and lactates
over sulfate and phosphate catalysts (6). Acrylic acid
vields of 68% were obtained at about 400°C using 10% agqueous
lactic acid solutions.

Odell, et al., (7) described conversion of lactic acid
to acrylic, propanoic, RB-hydroxypropanoic, pyruvic and

acetic acids, as shown in Figure 1.2.

CH,CH(OH)COOH —* CH,=CHCOOH + CH,CH,COOH + HOCH,CH,COOH +

Lactic Acid Acrylic Acid Propanoic Acid [B-Hydroxypropanoic
Acid

CH,CHOCOOH + CH,COOH
Pyruvic Acid Acetic Acid
Figure 1.2. Products of Lactic Acid Conversion Reported by
Odell (7)

These reactions were carried out in sealed ampoule
experiments in aqueous solution at 220-250°C over catalysts
of group VIII metal complexes such as [PtH(PEt;),] . The
major product in all cases was propanoic acid with yields of
2-50%. Acrylic acid was produced at 230°C with a yield of
4%. Significant yields of R-hydroxypropanoic acid (28%) are
obtained under the same conditions. This suggests
rehydration of acrylic acid to form B-hydroxypropanoic acid
and lactic acid.

Dehydration of lactic acid and ammonium lactate to
acrylic acid in the vapor phase over aluminum phosphate

catalysts is described by Paperizos, et al. (8,9). Aluminum
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6
phosphate catalysts were treated with an agueous inorganic
base such as ammonia to improve selectivity to acrylic acid.
In the best case, a 61% yield of acrylic acid is obtained at
a reaction temperature of 340°C and 4.2 seconds residence
time using ammonium lactate feed. The best yield using
lactic acid feed was 43% at 340°C. Propanoic acid,
acetaldehyde and gases were the other major products.
Catalyst calcination temperature was found to affect both
conversion and yield.

Sawicki describes a catalyst prepared by impregnation
of silica supports with monobasic sodium phosphate catalyst
and then buffering with sodium bicarbonate (10). When lactic
acid feed was introduced into a downflow Pyrex-lined
reactor, this catalyst gave a yield of 58% and selectivity
of 65% to acrylic acid at 350°C.

A thorough study of the reaction pathways of lactic
acid in supercritical water was published by Mok, Antal and
Jones (11). Three primary reaction pathways are described:
1) acid catalyzed decarbonylation to acetaldehyde, CO and
H,0, 2) decarboxylation to acetaldehyde, CO, and H, and 3)
dehydration to acrylic acid and H,0. Acetic acid and acetone
are further reaction products of acetaldehyde, while acrylic
acid hydrogenates to form propanoic acid or decarboxylates
to form ethene. Increasing solvent density favors the
dehydration pathway. Effects of solvent concentration,

temperature, pressure and acid catalysts are described for
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7
each pathway. Primary reaction pathways of lactic acid

observed by Mok, Antal and Jones are shown in Figure 1.3.

- CH,CHO + CO + H,0

Acetaldehyde
CH,CH(OH)COOH — CH,CHO + CO, + H,
Lactic Acid Acetaldehyde

—  CH,=CHCOOH + H,0

Acrylic Acid

CH,CHO —  CH,COOH + CH,COCH, + CH,
Acetaldehyde Acetic Acid Acetone Methane
+H,
CH,=CHCOOH —  CH,CH,COOH
Acrylic Acid Propanoic Acid
—  CH,=CH, + CO,
Ethene

Figure 1.3. Lactic Acid Reaction Pathways Observed by Mok,
Antal and Jones (11)

Lira and McCrackin studied the dehydration of lactic
acid in supercritical water using phosphate, acid and base
catalysts (12). They observed 58% acrylic acid yields using
homogeneous sodium phosphate catalysts at pressures of 310
bar and 360°C. Aging of the reactor favored higher acrylic
acid yields. This was thought to be due to passivation of

reactive sites on the reactor walls which cause undesired
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8
side reactions. This passivation is possibly caused by
selective dissolution of metals from the alloy reactor walls
under the influence of supercritical water. The same basic
pathways were observed that had been seen before by Mok,
Antal and Jones. The water-gas shift reaction may also play

a role in product distribution.

Water-Gas Shift Reaction

CO + HO = CO, + H,

1.2.1.4. Thermodynamics

Heats of reaction and equilibrium constants for the
major reaction pathways were calculated using literature
values or estimated from molecular orbital calculations if
literature values were not available. As seen in Table 1.1.,
all major reaction pathways are thermodynamically favorable,

so only kinetic limitations exist for product formation.

