Electronic Journal of Biotechnology ISSN: 0717-3458
© 2004 by Pontificia Universidad Catélica de Valparaiso -- Chile

Vol.7 No.2, Issue of August 15, 2004
Received May 09, 2004 / Accepted June 10, 2004

REVIEW ARTICLE

L (+) lactic acid fermentation and its product polymerization

Niju Narayanan
Department of Biochemical Engineering and Biotechnology
Indian Institute of Technology Delhi
Hauz Khas, New Delhi — 110016, India
Tel: 91-11-26591001
Fax: 91-11-26582282
E-mail: nkniju@hotmail.com

Pradip K. Roychoudhury
Department of Biochemical Engineering and Biotechnology
Indian Institute of Technology Delhi
Hauz Khas, New Delhi — 110016, India
Tel: 91-11-26591011
Fax: 91-11-26582282
E-mail: pkrc@dbeb.iitd.ernet.in

Aradhana Srivastava*
Department of Biochemical Engineering and Biotechnology
Indian Institute of Technology Delhi
Hauz Khas, New Delhi — 110016, India
Tel: 91-11-26596192
Fax: 91-11-26582282
E-mail: ars@dbeb.iitd.ernet.in

Keywords: bioprocesses, fermentation, L (+) lactic acid, Lactobacillus sp., polymerization.

Lactic acid has been first introduced to us as early as
1780 as a sour component of milk. Ever since we have
found its applications in food, pharmaceutical, cosmetic
industries etc. Now there are emerging uses as a
potential feedstock for the biodegradable polymer
industry. The microorganisms being used for lactic acid
fermentation, the raw materials reported, the various
novel fermentation processes and its processing methods
have been reviewed. The properties and applications of
lactic acid, its derivatives and polymer have been
discussed. The various routes to polymerization and the
companies presently involved in lactic acid production
have been covered.

Lactic acid (2-hydroxy prop ionic acid) is the most widely
occurring carboxylic acid in nature. The Swedish chemist
Scheele first discovered it in 1780, but it was first produced
commercially by Charles E. Avery at Littleton,

(a) Addition of Hydrogen Cyanide
CH3CHO + HCN

in 1881.
Chemical

Lactic acid can be
synthesis or (b)

Massachusetts, USA
manufactured by (a)
Carbohydrate fermentation.

CHEMICAL SYNTHESIS

The commercial process for chemical synthesis is based on
lactonitrile. Hydrogen cyanide is added to acetaldehyde in
the presence of a base to produce lactonitrile. This reaction
occurs in liquid phase at high atmospheric pressures. The
crude lactonitrile is recovered and purified by distillation. It
is then hydrolyzed to lactic acid, either by concentrated HCI
or by H,SO, to produce the corresponding ammonium salt
and lactic acid. Lactic acid is then esterified with methanol
to produce methyl lactate, which is removed and purified
by distillation and hydrolyzed by water under acid catalyst
to produce lactic acid and the methanol, which is recycled.

This process is represented by the following reactions.

catalyst

» CH3CHOHCN

acetaldehyde hydrogen cyanide

(b) Hydrolysis by H,SO4
CH3CHOHCN + H20 +1/2H,S0,

lactonitrile

» CHsCHOHCOOH + 1/2(NH2),SO4

Lactonitrile sulphuric acid

* Corresponding author

lactic acid ammonium salt
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(d) Esterification
CH3CHOHCOOH + CH30OH

L (+) lactic acid fermentation and its product polymerization

» CH3;CHOHCOOCH; + H20

lactic acid methanol

(e) Hydrolysis by H,O

methyl lactate

CH3CHOHCOOCHs + H20
methyl lactate

The chemical synthesis method produces a racemic mixture
of lactic acid. Two companies Musashino, Japan and
Sterling Chemicals Inc., USA are using this technology.

Other possible routes are base catalyzed degradation of
sugars, oxidation of propylene glycol, reaction of
acetaldehyde, carbon monoxide and water at elevated
temperature and pressures, hydrolysis of chloropropionic
acid, carbohydrate fermentation, nitric acid oxidation of
propylene.

FERMENTATION
Though chemical synthesis produces a racemic mixture,
stereo specific acid can be made by carbohydrate

fermentation depending on the strain being used. It can be
described by

(a) Fermentation and neutralization

fermentation

CH3CHOHCOOH + CH3OH

v

lactic acid methanol

forms.

HO ,COOH HO_  ,COOH
" /
N >C._

H”  “CH, CH; H

L (+) Lactic acid D (-) Lactic acid

Lactic acid is soluble in water and water miscible organic
solvents but insoluble in other organic solvents. It exhibits
low volatility. Other properties of lactic acid are
summarized in Table 1.

The various reactions characteristic of an alcohol which

C6H1205 + Ca (OH)2
Carbohydrate  Calcium hydroxide

(b) Hydrolysis by H,SO,

2(CH;CHOHCOO) Ca®* +  H,SO,

(2CH;CHOHCOO") Ca** +2H,0
Calcium lactate

» 2 CH;CHOHCOOH + CaSO,

Calcium lactate Sulphuric acid

(c) Esterification
CH3;CHOHCOOH + CH30H

Lactic acid Methanol

(d) Hydrolysis by H,O
CH3;CHOHCOOCH; + H,0 >
Methyl lactate

The broth containing calcium lactate is filtered to remove
cells, carbon treated, evaporated and acidified with
sulphuric acid to get lactic acid and calcium sulphate. The
insoluble calcium sulphate is removed by filtration; lactic
acid is obtained by hydrolysis, esterification, distillation
and hydrolysis.

