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Lactic Acid Production to Purification: A Review
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Lactic acid is a naturally occurring organic acid that can be used in a wide
variety of industries, such as the cosmetic, pharmaceutical, chemical,
food, and, most recently, the medical industries. It can be made by the
fermentation of sugars obtained from renewable resources, which means
that it is an eco-friendly product that has attracted a lot of attention in
recent years. In 2010, the U.S. Department of Energy issued a report that
listed lactic acid as a potential building block for the future. Bearing the
importance of lactic acid in mind, this review summarizes information
about lactic acid properties and applications, as well as its production and
purification processes.
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INTRODUCTION

Lactic acid, or 2-hydroxypropionic acid (CAS 50-21-5), is the most widely
occurring hydroxycarboxylic acid (Datta and Henry 2006). It is a natural organic acid with
a long history of applications in the food, pharmaceutical, textile, and chemical industries
(Ouyang et al. 2013). In recent years, the demand for lactic acid has increased considerably
because of its use as a monomer in the preparation of polylactic acid (PLA) (Abdel-
Rahman et al. 2013; Ouyang et al. 2013; Shi et al. 2015), which is a biodegradable and
biocompatible polymer that is used in a wide variety of applications. Its uses range from
packaging and fibers to foams (Abdel-Rahman et al. 2013) and applications in biomedical
devices (Lasprilla et al. 2012). Lactic acid can be produced by fermentation or chemical
synthesis. Production by the fermentation process has attracted interest because of its
advantages, which are the production of pure isomers (L(+)- or D(-)-lactic acid), use of
renewable and low cost raw materials, low energy consumption, and mild conditions
required for operation.

Lactic acid was first discovered in sour milk in 1780 by the Swedish chemist
Scheele (Limaet al. 2001). In 1839, Fremy carried out lactic acid fermentation with various
carbohydrates, such as sugar, milk, starch, and dextrin (Holten etal. 1971). In 1857, Pasteur
discovered that lactic acid was not a component of milk, but a metabolite that certain
microorganisms produced by fermentation (Benninga 1990).

In the last few decades, the production of lactic acid has substantially increased
primarily because of the development of new uses and products. Global lactic acid demand
was estimated to be 714.2 kilo tons in 2013, and it is expected to grow annually by 15.5%
to reach 1,960.1 kilo tons by 2020 (Abdel-Rahman and Sonomoto 2016). The three largest
consumer markets in the world are the United States (31% of total lactic acid consumption
in 2013), followed by China and Western Europe. China surpassed Western Europe due to
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export demand, as well as consumption in the food and beverage industry. The world's top
three lactic acid manufacturers, which are Purac, Cargill and Henan Jindan Lactic Acid
Technology Co., Ltd., boasted a combined capacity of 505,000 tons in 2013. Cargill mainly
supplies lactic acid products to its subsidiary - NatureWorks for production of polylactic
acid (PR Newswire 2016)

In 2010, the U.S. Department of Energy issued a report on the chemicals that are
considered potential building blocks for the future (Jong et al. 2012), and lactic acid was
included.

Bearing the importance of lactic acid in mind, this review summarizes information
about lactic acid properties and its applications. Production and purification processes are
also discussed.

LACTIC ACID PROPERTIES
Lactic acid is a yellow to colorless liquid (at 15 °C and 1 atm), and is odorless. It is
the simplest hydroxycarboxylic acid. Thermodynamic properties are shown in detail in

Table 1.

Table 1. Thermodynamic Properties of Lactic Acid (Holten et al. 1971; Perry and
Chilton 1999)

Properties Values
Density at 20 °C (g/L) 1.249
Melting point (°C) 52.8 (D); 53.0 (L); 16.8 (DL)
Boiling point (°C) 82.0 (DL) a 0.5 mmHg; 122.0 (DL) at 15 mmHg; 103 (D)
at 15 mmHg
Dissociation constant (pKa) at 25 °C 3.83 (D); 3.79 (L)
Heat capacity (J/mol-°C) at 20 °C 190 (DL)
Heat of solution (kJ/mol) at 25 °C 7.79 (L)
Heat of fusion (kJ/mol) 16.86 (L); 11.33 (DL)