Table 1.1. Heats of Reaction and Equilibrium Constants for
Major Reaction Pathways

Reaction OH, 595 K
(kJ/mol)
CH,CH (OH)COOH —* CH,CHO + CO + H,0 87 2x10°
CH,CH (OH) COOH — CH,CHO + CO, + H, 46 7x107
CH,CH (OH) COOH — CH,=CHCOOH + H,0 27 8x10°
2CH,CH (OH) COOH —* CH,C(0Q)C(O)C,H, + -21.7 2x10%
2H,0 + CO,

* Estimated from molecular orbital calculations.
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9
1.2.2. Manufacture of Acrylic Acid

Acrylic acid and acrylates are used to prepare emulsion
and solution polymers used in coatings, finishes, binders,
paints, polishes, adhesives, fibers and specialty acrylic
polymers. The market for acrylates has grown at a rate of
about 10% for many years and 1s expected to continue growth
at about 5% in the near future. The world production of
acrylates was about 2 billion pounds in 1985 (13). U.S.
acrylate production in 1987 was about 1.1 billion pounds
(14) . BASF of Germany operates acrylate plants in the U.S.
and Europe and produced about half of the world acrylate
supply in 1991 (15).

A very large market for acrylates has been found in
production of acrylic fibers for use in polyacrylate super-
absorbing polymers (SAP). The exceptional growth of this
market has been due largely to the use of SAPs in disposable
diapers, adult incontinence and feminine hygiene products.
About 500 million pounds of acrylic fibers were produced in
the world in 1990, which is about 25% of the world acrylate
production (16). Acrylate polymeric products have good
clarity and strength and are resistant to chemical and
environmental attack (17).

Many processes have been used commercially to produce
acrylic acid in the past. Only the propene oxidation route
and the acetylene-based Reppe process (BASF) are in use at

the present time. All new plants being built are based on






10
propene oxidation. This process is attractive because
propene is cheap and very selective catalysts have been
developed for the process. The overall yield of acrylic acid
is about 80% based on propene (13). Figure 1.4. lists some
of the commercial methods of acrylate production. Another
process for the production of acrylic acid involves the

oxidative carbonylation of ethene over a palladium catalyst.

1.2.3. Reactions Related to Acrylate Production
Interesting work has been published dealing with
reactions of lactic acid derivatives to acrylates and

derivatives thereof.

1.2.3.1. Pyrolysis of a-Acetoxypropionates

A series of papers in 1935 by Burns, Jones and Ritchie
described the pyrolysis of o-acetoxypropionates and -
acetoxyisobutyrates to produce acrylates and methacrylates

(18-20) .
CH,COOCH (CH,) COOCH, - CH,=CHCOOCH, +  CH,COOH
Methyl o-Acetoxypropionate Methyl Acrylate Acetic Acid
CH,COOC (CH,) ,COOCH, =~ —  CH,=C(CH,;)COOCH, +  CH,COCH

Methyl a-Acetoxyisobutyrate Methyl Methacrylate Acetic Acid

The pyrolysis was carried out under nitrogen or CO, in

a vertical Pyrex glass-lined iron tube packed with quartz
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Propene Oxidation Route

catalyst
CH,=CHCH, + 0, - CH,=CHCHO  +  H,0
Propene Acrolein
CH,=CHCHO + % 0, - CH,=CHCOOH
Acrolein Acrylic Acid

Acetylene Route (Reppe)

4HC=CH + Ni(CO), + 4H.0 + 2HC1 — 4CH,=CHCOOH + H, + NiCl,
Acetylene Acrylic Acid
Acetylene Route (BASF)

Ni Catalyst

HC=CH + CO + H,0 - CH,=CHCOOH
Acetylene Acrylic Acid
Acrylonitrile Route

CH,=CHC=N + H,SO, + 2H.0 — CH,=CHCOOH + NH,HSO,

Acrylonitrile Acrylic Acid
Ketene Route <>:0
Ketene Formaldehyde R-Propiolactone Acrylic Acid

Ethylene Cyanohydrin Route
HOCH,CH,C=EN + H,50, + H,0 —> CH,=CHCOOH + NH,HSO,

Ethylene Cyanohydrin Acrylic Acid

Condensation of Acetic Acid with Formaldehyde
CH,COOH + CH,0 - CH,=CHCOOH + H,0
Acetic Acid Formaldehyde Acrylic Acid

Figure 1.4. Routes for the Production of Acrylic Acid
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12
chips. At 470-485°C, yields of 80-83% methyl methacrylate
were obtained. This study also addressed the effect of both
temperature and ester group on product yields.