PROPERTIES, USES AND APPLICATIONS

Lactic acid is a three carbon organic acid: one terminal
carbon atom is part of an acid or carboxyl group; the other
terminal carbon atom is part of a methyl or hydrocarbon
group; and a central carbon atom having an alcohol carbon
group. Lactic acid exists in two optically active isomeric

Lactic acid Calcium sulphate

» CH;CHOHCOOCHS3 + H,0

Methyl lactate

CH;CHOHCOOH + CH5OH

Lactic acid Methanol

lactic acid (or it esters or amides) may undergo are

Table 1. Physical properties of lactic acid.

Molecular weight 90.08
Melting point 16.8°C
Boiling point 82°C at 0.5 mm Hg

122°C at 14 mm Hg
1.37x 10"

1361 KJ/mole

190 J/mole/°C

Dissociation constant, K, at 25°C
Heat of combustion, AH.
Specific Heat, C, at 20°C

xanthation with carbon bisulphide, esterification with
organic acids and dehdrogenation or oxygenation to form
pyruvic acid or its derivatives. The acid reactions of lactic
acid are those that form salts. It also undergoes
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esterification with various alcohols.

Lactic acid can be analyzed by NAD® linked lactate
dehydrogenase enzyme assay. A colorimetric method has
been described in many papers. Gas chromatography can be
used after esterification of lactic acid but is unsatisfactory
for quantitative. Liquid chromatography and its various
techniques can be used for quantitative analysis and
separation of its optical isomers.

Lactic acid is used as acidulant/ flavouring/ pH buffering
agent or inhibitor of bacterial spoilage in a wide variety of
processed foods. In contrast to other food acids it has a mild
acidic taste. It is non-volatile odorless and is classified as
GRAS (generally regarded as safe) by FDA in the US. It is
a very good preservative and pickling agent. Addition of
lactic acid aqueous solution to the packaging of poultry and
fish increases their shelf life (Anon, 1992). The esters of

-
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Figure 1. Sketch of the fermentor is shown with all the connection for monitoring and control of the continuous lactic acid

fermentation process with continuous cell recycling.

Fi: feed rate (the dilution rate was maintained by maintaining the feed rate);

F,: rate at which broth was taken out of the fermentor;

Fs: rate of purging (the sample from the purge were regularly analyzed for biomass and metabolites concentrations inside the

fermentor);
F.: rate at which permeate was taken out from the filtration unit;
Fs: rate at which biomass was recycled back to the fermentor.
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lactic acid are used as emulsifying agents in baking foods
(stearoyl-2-lactylate, glyceryl lactostearate, glyceryl
lactopalmitate). The manufacture of these emulsifiers
requires heat stable lactic acid, hence only the synthetic or
the heat stable fermentation grades can be used for this
application (Datta, 1995; Sodegard, 1998).

Technical grade lactic acid is used as an acidulant in
vegetable and leather tanning industries. Various textile
finishing operant and acid dying of food require low cost
technical grade lactic acid to compete with cheaper
inorganic acid. Lactic acid is being used in many small
scale applications like pH adjustment hardening baths for
cellophanes used in food packaging, terminating agent for
phenol formaldehyde resins, alkyd resin modifier, solder
flux, lithographic and textile printing developers, adhesive
formulations, electroplating and electropolishing baths,
detergent builders.

Lactic acid has many pharmaceutical and cosmetic
applications and formulations in topical ointments, lotions,
anti acne solutions, humectants, parenteral solutions and
dialysis applications, for anti carries agent. Calcium lactate
can be used for calcium deficiency therapy and as anti
caries agent. Its biodegradable polymer has medical
applications as sutures, orthopaedic implants, controlled
drug release etc. Polymers of lactic acids are biodegradable
thermoplastics. These polymers are transparent and their
degradation can be controlled by adjusting the composition,
and the molecular weight. Their properties approach those
of petroleum derived plastics. Lactic acid esters like
ethyl/butyl lactate can be used as green solvents. They are
high boiling, non-toxic and degradable components. Poly
L-lactic acid with low degree of polymerization can help in
controlled release or degradable mulch films for large-scale

L (+) lactic acid fermentation and its product polymerization
agricultural applications (Datta, 1995).
LACTIC ACID BACTERIA

Lactic acid bacteria are among the best studied
microorganisms. Important new developments have been
made in the research of lactic acid bacteria in the areas of
multidrug  resistance, bacteriocins, quorum sensing,
osmoregulation, autolysins and bacteriophages. Progress
has also been made in the construction of food grade
genetically modified Lactic acid bacteria. These have
opened new potential applications for these microorganisms
in various industries (Konings et al. 2000).