Lactic acid is both an alcohol and acid, and it has an asymmetric carbon that confers
optical activity. It can be found in two optically active forms, L(+)-lactic acid and D(-)-
lactic acid, or in racemic form, which is a mixture of L(+)-lactic acid and D(-)-lactic acid.
The two isomers have the same physical properties (melting point, solubility, dissociation
constant, density, etc.) and the same chemical properties, except when in reactions where
other compounds with optical activity are present. One consequence of those reactions is
the difficulty in separating the compounds through traditional techniques (chromatography,
distillation, and fractional crystallization). Thus, it is necessary to select appropriate
separation techniques when using substances with optical activity. The pure isomers have
greater value than the racemic mixture because they are used for specific industrial
applications, e.g., L(+)-lactic acid is used in the synthesis of L(+)-polylactic acid, a
biodegradable semi-crystalline and thermosetting polymer. Another application is D(-)-
polylactic acid production, where the D(-)-isomer of lactic acid is used.

Additionally, isomers behave differently in living tissues. L(+)-Lactic acid is found
in living organisms more often than D(-)-lactic acid. In the human body, only L(+)-lactic
acid is produced during muscle contraction (Trindade 2002). For applications in food and
in medicine, L(+)-lactic acid is preferred because the metabolic conversion of L(+)-lactic
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acid in the body is faster than for D(-)-lactic acid. Different methods of production result
in different amounts of isomers. In lactic acid production by chemical synthesis, only a
racemic mixture is obtained, where the concentrations of the isomers are equal, whereas
fermentation allows for producing one isomer in a greater amount.

APPLICATIONS

Lactic acid has a wide range of applications in chemicals, pharmaceuticals, and
food, and it is a precursor to several products. The uses and demand of lactic acid are shown
in Fig. 1. Although commercially available long ago, it is only in recent decades that new
uses have resulted in a great increase in the demand.

food and
beverages
35%

polymers
39%

personal care
13%

Fig. 1. Uses and demand of lactic acid (The Essential Chemical Industry Online 2013)

In the food industry, which accounts for a large portion of the demand (35%), lactic
acid has a number of uses. It is used as an acidulant because of its mild acidic taste when
compared with other acids used in food, and as a preservative in olives and pickled
vegetables. It is also used as a flavoring agent, pH regulator, and inhibitor of residual
bacteria in food processing, such as for sweets, breads, soft drinks, beer, and other products.
It is an essential ingredient in fermented foods as well, like yogurt, butter, and canned
vegetables.

Lactic acid has applications in the leather tanning industry, in descaling processes,
in the textile industry as a mordant (fixative) for dyeing, and can replace ethylene glycol
in antifreeze, which results in a higher efficiency and lower cost. In the chemical industry,
lactic acid can be converted to ethanol, propylene glycol, and acrylic polymers. Lactic acid
derivatives, salts, and esters are used as solvents, emulsifiers, and plasticizers (Trindade
2002). Lactic acid is also used in the production of propylene oxide, acetaldehyde, acrylic
acid, propanoic acid, 2,3-pentanedione, ethyl lactate, lactide, and polylactic acid.

In the pharmaceutical industry, lactic acid is used in implants, pills, dialysis,
surgical sutures, and controlled drug release systems. In the cosmetic industry, lactic acid
is used in the manufacture of hygiene and aesthetic products because of its moisturizing,
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antimicrobial, and rejuvenating effects on the skin. It is also used in oral hygiene products
(Castillo Martinez et al. 2013).

New applications for lactic acid have been developed, such as the production of
biodegradable and biocompatible PLA polymers (Abdel-Rahman et al. 2013), solvents,
and oxygenated chemicals. Polymer production accounts for the largest portion of lactic
acid demand (39%). In polymer applications, water is removed from lactic acid
(CH3CHOHCOOH) in the presence of acid catalysts to form lactides (CsHgO4), as shown
in Eq. 1:

2CH,CHOHCOOH — C,H,0, +2H,0 )

Lactides are polymerized to obtain the biodegradable thermoplastic polymer, PLA.
There is a growing demand for PLA derivatives to substitute conventional plastic materials,
as well as for use in materials for medical devices (Gao et al. 2011). L(+)-Lactic acid
provides a high yield of lactide, which in turn yields polymers with a high molecular
weight, high degree of crystallinity, and high tensile strength. These polymers are
transparent, which is important for packaging applications; have long shelf lives because
they slowly degrade by hydrolysis (which can be controlled by composition and molecular
weight adjustment); and their characteristics are similar to polymers generated from fossil
fuels. Lactic acid polymers have the advantage of being produced by renewable
carbohydrates. Other desired properties can be obtained by copolymerization with other
0Xygen monomers.