A number of papers were published in the 1940s by the
researchers Smith, Fisher, Ratchford, Fein, Rehberg,
Filachione and Lengel (21-30). Building on the work of
Burns, Jones and Ritchie, these papers also dealt with the
pyrolysis of lactic acid derivatives to acrylates, focusing
on the effec;s of contact times, contact materials and ester
groups on the acrylate yields. For pyrolysis of methyl o-
acetoxypropionate, the best methyl acrylate yields (of about
90%) were obtained at 550°C and 10 seconds contact time.
Quartz chips, aluminum strips, Pyrex, carborundum, carbon
rods, copper and iron were found to be good contact
materials, while silica gel and alumina led to coking and
the formation of gases. Clay was found to be inert and led
to lower conversions when used as a contact material. Best
results were obtained using methyl ester groups mainly
because the thermal stability of the methyl group led to

higher selectivity to the desired products.

1.2.3.2. Preparation of Methacrylic Acid

Various preparations of methacrylic acid are discussed
by White (31). These include dehydration of o-
hydroxyisobutyrates using phosphorus trichloride and

dehydrohalogenation of o-halo isobutyrates.
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13

CH,C (OH) (CH,)COOR  +  PCl, - CH,=C (CH;) COOR + H,0

a-Hydroxyisobutyrate Phosphorus Methacrylate
Trichloride
CH,CX (CH,) COOR - CH,=C (CH,) COOR + HX
a-Halo Isobutyrate Methacrylate Hydrogen Halide

Filachione, Fein, Lengel and Fisher published a paper
which discussed pyrolysis of acetoxyisobutyrates to esters
of methacrylic acid (32). This was an extension of their
work on acetoxypropionates. In this work, the ester groups
were a series of lactates with various ester groups
attached. The highest yield observed was 85% at 450°C for

pyrolysis of the acetoxyisobutyrate of methallyl lactate.

CH,COOC (CH,) ,COOCH (CH;) COOCH=CHCH,
Acetoxyisobutyrate of Methallyl Lactate
—* CH,=C(CH,) COOCH (CH;) COOCH=CHCH; + CH,COOH

Methacrylate of Methallyl Lactate Acetic Acid

Abe, et al., observed a 93% yield of methacrylate at
240°C over aluminosilicate 13X molecular sieve (33). The
vaporized feed was a 50% solution of methyl o-

hydroxyisobutyrate in methanol.
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CH,C (OH) (CH,) COOCH, = —*  CH,=C (CH,) COOCH, + CH,=C (CH,)COOH +

Methyl o- Methyl Methacrylate Methacrylic Acid
Hydroxyisobutyrate 93% 2%
CH,COOCH, + CH,OC (CH,) ,COOCH,

Methyl Acetate Methyl a-Methoxyisobutyrate
<1% <1%

1.2.3.3. Oxydehydrogenation of Isobutyric Acid to
Methacrylic Acid

Many studies have been performed on phosphates with
mixed cations. These catalysts have been shown to exhibit
selectivity to methacrylic acid in oxydehydrogenation of

isobutyric acid.

CH,CH(CH,)COOH + % O, — CH,=C(CH,)COOH + H,0

Isobutyric Acid Methacrylic Acid

Watkins reported methacrylic acid yields of about 70%
at 380-490°C (34,35). The catalyst was a calcined residue of
bismuth oxynitrate, iron phosphate and lead phosphate. A
mixed phosphate catalyst with a composition of
Fe, (Ag, ,sCr, P, ;;0, supported on silica gave yilelds of about
75% as described by Daniel (36,37). About the same time,
Ruszala showed that iron phosphate catalysts can give
selectivities up to 80% at 380°C (38).

Moreschini, et al., obtained yields of about 76% on
mixed phosphate catalysts with an empirical formula

Fe, ;MeKP, ;O,, where Me is Ni, Zr or Al (39). Reaction
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15
temperatures were 390-410°C.

A very interesting kinetic and catalyst screening study
of heteropoly acids was published by Haeberle and Emig in
1988 (40). Their results pointed to 10-molybdo-2-vanado-
phosphoric acid and its cesium salts as catalysts for
oxydehydrogenation of isobutyric acid at nearly 80%
selectivity at 305°C. Three major pathways were identified
which lead to formation of methacrylic acid, acetone and
propene as well as CO and CO,. Pulse reactor experiments
showed that higher temperatures favor propene formation
while high oxygen partial pressure favors the methacrylic

acid pathway.