The desirable characteristics of industrial microorganisms
are their ability to rapidly and completely ferment cheap
raw materials, requiring minimal amount of nitrogenous
substances, providing high vyields of preferred stereo
specific lactic acid under conditions of low pH and high
temperature, production of low amounts of cell mass and
negligible amounts of other byproducts.

The choice of an organism primarily depends on the
carbohydrate to be fermented. Lactobacillus delbreuckii
subspecies delbreuckii are able to ferment sucrose.
Lactobacillus delbreuckii subspecies bulgaricus is able to
use lactose. Lactobacillus helveticus is able to use both
lactose and galactose. Lactobacillus amylophylus and
Lactobacillus amylovirus are able to ferment starch.
Lactobacillus lactis can ferment glucose, sucrose and
galactose. Lactobacillus pentosus have been used to
ferment sulfite waste liquor.

Lactobacillus has complex nutritional requirements, as they
are those groups of microorganisms that have lost their

Table 2. Overview of lactic acid based polymers prepared by direct polycondensation or by polycondensation followed by chain

extension.

Molecular size prepared in

Macro molecular

Monomer/monomers Linking agent Reference
kDa form
Low or medium molar mass L -lactic acid nil Linear homonolvmer Espartero et al. 1996; Ajioka
<70 kDa poly etal. 1998
High molecular size >70 kDa | L-lactic acid HMDI Linear homopolymer 'a_:"gé%n etal. 1997; Woo et
High molecular size >70 kDa | L-lactic acid Dipentaerythriitol Star shaped Kim and Kim, 1999

homopolymer

L-lactic acid with 6-
hydroxycapric acid; L-lactic
acid with caprolactone

Low molar mass
<20 kDa

Nil with 6hydroxycaproic
acid, and HMDI for
caprolactone monomer
polymerization

Kylma et al. 1997; Kawasaki

Linear copolymer etal. 1998

. . L-lactic acid with Butandiol;
High molecular size

L-lactic acid with mandelic HMDI; IPDI Copolymers Kylma and Seppala, 1997
> 70 kDa acid
High molecular size L-lactic acid with butandiol; 4 .
> 70 kDa hydroxybbenzoic acid HMDI; IPDI Copolymers Kylma and Seppala, 1997
High molecular size > 70 kDa L-lactic acid V.\”th putandlol; 4 HMDI; IPDI Copolymers Kylma and Seppala, 1997
acetoxybenzoic acid
High molecular size > 70 kDa | L-lactic acid with butandiol; 4 | HMDI; IPDI Copolymers Kylma and Seppala, 1997
High molecular size > 70 kDa | L-lactic acid HMDI; IPDI Copolymers Kylma and Seppala, 1997
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ability to synthesize their own growth factors. They cannot
grow solely on carbon source and inorganic nitrogen salts.
Organisms such as Rhizopus oryzae have less limiting
nutritional requirements and can utilize starch feed stocks.
They are able to produce pure L (+) lactic acid (Skory et al.
1998). Studies have also been carried out with
Saccharomyces cerevisiae and Kluyveromyces lactis for
production of pure L (+) lactic acid because of their ability
to tolerate high concentration of hydrogen ions (Porro et al.

Computer and Interface

1997), which is desirable.
ENZYMES FOR LACTIC ACID FERMENTATION

Lactic acid is produced in the form of L (+) or D (-) lactic
acid or as its racemic mixture. Organisms that form the L
(+) form or D (-) form have two lactate dehydrogenases
(LDH), which differ in their stereospecifity. Some
Lactobacilli produce L (+) form, which on accumulation
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Figure 2. Schematic of lactic acid fermentation in fed-batch fermenter.
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induces a racemase, which converts it into D (-) lactic acid
until equilibrium is obtained.

The L- lactate dehydrogenase in L. casei have been found
to be an allosteric enzyme with fructose 1,6- bisphosphate
(FDP). In some cases Mn?* acts as the cofactor. The LDH
in L. casei and eukaryotes and in L. casei and vertebrates
show 37% and 76% similarity respectively, but the active
sites show 70% and 86% similarity respectively which
shows that the essential parts of this enzyme has been
conserved. In comparison to the vertebrate enzymes L.
casei is found to lack 12-amino acid residues at the N-
terminus, which is found to be a common characteristic of
bacterial enzymes irrespective of the allosteric behaviour.
L. casei also carries 7 additional amino acid residues at the
C end but it is not known whether this is also characteristic
of bacterial enzymes as there are no complete sequence of
other bacterial enzymes available.