A large number of patents and articles about lactic acid polymers have been
published in recent years (Jompang et al. 2013; Padee et al. 2013; Pivsa-Art et al. 2013; Li
et al. 2014; Shi et al. 2015). Although demand for PLA has expanded, its current
production capacity of 450 million kg per year is dwarfed by the 200 billion kg of total
plastics produced per year. This low production volume is, for the most part, due to the
high manufacturing costs. On an industrial scale, the targeted manufacturing cost of the
lactic acid monomer is less than 0.8 US$/kg because the selling price of PLA must decrease
by roughly half of its present price of 2.2 US$/kg to be able to compete with fossil fuel-
based plastics (Wee et al. 2006; Okano et al. 2010). The majority of the cost of
manufacturing PLA is associated with lactic acid monomer production costs (Okano et al.
2010).

The use of lactic acid in the manufacture of green solvents, which are
environmentally friendly solvents, is another area for potential growth. In particular, using
lactate esters from alcohols with low molecular weights in the formulation of pesticides
(Sasson et al. 2005; Baur et al. 2008) and other bioactive components because of its low
toxicity has a high potential for growth.

Oxygen chemical derivatives from lactic acid are widely produced, and include
propylene glycol, propylene oxide, acrylic acid, and acrylate esters (Datta and Henry
2006).

Although there is a wide range of applications, the use of lactic acid is still limited
by the final production costs associated with the downstream processes, which are
responsible for 30% to 40% of total production costs of lactic acid (L6pez-Garzén and
Straathof 2014).
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MANUFACTURING TECHNOLOGIES

The lactic acid molecule is found naturally in plants, microorganisms, and animals,
and may also be produced by the fermentation of carbohydrates or by chemical synthesis
from coal, petroleum products, and natural gas. Industrially, lactic acid can be produced by
chemical synthesis or by fermentation. Figure 2 shows the two main processes of lactic
acid production,

Although racemic lactic acid is always produced by chemical synthesis from
petrochemical resources, an optically pure L(+)- or D(-)-lactic acid can be obtained by
microbial fermentation of renewable resources when the appropriate microorganism is
selected (Wee et al. 2006). Depending on the application, one form of the optically pure
lactic acid is preferable over the other. Additionally, microbial fermentation offers
advantages, including cheap renewable substrates, low production temperatures, and low
energy consumption (Abdel-Rahman et al. 2011). Because of these advantages, it is the
production process that is used most often.

CHEMICAL L J
SYNTHESIS

PETROCHEMICAL ——| RENEWABLE RESOURCES
RESOURCES

Simulta.neou.s Pre-treatment (acid hydrolysis and/or
saccharification enzymatic saccharification)

and fermentation

Acetaldehyde (CH,CHO) ( Fermentable carbohydrates
Addition of HCN and catalyst Microbial fermentation
Lactonitrile ‘ Fermented broth

Recovery and Purification

Hydrolysis by H,S0,

| Only racel:cldeL— lactic { Optically pure L(+)- or D(-) lactic acid |

Fig. 2. Overview of the two manufacturing methods of lactic acid, chemical synthesis and
microbial fermentation (Wee et al. 2006)

Chemical Synthesis

Lactic acid production by chemical synthesis using the lactonitrile route, which was
a by-product of acrylonitrile technology, was discovered in 1863 by Wislicenus (Benninga
1990). The reactions involved are described in Egs. 2 to 5,

CH,CHO + HCN —> CH,CHOHCN )
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CH,CHOHCN +2H20+% H,SO, - CH,CHOHCOOH +%(NH4)2304

3
CH,CHOHCOOH +CH,OH <> CH,CHOHCOOCH , + H,0 @
CH,CHOHCOOCH , + H,0 <> CH,CHOHCOOH +CH,OH )

In Eq. 2, hydrogen cyanide (HCN) is added to liquid acetaldehyde (CH3CHO) in
the presence of a base catalyst under high pressure when lactonitrile is produced (Pal et al.
2009). Thenin Eq. 3, lactonitrile is recovered, purified by distillation, and hydrolyzed using
sulfuric acid (H2SO4) to obtain lactic acid (CHsCHOHCOOH) and ammonium salt
((NH4)2S04). In Eq. 4, lactic acid is esterified with methanol (CH30OH), and the methyl
lactate (CH3CHOHCOOCHj3) formed is recovered, purified by distillation, and hydrolyzed
with acidified water to produce lactic acid and methanol. Methanol is separated by
distillation and recycled in Eqg. 5.