+ % 0,
— ° CH,=C(CH,)COOH + H,0

Methacrylic Acid

+ O,
CH,CH(CH,)COOH —  CH,COCH, + CO, + H.0
Isobutyric Acid Acetone

H'Q

—  CH,=CHCH, + CO + H,0

Propene

1.2.4. pDehydration of Alcohols
1.2.4.1. Mechanism of Acid Catalysis

Dehydration of alcohols to form alkenes occurs via an
El mechanism (41). First an acid catalyst donates a proton

to the hydroxy group. In the rate determining step, a water
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16
molecule leaves to form a carbocation. If possible, the
carbocation rearranges via methylene or hydride shifts in
order to stabilize the positive charge. The last step
involves abstraction of a hydrogen on a carbon adjacent to
the carbocation by water to regenerate the acid catalyst and
vield the alkene. The stability of the carbocation formed
controls the product distribution. The product with the most
stable cation will be the major product. This dehydration
mechanism 1s presented in Figure 1.5.

Catalysts for alcohol dehydration include concentrated
Bronsted inorganic acids such as sulfuric and phosphoric
acid for primary alcohols. Secondary alcohols require less
acidic conditions and tertiary alcohols are easier still.

They react in dilute inorganic acids.

fast, 80°C
CH,C(CH,),CH(CH;)OH + H,0" = CH,C (CH,),CH(CH,;)OH,” + H,0

3,3-Dimethyl-2-butanol

slow
~CH,
CH,C (CH,) ,C HCH, - CH,C" (CH,) CH (CH,) CH,
secondary tertiary

fast
+H,0"
major minor

Figure 1.5. Acid Catalyzed Dehydration Mechanism
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1.2.4.2. Dehydration over Zeolite Catalysts

Zeolite catalysts were considered good candidates for
dehydration of lactic acid to acrylic acid because Lewis
acid catalysts such as zeolites and alumina have been used
to catalyze gas phase dehydration of alcohols (42). Zeolites
have both Brodénsted and Lewis acid sites and are known to
catalyze hydrocarbon cracking via carbonium ion
intermediates (43-45). Several other considerations
suggested zeolite catalysts to be suitable for the
conversion of lactic acid: 1) high acidity, 2) high
activity, 3) low coke formation and 4) regenerability (45).

Y and ZSM zeolites are both synthetic aluminosilicates.
Y zeolite has a Si/Al ratio of about 2.4 and a structure
made of sodalite cages connected to form 13A faujasite
supercages. The faujasite structure is entered through a
twelve-membered ring about 8A in diameter (46). ZSM-5
zeolite has a Si/Al ratio of about 3.5 and consists of a
building unit of eight five membered rings which are joined
at the edges to form chains. These chains link to form
sheets and the sheets stack to form a three dimensional
structure known as pentasil. The structure is entered
through a ten-membered ring about 6.3A in diameter (45). The

topology of zeolite structure is presented in Table 1.2.
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Table 1.2. Topology of Y and ZSM-5 Zeolites

Zeolite Type Y ZSM-5
Superstructure Faujasite Pentasil
Number of Tetrahedra in Ring 12 10
Pore diameter (A) 8.0 6.3
Approximate Si/Al Ratio 2.4 3.5

Many researchers report dehydration of alcohols using
zeolite catalysts. The acid catalyzed dehydration of 2-
propanol occurs via a carbocation intermediate to form
propene and diisopropyl ether at 150°C over H Y zeolite
(47) . Methanol and ethanol are converted to hydrocarbons
over HZSM-5 at 400°C (48).

Dehydration of alcohols using zeolite catalysts was
reviewed by Turkevich (49). Dehydration of 2-butanol was
reported over Ca A zeolite. Dehydration of ethanol to ethene
was observed over metallic cadmium on X zeolite. 2-propanol
dehydration over H X, Na Y and Ca A zeolites was seen at
240-270°C. Ca Y zeolite was reported to produce dehydration
of ethanol to ethene at 250°C in 100% yield, dehydration of
l-propanol to propene in 90% yield at 275°C, dehydration of
2-propanol at 230°C and dehydration of cyclohexanol to
cyclohexene in 100% yield at 170°C.

Water, alcohol and CO, are known to reversibly promote

activity over faujasite zeolites for a wide variety of
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conditions and reactions (50). Promotion of isooctane
cracking by CO, over ion-exchanged Y zeolites was studied
using IR spectroscopy. The promotion mechanism involves
reaction of surface species with CO, to convert basic
hydroxyl sites to acidic hydroxyl sites and destruction of
basic metal hydroxide species which inhibit cracking on the
surface of the zeolite catalyst (51,