Despite  the  differences in  primary  structure,
crystallographic analysis shows that the overall structure of
the allosteric enzymes in L. casei and the non-allosteric
enzymes in vertebrates are similar. Therefore, probably the
minor alterations in the primary structure are responsible
for its allosteric behaviour. The absence of the first 12
amino acids at the N- terminus indicates a possible effector
binding site, also accounting for the dissociation inhibiting
effect of Mn* or (Mn®** + FDP) on the enzyme. The
tetrameric enzyme dissociates into dimers showing the free
solvent accessibility to tyrosine residues, which may not be
located in the subunit contact region. Tryptophan residues
are in UV absorption and protein fluorescence by effector
binding but protein fluorescence was found to be destroyed
in dimethyl sulfonium bromide, and also there is no
influence on FDP binding. Therefore, it may be due to
some remote tyrosine residue. However, the metabolic
pathways of L. casei were found to be controlled by the
kind of carbohydrates available, which determine the
amount of FDP and triose phosphate intermediates. These
control the activity of LDH and other enzymes to produce
metabolites other than lactic acid. Also FDP independent
control of Lactate dehydrogenase has been reported in L.
bulgaricus. When this organism was grown in continuous
culture, a shift in pH from acidic to alkaline causes it to
catabolize sugar in a heterofermentation mode by the
phosphoketolase split pathway. This implied that lactate
dehydrogenases in lactic acid bacteria were under the
control of not only allosteric affects but also gene
expressions

GENETICALLY MODIFIED LACTIC ACID
BACTERIA FOR IMPROVED L (+) LACTIC ACID
BACTERIA

A few attempts have been made to improve L (+) lactic
acid production by metabolic engineering in lactobacilli

L (+) lactic acid fermentation and its product polymerization
producing both L (+) and D (-) lactic acids.

In Lactobacillus helveticus inactivation of IdhD (D-lactate
dehydrogenase gene) led to a two fold increase in the
amount of L (+) lactic acid, thereby restoring the total
amount of lactic acid to the level in the wild type strain.
Two stable IdhD negative strains of Lactobacillus
helveticus were constructed by the gene replacement
method. One strain was constructed by an internal deletion
of the promoter region thereby preventing the transcription
of the IdhD gene. The second construct was prepared by
replacing the IdhD gene with IdhL, thus duplicating the
gene dosage. The L-lactate dehydrogenase activity was
increased by 53% and 93% respectively in the two
modified strains than in the wild type strain. The two D-
lactate dehydrogenase negative strains produced only L (+)
lactate in an amount equal to the total lactate produced by
the wild type strain (Nikkila et al. 2000).

The gene encoding L (+) lactate dehydrogenase was
isolated from Lactobacillus plantarum and cloned into
Escherichia coli. This gene was sequenced and used to
construct Lactobacillus plantarum strains by either over
expressing or not expressing IdhL. A multicopy plasmid
bearing ldhL gene was introduced into Lactobacillus
plantarum without modification of its expression signals.
This increased the L-lactate dehydrogenase activity 13-fold
but it hardly had any effect on the production of L (+)
lactate or D (-) lactate. A stable chromosomal deletion in
the IdhL gene resulted in the absence of L-lactate
dehydrogenase activity and in exclusive production of the
D-isomer of lactate (Ferain et al. 1994).

In Lactococcus lactis, when the copy number of the lac
operon in which the ldhL gene was increased, it resulted in
a slight increase in lactic acid production (Davidson et al.
1995).

The D-lactate dehydrogenase gene (IdhD) of Lactobacillus
johnsonii was isolated, and an in vitro truncated copy of
that gene was used to inactivate the genomic copy of the
wild strain. For this an 8-bp deletion was generated within
the cloned IdhD gene to inactivate its function. The plasmid
containing the altered IdhD was transferred to Lactobacillus
johnsonii via conjugative comobilisation with Lactococcus
lactis. Crossover integrations of the plasmid at the genomic
IdhD site were selected, and appropriated resolution of the
structures resulted in mutants completely lacking D-lactate
dehydrogenase activity. The lower remaining L-lactate
dehydrogenase activity rerouted pyruvate to L-lactate with
a marginal increase in the secondary end products
acetaldehyde, acetoin and diacetyl (Lapierre et al. 1999).

E. coli is a facultative anaerobe, which carries out mixed

fermentation of glucose dehydrogenase activity, was also
not able to grow on glucose. However, an alcohol
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dehydrogenase (adh), phosphotransacetylase (pta) double
mutant was able to grow anaerobically on glucose by
lactate fermentation producing D- lactate and a small
amount of succinate. An additional mutation in the
phosphoenol pyruvate carboxylase gene made the mutant
produce D-lactate like a homofermentative in which the
principal products are formate, acetate, d-lactate, succinate
and ethanol. A pta” mutant, that is not able to synthesize
phosphotransacetylase responsible for acetate formation,
was not able to grow on glucose. An adh™ mutant are not
having alcohol in lactic acid bacteria (Narayanan et al.
2004). An L- Lactate dehydrogenase gene was introduced
into this mutant lacking D-lactate dehydrogenase gene, this
resulted in producing L-lactate dehydrogenase as the major
fermentation product (Chang et al. 1999).

Rhizopus oryzae has ethanol fermentative enzymes that
allow the fungus to grow for short periods in the absence of
oxygen. A mutant was isolated that expressed only 5% of
the wild type alcohol dehydrogenase activity under O,
limiting conditions. Thus pyruvate was shuttled to lactic
acid formation (Skory et al. 1998).

RAW MATERIALS

Over the years authors have studied a large number of
carbohydrates and nitrogenous materials for production of
lactic acid. They have been investigated on the basis of
high lactic acid yields, optimum biomass production,
negligible by product formation, fast fermentation rate, less
pre-treatment, easy down stream processing, low cost, ease
of availability etc. The choice of the raw material to be
used depends on the microorganisms studied and also on
the product desired.