The first company to produce lactic acid by chemical synthesis in significant
amounts was Monsanto (Texas, USA) in 1963. They produced 40% (4,500 tons) of the
lactic acid consumed in the USA (Trindade 2002). Industrial production by chemical
synthesis was also used by Sterling Chemicals, which ended production in early 1990. In
the east, Musashino Chemical also used this technology, but recently they changed their
production process to fermentation (John et al. 2009).

Chemical process routes include base-catalyzed degradation of sugars, oxidation of
propylene glycol, hydrolysis of chloropropionic acid, nitric acid oxidation of propylene,
and the reaction of acetaldehyde, carbon monoxide, and water at high temperatures and
pressures (Gao et al. 2011). Although there are many possible routes for the production of
lactic acid by chemical synthesis, none of these routes are technically and economically
feasible (Datta et al. 1995; Gao et al. 2011), except for the routes that use lactonitrile as
the raw material.

Lactic acid production by a chemical route is expensive and dependent on by-
products from other industries, which are derived from fossil fuels (Datta and Henry 2006).
Furthermore, chemical synthesis produces a racemic mixture of lactic acid (Abdel-Rahman
et al. 2011; Pal et al. 2009) and for many specific applications, only one of the lactic acid
isomers is desired. The problems of expensive raw materials, impurity of the product, and
dependence on other industries for raw materials can be bypassed by using
biotechnological processes based on fermentation (Pal et al. 2009).

Carbohydrate Fermentation

Worldwide lactic acid production from microbial fermentation accounts for around
90% of the total lactic acid production (Hofvendahl and Hahn-H&gerdal 2000) and has
attracted interest because of its numerous advantages compared with chemical synthesis,
such as production of pure isomers and the use of renewable resources as fermentation
substrates.

The fermentation process is characterized by the biological degradation of the
substrate (glucose) by a population of microorganisms (biomass) into metabolites, such as
ethanol, citric acid, and lactic acid (Silveira 2009). Several microorganisms and raw
materials can be used in the production of lactic acid (Table 2). A fermentation product
with high purity is obtained when a pure substrate is used, such as sucrose from sugarcane
and sugar beet, which results in a reduction in the cost of purification.
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Table 2. Lactic Acid Production using Different Substrates and Microorganism

Substrate Microorganism Fermentation Lactic acid References
process Concentration Yield Productivity
(9/L) (9/9) (9/Lih)
Alfalfa fibers Lb. plantarum Batch 46.4 0.46 0.64 Sreenath et al. 2001
Apple pomace Lb. rhamnosus ATCC 9595 Batch 325 0.88 5.41 Gullon et al. 2008
(CECT288)

Cassava bagasse Lb. delbrueckii NCIM 2025 Batch 81.9 0.94 1.36 John et al. 2009
Cellobiose E. mundtii QU 25 Batch 119 0.83 1.12 Abdel-Rahman et al. 2011
Cellobiose Lb. delbrueckii mutant Uc-3 Batch 90 0.90 2.25 Adsul et al. 2007
Cellulose B. coagulans 36D1 Fed batch 80.0 0.80 0.30 Ou etal. 2011

Cheese whey Lb. casei NRRL B-441 Batch 96 0.93 2.2 Buytukkileci and Harsa
2004
Corn stover B. coagulans LA204 Fed batch 97.59 0.68 1.63 Hu et al. 2015
Corncob molasses Bacillus sp. strain Fed batch 74.7 0.50 0.38 Wang et al. 2010
Glucose Lb. lactis BME5-18M Fed batch 210 0.97 2.2 Bai et al. 2003
Glycerol E. coli AC-521 Batch 56.8 0.88 0.94 Hong et al. 2009
Lignocellulosic hydrolyzates Bacillus sp. NLO1 Fed batch 75.0 0.75 1.04 Ouyang et al. 2013
Paper sludge L. rhamnosus ATCC 7469 Batch 73.0 0.97 2.90 Marques et al. 2008
Sugar cane bagasse Lc. lactis 10-1 Batch 10.9 0.36 0.17 Laopaiboon et al. 2010
White rice bran hydrolysate Lb. Rhamnosus LA-04-1 Batch 82.0 0.81 3.73 Lietal. 2012
Wood hydrolysate E. faecalis RKY1 Batch 93 0.93 1.7 Wee et al. 2004
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Unfortunately, the high cost of sugar makes it unfeasible for use. However, waste
products from food industries, agricultural industries, sugarcane mills, and biomasses can
be used, which is advantageous from an environmental and economic standpoint.