Sucrose (from syrups, juices and molasses), lactose (from
whey), maltose (produced by specific enzymatic starch
conversion processes), glucose (from starch conversion
processes, mannitol etc have been commercially used.
Molasses are cheap but give low yields of lactic acid and
laborious purification procedures. Whey is also cheap and
easily available but like molasses have expensive
purification processes. These have stimulated the
development of modern technologies like ultra filtration
and electrodialysis (Kulozik and Wilde, 1999). Hydrolyzed
potato starch, corn, straw, whey, cottonseed hulls,
grapefruit, sulphite waste liquor etc. have also been
investigated. Studies have also been made for the
production of L (+) lactic acid by R. oryzae using
cornstarch and corncobs in an air-lift bioreactor and fibrous
bed bioreactor.

Studies are also being carried out to develop microbial
processes for the production of high purity L (+) lactic acid
at low cost from sago starch which is in abundance in
Sarawak, Malaysia, Riau and Indonesia. Lactic acid has

also been produced by simultaneous sachcharification and
fermentation of pre-treated alpha fibre.

A number of nitrogenous materials like whey permeate,
yeast extract, malt sprouts, malt combing nuts, grass
extract, peptones, beef extract, casein hydrolysate, corn
steep liquor, N-Z-amine, soybean hydrolysate with
supplementation of vitamins to supplement carbohydrate
sources to give fast and heavy growth have been studied.
However, yeast extract seems to be the most effective
supplement. Eleven different nitrogen sources were tested.
Various amounts of B vitamins were studied to replace
yeast extract (Hujanen and Linko, 1996). These are kept at
minimal levels to simplify the recovery process. Additional
minerals are occasionally required when the carbohydrate
and nitrogenous sources lack sufficient quantities

FERMENTATION PROCESSES.

Lactic acid fermentation is known to be end product
inhibited fermentation by an undissociated form of lactic
acid. Several studies have been carried out to overcome this
problem. It has found that using extractive lactic acid
fermentation technique could give a lactic acid yield of
0.99g/l and lactic acid productivity of 1.67 g/l/h over a
conventional batch reactor which gave a yield of 0.83 g/l
and lactic acid productivity of 0.31 g/l/h (Srivastava et al.
1992). lon exchange resin amberlite IRA-400 was used for
lactate separation. As lower temperature favours adsorption
and higher temperature favours lactic acid production, a
temperature of 39°C was found optimal for lactic acid
production by extractive lactic acid fermentation. Anion
exchange method has been used for lactic acid recovery
from lactic acid-glucose solution in an ion exchange
membrane based extractive fermentation system (Ziha and
Kefung, 1995). Roychoudhury et al. 1995 have described
the different extractive lactic acid fermentation processes.

It has been demonstrated that hydrogen ion had a negative
effect on the metabolism of Lactococcus lactis cells during
electro dialysis bioprocess, in which culture filtrate was
circulated through the cathode compartment (Nomura et al.
1998). They investigated the stimulation of the rate of L-
lactate fermentation by periodic electrodialysis. Electro
dialysis bioprocess has been studied wherein lactate and
acetate are removed simultaneously which maintains a low
level of lactate in the broth, which reduces end product
inhibition. Hydrogen ions have an inhibitory effect on the
metabolism of the cells; therefore use of a standard
electrodialyser enables circulating the culture filtrate
through the dialysis compartment so that the culture does
not contact the cathode. This enabled a complete
consumption of xylose in lesser time.

Mainly the two reactor systems results in high yields and
productivities of lactic acid: - a continuous cell recycle
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fermentation process (Figure 1) and a fed batch
fermentation (Figure 2). A high volumetric productivity of
117 g/l/h using membrane cell recycle bioreactor is
reported but it does not result in high product concentration,
and are run under continuous manner with continuous
bleeding of cells to prevent the change in fluidity that
occurs when cell concentration goes too high. To overcome
this problem, CSTR have been used in series (Kulozik et al.
1992). This increased the productivity and concentration of
lactic acid. The increased lactic acid yield also found at the
expense of biomass formation at a latter stage, A high
purity of the lactic acid isomer L (+) lactic acid also
increased via increased population of fresh cells. The
performance of a seven staged cascade reactor with cell
recycle has been investigated. Membrane Cell Recycle
Bioreactors (MCRB) in series has been studied where high
cell density with high lactic acid productivity of 5.7 g/l/h,
and 92 g/l lactic acid concentration were obtained (Kwon et
al. 2001). Continuous production of ammonium lactate in a
3-staged reactor has been investigated (Borgardts et al.
1998). Various retention times examined showed higher
lactate productivity and higher lactose utilization.
Continuous fermentations using whey permeates have been
reported with high productivities. Experiments with cell
recycling have been studied. A volumetric productivity of
76 kg/mh was determined with an effluent lactic acid
concentration. Lactic acid production has been studied with
immobilized cell systems. Lactobacillus delbreuckii were
immobilized in calcium alginate beads and used them in
continuous flow column reactors and have got yield of 0.97
g/g lactic acid. Lactobacillus delbreuckii were immobilized
in a hollow fibre reactor. 100 kg/m*/h lactate productivity
was observed. Excessive growth of the organisms reduced
the long-term operation of the reactor system. The Kinetics
of growth and lactic acid production of Lactobacillus casei
and Lactobacillus lactis have been studied for
lignocellulosic hydrolysate of crushed corncobs in the cell
retention continuous culture with an ultra filtration module
retaining all biomass and allowing the continuous removal
of metabolites (Melzoch et al. 1996). Biofilms are a natural
form of cell immobilization. It has been demonstrated that
lactic acid production was enhanced when biofilm
fermentation was carried out with chips of plastic
composite  support PCS containing 75%  (w/w)
polypropylene (PP) and 25% (w/w) agricultural material
(Demirci and Pometto, 1995). 24 PCS disc blends have
been containing 50% (w/w) PP and 50% agricultural
materials for L (+) lactic acid biofilm fermentation in
minimal media with no pH control. Each PCS blend was
evaluated for biofilm development, slow release of
nutrients, surface contact angle, hydrophobic compatibility
with Lactobacillus casei, porosity and lactic acid
absorption. The PCS disc that consistently demonstrated the
highest performance contained 50% (w/w) PP, 35% (w/w)
soybean hulls, 5% (w/w) yeast extract, 5% (w/w) dried
bovine albumin and mineral salts. The biofilm population is

L (+) lactic acid fermentation and its product polymerization

affected by the contact angle and relative hydrophobicity of
the supports. Use of plastic composite supports gave high
biofilm population, cell density and lactic acid
concentrations.

Solvent extraction has been used for the purification of
carboxylic acid such as lactic acid and succinic acid. But
these solvents in-situ are toxic as they rupture the cell
membrane causing the metabolite to leak out. Long chain
alcohols such as 1-octanol and 1-decanol were found to be
less toxic than other diluents. It has also been shown that
Colloidal Liquid Approns (CCA) cause little difference in
the equilibrium distribution with the solvent alone. They
reduce the toxicity of solvents on the cells.

A high productivity can be obtained using membrane
recycle reactor, but it has a potential drawback of fouling.
At high cell densities the cells are put under stress and start
producing the D-isomer of the product. High cell densities
can be obtained by using immobilized cells but controlled
pH is a prerequisite. A stirred tank reactor provides
efficient control on pH but often leads to attrition of the
support. An adhesive strain of L. casei was inoculated onto
two packed bed reactors that were operating in a continuous
manner. In packed bed reactors large pH gradients are
generated and a substantial fraction of cells do not
experience optimal pH. Adsorption to a support provides a
simpler and better entrapment of cells. The multiplying
cells are liberated to the medium leading to the presence of
cells suspended in the medium (Bruno et al. 1999).

L (+) lactic acid is commercially produced in fermentation
processes using lactic acid bacteria or fungi such as
Rhizopus oryzae in submerged culture. Rhizopus sp. can
produce L (+) lactic acid from starch but the yield is very
less in comparison with lactic acid bacteria. Using an air-
lift bioreactor under optimum conditions could produce L
(+) lactic acid with a yield of 85%. The mycelial
morphology not being conducive to fermentation as they
increase the viscosity of the medium wrap around impellers
and cause blockage during sampling and in overflows lines.
Regulating the inoculated spore concentration in pre culture
produced small mycelial pellets of R. oryzae. However,
pellets have problem of inadequate mass transfer. Mineral
supports can be used to get cotton like floc morphology
(Sun et al. 1999).

Perfusion cultivation of microorganisms is an efficient
technique for achieving high productivity of extra cellular
products. The stirred ceramic membrane reactor (SCMR)
equipped with an asymmetric membrane tube was found to
be effective in maintaining a high permeability for long
periods of time. However, the production rate gradually
decreased during the repeated batch fermentation.
Nevertheless, the long lasting, high-filtration performance
of the SCMR enabled the replenishment of the culture
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supernatant in a short period of time (Ohashi et al. 1999).

VARIOUS OPTIONS FOR LACTIC ACID /LACTATE
SALT  SEPARATION,; ADVANTAGES AND
DISADVANTAGES

The fermented medium contains either pure lactic aid or its
salt or the mixture of the two. A class of advantageous
processing approaches involves removal of lactic acid from
the fermentation broth or other mixture, while leaving the
soluble lactate behind in the fermentation broth. The
separation can, in some instance occur within the fermenter
or it can be conducted on solution material removed from
the fermenter.

A number of approached can be used for separation of
lactate salt from fermented medium, which are extraction
by solvents, ion-exchange separation, separation by
adsorption, separation by vacuum distillation, and the
membrane separation (Eyal et al. 2001). Each of these
exhibits some advantages and disadvantages that are also
described with fermentation processes earlier in this
review. The choice of the separation process should be
based on the efficient and economically usage of these
extractants (Roychoudhury et al. 1995).

According to the Eyal et al. 2001; a preferred process for
the lactic acid products from the mixture containing free
lactic acid and the dissolved lactate salt comprises of
following steps: - (a) lowering down of the pH of
fermented broth (3.0 to 4.2); (b) Use of hydrophilic
membrane and the volatile amine weak base (VAWB) to
separate lactic acid from the fermented broth through the
hydrophillic membrane to VAWB; (c) Regeneration of
lactic acid from salts of weak amine base by selectively
vaporizing the volatile amine base. This process can be
repeated to ensure the efficient separation of free lactic
acid and its salt.