Raw material cost is one of the major factors in the economic production of lactic
acid. Since substrate cost cannot be reduced by process scale-up, extensive studies
currently are underway to search for novel substrates for lactic acid production (Abdel-
Rahman et al. 2013).

Starchy materials, such as wheat, corn, maize, cassava, potato, rice, rye, barley
(Wang et al. 2010; Nakano et al. 2012; Li et al. 2012; Priickler et al. 2015) are potential
raw material for lactic acid production. The advantages is that starchy materials can avoid
glucose repression, which occurs when high concentration of glucose in the medium would
inhibit growth of lactic acid bacteria (Nakano et al. 2012). Approximately 90% of the
commercially available lactic acid is produced by submerged fermentation of corn (Wang
et al. 2016).

Lignocellulose biomass is also a promising source for lactic acid production
because its represents the most abundant global source of biomass (Hama et al. 2015; Hu
et al. 2015; Eom et al. 2015). It can be used to obtain sugar solutions that may be usefully
exploited for the production of lactic acid through the following steps: (a) pretreatment to
break down the lignocellulosic structure, (b) enzymatic hydrolysis to depolymerize
lignocellulose to fermentative sugars, and (c) sugar fermentation to lactic acid (ldler et al.,
2015). Although the cost of lignocellulose is low, the pretreatment step makes the whole
process cost-inefficient. This occurs because of the following reasons: (a) additional cost
of enzymes and chemicals, (b) inhibitory compounds generated during chemical hydrolysis
(e.g. furfural, 5-hydroxymethylfurfural, and some organic acids) that are inhibitory to the
microorganisms used in fermentation, (c) production of mixed sugars such as pentoses,
which cannot be fermented by the majority of producer strains. To overcome these
challenges, direct conversion of polymeric sugars is of great interest (Abdel-Rahman and
Sonomoto 2016). In addition, hydrothermal pretreatment is one of the simplest and most
promising methods. In this process, only hot water is used as the reaction medium (Eom et
al. 2015), reducing operating and maintenance costs (Eom et al. 2015).

Recently, the manufacturing of cheese has been reported to produce large volumes
of whey as a byproduct (Li et al. 2006). Several studies have recently reported lactic acid
production using whey (Tejayadi et al. 1995, Kim et al. 2006; Li et al. 2006). Whey is a
potent and suitable raw material for lactic acid production because it consists of lactose,
protein, fats, water-soluble vitamins, mineral salts, and other essential nutrients for
microbial growth (Panesar et al. 2007).

Food waste is other potential raw material for lactic acid production because it is
usually rich in carbohydrates. In addition, it is advantageous as an effective method of
environmental waste management (Tashiro et al. 2013; Abdel-Rahman and Sonomoto
2016; Tang et al. 2016).

Another approach for production of lactic acid is from glycerol, which is a by-
product of biodiesel production. The conversion of glycerol to lactic acid can be
categorized into hydrothermal (Kishida et al. 2005; Yin et al. 2016) and heterogeneous
catalysis methods (Auneau et al. 2012).

Microalgae are another potential raw material for lactic acid fermentation.
Microalgae do not contain lignin, which simplifies conversion into fermentation substrate.
In addition, microalgae grow almost anywhere, have an extremely short harvesting cycle
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of approximately 1 to 10 days (Nguyen et al. 2012), and have high fermentable sugar
contents.

Several reviews have been published about novel substrates and developments of
biotechnology processes for lactic acid production by fermentation (Vaidya et al. 2005;
Datta and Henry 2006; Abdel-Rahman et al. 2011; Abdel-Rahman et al. 2013).