LACTIC ACID
POLYCONDENSATION

POLYMERS BY

Lactic acid polymers consist of mainly lactyl units, of only
one stereoisoform or combinations of D and L lactyl units
in various ratio. A disadvantage of polycondensation is that
a low molar mass polymer is obtained. There have been
studies to obtain high molar mass polymer by manipulating
the equilibrium between lactic acid, water and polylactic
acid in an organic solvent (Ajioka et al. 1995) or a
multifunctional branching agent was used to give star-
shaped polymers (Kim and Kim, 1999). In the presence of
bifunctional agents (dipoles and diacids) they form
telechelic polymers, which can be further linked to give
high molar mass polymers using linking agents like
diisocynate (Hiltunen et al. 1997). An overview of the
different lactic acid based polymers prepared by

polycondensation and polycondensation followed by chain
extention are given in Table 2.

LACTIC ACID POLYMERS BY RING-OPENING
POLYMERIZATION

The ring opening polymerization route includes
polycondensation of lactic acid followed by a
depolymerisation into the dehydrated cyclic dimmer,
lactide which can be ring opening polymerized to high
molar mass polymers. The depolymerisation is
conventionally done by increasing the polycondensation
temperature and lowering the pressure, and distilling off the
produced lactide.  Solution  polymerization,  bulk
polymerization, melt polymerization and suspension
polymerization are the various methods of ring opening
polymerization (Niewenhuis, 1992). The polymerization
mechanism can be cationic, anionic, coordination or free
radical polymerization. It is catalyzed by compounds of
transition metals: - tin, aluminium, lead, zinc, bismuth, iron
and yttrium (Nijenhuis et al. 1992). Other ring formed
monomers can also be incorporated into the lactic acid
based polymer by ring opening copolymerisation. The most
utilized comonomers are glycolide, caprolactone,
valerolactone, dioxypenone and trimethyl carbonate. The
advantage of ring opening polymerization is that the
chemistry of the reaction can be accurately controlled thus
varying the properties of the resultant polymer in a more
controlled manner.

Various authors have studied the synthesis of different
molecular weight polymers. It has been reported that high
molecular weight of poly lactic acid can be synthesized by
one step polycondensation if appropriate azeotropic
solvents are employed. The catalyst concentration,
polymerization time and temperature cause profound
effects on the polymer yield, molecular weight and optical
rotation.

The synthesis of polylactic acid through polycondensation
of the lactic acid monomer gave weight average molecular
weights lower than 1.6 x 10° whereas ring opening
polymerisation of lactides gave average molecular weights
ranging from 2 x 10*to 6.8 x 10° (Hyon et al. 1997). The
monomer conversion and average molecular weights
showed a maximum at a catalyst concentration of stannous
octoate of 0.05%. It increases linearly with polymerisation
time up to a monomer conversion of 80% to a maximum
but thermal depolymerisation of resultant polylactides is
observed with prolonged times at higher polymerization
temperatures.

The synthesis of star shaped copolymers depends on the
ratio of monomer to initiator and monomer to catalyst and
monomer conversion (Dong et al. 2001). For the
polymerisation of polylactide with methylglycolide using

175



trimethylolpropane initiator depends on the molar ratio of
monomer to initiator and the monomer conversion
producing three or four armed star shaped polymers.

There has been an interesting study for the selection > 99:1
of stereoisomers of lactic acid. Diels-Alder reactions of the
acrylate of ethyl lactate with cyclopentadiene proceed with
diastereoface-selectivity of up to 85:15 (non-catalyzed) and
93:7 (TiCL, promoted). Depending on the lewis acid,
products of inverse configuration are obtained. This can be
used as a method for large-scale practical applications of
the asymmetric Diels Alder reaction. The influences of the
relative proportion of lactide and glycolide in the mixture
and the catalyst concentrations have been found to be
statistically significant. The influence of time, temperature
and lauryl alcohol on the molecular weight, composition
and chain structure have also been studied by authors
(Dorta et al. 1993)

EFFORTS IN MANUFACTURING LACTIC ACID
AND LACTIC ACID BASED POLYMERS

Technological advancements in the major process
components — fermentation, primary and secondary
purification, polymerization, chemical conversion of lactic
acid and its derivatives would enable low cost large volume
and environment friendly production of lactic acid. Recent
advancements in membrane based separation and
purification would enable lactic acid production without
producing salt or gypsum by products. In recently issued
patents, an osmotolerant strain of lactic acid bacteria and a
configuration of desalting electrodialysis, water splitting
electrodialysis and ion exchange purification, a
concentrated lactic acid product containing less than 0.1%
proteinaceous components can be produced by a
carbohydrate fermentation. This process gives no byproduct
salt gypsum but only a small amount of salt during ion
exchange regeneration. It also claims to have small power
requirement.

Ecochem, a Dupont ConAgra partnership has developed a
recovery and purification process that produces a byproduct
ammonium salt, which can be sold as fertilizer (Anon,
1992). This plant has a capacity of 1000 tons/year. A
continuous process has been developed for manufacture of
lactide polymers with controlled optical purity (Gruber,
1992). The process uses a configuration of multistage
evaporation followed by polymerization to a low molecular
weight prepolymer, which is then catalytically converted to
dilactide. The purified dilactide is recovered in a distillation
system with partial condensation and recycle. The dilactide
can be used to make high molecular weight polymers and
copolymers. A novel process to make cyclic esters,
dilactide and glycolide has been developed. This process
uses an inert gas to sweep away the cyclic esters from the
reaction mass and then it recovers and purifies the
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volatilized ester by scrubbing with an appropriate organic
acid and finally separates the cyclic ester from the liquid by
precipitation or crystallization and filtration of the solids
producing high purity lactide with minimal losses due to
racemization. Recycle and reuse of the lactic acid moiety in
the various process streams have been claimed to be
feasible.

Hydrogenolysis reaction technology to produce alcohol
from organic acids or esters has also advanced recently,
new catalysts and processes yield high selectivity and rates
and operate at moderate pressures. This technology has
been commercialized to produce 1,4 butanediol,
tetrahydrofuran and other four carbon chemical
intermediates from maleic anhydride. In the future, such
technologies could be integrated with low cost processes
for the production of lactic acid to make propylene glycol
and other intermediate chemicals.

The L-lactic acid based polymers may produce polymer
which is a linear homopolymer of the molecular size >70
kDa. The main application field of lactic acid polymer has
been medical applications and a number of companies have
made their efforts in manufacturing lactic acid based
polymers and their products. These medical applications
include its usage if carrying different properties in terms of
tensile strength, viscosity, purity etc. L-lactic acid polymer
exist in three different forms solids that can be used for
filling the gaps in bones, solid with tensile strength to
produce sutures (stitching material), and the glue form that
is mainly applied in joining membranes or thin skins in
humans (Shikinami et al. 2002). Another important
property of poly lactic acid is its high strength against UV
radiation. The biosorbable glue or sticky form of lactic acid
comprises of copolymer of two or more biosorbable
monomers: - L-lactic acid with dioxanone, with tri
methylene carbonate and with e-caprolactone.

Dow Chemicals and Cargill have the largest polylactide
(PLA) producing company with an annual capacity of
140,000 tonnes located in Blair, USA (Anon, 1992). The
PLA is produced by ROP and their main application is in
fibres, packaging materials and as solvents. It has a joint
venture with PURAC, Netherlands for lactic acid
production in corn milling plant. It has made PLA business
development collaboration with Mitsubishi Polymers.
Apack, Germany is a food packaging company uses the
polylactide technology of former Nestle Chemicals in
collaboration with Fortum Oyj, Finland (Kivimaki, 2000).
Galactic, Belgium produces 1500 tons of lactic acid
annually from beet sugar. Brussels Biotech, a subsidiary of
Galactic works on the research and development aspects of
lactic acid products (Bronnbann and Yoshida, 2000).
Hycail, Netherlands a joint venture between Dairy Farmers,
USA and the Dutch State University Groningen, plans to
construct a pilot plant for lactic acid production of capacity
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400 tons per year from whey and converting the lactic acid
to PLA. Mitsui Chemicals, Japan is producing PLA by a
direct polycondensation route. Shimadzu Corporation,
Japan is producing PLA by ROP. Birmingham Polymers,
USA and Phusi, France are some of the other active
producers of PLA (Ohrlander et al. 1999).

The research on lactic acid related materials have attracted
several universities and institutes in Europe, Asia and USA.
There are a number of small-scale production facilities of
polylactic acid.

When we say pure L (+) lactic acid polymer industries, we
have only few names as Yipu, Dahuachem International,
Sinochem Hebei Qinhuangdao Imp and Exp Corp.,
Zechem, and Qingdao FTZ united international Inc. in
China; and PURAC, Macropore Biosurgery, ECOCHEM
etc. in USA. Most of them have adopted the semi-natural
process for L (+) lactic acid polymer production. The
process comprises of isolation of L (+) lactic acid from its
recemic mixture produced via fermentation by adopting
enzymatic process for L (+) lactic acid production from its
recemic mixtures followed by separation using expensive
High performance liquid Chromatography (HPLC)
techniques (Oxoid, USA,; and Cargill Co., USA).

CONCLUDING REMARKS

The proven degradability in biological systems,
biocompatibility and the possibility of tailoring the
properties to a wide range have made lactic acid derivatives
well suited for a range of applications. The environmental
issues that have gained importance during the last decade
have resulted in efforts to applying the lactic acid polymers
for medical applications and as packaging materials. Only
fermentation produces natural L (+) lactic acid. In the
international market, natural form of polymers is preferred
to be used for medical purposes compared to that produced
by chemical or enzymatic process. Lactic acid can be
derived from a wide range of renewable materials and can
easily fit into municipal waste management systems.
Several major agriculture processing and chemical
industries have identified and built lactic acid plants and
has plans for major large-scale plants in future. Several
novel processes are being deployed for facile production
and separation of lactic acid and their manufacturing costs
and economics have attractive potential in large scale
operations.
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