Microorganisms used in fermentation can be divided into two groups: bacteria and
fungi (Wee et al. 2006). The choice of which type of microorganism to use depends
primarily on the carbohydrate that is to be fermented, as a microorganism’s metabolism
differs with different sources of carbon (Lunelli 2010).

Most lactic acid bacteria (LAB) are cocci, with the exception of Lactobacilli and
Carnobacterium, which are rods. LAB are unable to synthesize ATP by respiration, and
their major end product from the energy-conserving fermentation of sugars is lactic acid.
Most LAB are facultative anaerobic, catalase negative, nonmotile, and non-spore forming.
They normally have a high acid tolerance and can survive at pH 5 and lower. Their high
acid tolerance gives them a competitive advantage over other bacteria. The optimal
temperature for growth varies between the genera from 20 to 45 °C (Hofvendahl and Hahn-
Hégerdal 2000). LAB can be classified into two groups according to fermentation end-
product, homofermentative and heterofermentative. There are two Kkinds of
heterofermentative LAB, obligatory and facultative. Figure 3 shows the catabolic pathways
for LAB.

Homofermentative LAB convert glucose almost exclusively to lactic acid, while
heterofermentative LAB catabolize glucose into ethanol, CO», and lactic acid.
Homofermentative LAB normally metabolizes glucose by the Embden-Meyerhof-Parnas
pathway (glycolysis). Glycolysis only results in lactic acid as the end product of glucose
metabolism. Two molecules of lactic acid are produced per glucose molecule, which results
in a yield of more than 0.90 g/g. Lactobacillus acidophilus, Lactobacillus amylophilus, L.
bulgaricus, Lactobacillus helveticus, and L. salivarius are all homofermentative LAB
(Castillo Martinez et al. 2013).

Obligatory heterofermentative LAB ferment sugar by the 6-phosphogluconate/
phosphoketolase pathway, while facultative heterofermentative LAB use both pathways
for fermentation. Lactobacillus brevis, L. fermentum, L. parabuchneri, and L. reuteri are
obligatory heterofermentative LAB. Facultative heterofermentative LAB are L.
alimentarius, Lactobacillus plantarum, Lactobacillus casei, Lactobacillus rhamnosus,
Lactococcus lactis, Lactobacillus pentosus, and Lactobacillus xylosus (Castillo Martinez
etal. 2013).

LAB have complex nutrient requirements because of their limited ability to
synthesize B vitamins and amino acids (Hofvendahl and Hahn-Hagerdal 2000) and so
require a nutritionally rich medium for growth.

Many LAB produce only one isomer of lactic acid, but sometimes, depending on
operating conditions, small amounts of both isomers can be produced. Organisms that
produce the D(-)- or L(+)-isomer have two lactate dehydrogenase enzymes (LDH), which
differ in their stereospecificity. Some Lactobacillus species produce the L(+)-isomer, and
when those isomers accumulate, lactic acid is converted into the D(-)-isomer until
equilibrium is reached and a racemic mixture is formed (Narayanan et al. 2004).
Lactobacillus helveticus and Lactobacillus plantarum produce a racemic mixture
(Hofvendahl and Hahn-Hé&gerdal 2000).

Although the majority of lactic acid processes are carried out with LAB, there are
filamentous fungi, such as Rhizopus, that can utilize glucose aerobically to produce lactic
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acid. Rhizopus species, such as R. oryzae and R. arrhizus, have amylolytic enzymatic
activity, which enables them to convert starch directly to L(+)-lactic acid. Several studies
have reported on the use of Rhizopus for lactic acid production (Yin et al. 1998; Liu et al.
2006; Yu et al. 2007; Guo et al. 2010; Wu et al. 2011; Saito et al. 2012).

A.
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6-P-gluconate

1 ATP
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Fig. 3. The catabolic pathways for lactic acid bacteria are (A) homofermentation, (B)
heterofermentation, and (C) mixed acid fermentation. P= phosphate, BP= biphosphate, LDH=
lactate dehydrogenase, PFL= pyruvate formate lynase, and PHD= pyruvate dehydrogenase
(Hofvendahl and Hahn-Hagerdal 2000)

Fungal fermentation has some advantages. For example, R. oryzae requires only a
simple medium and produces L(+)-lactic acid, but it also requires vigorous aeration
because R. oryzae is an obligate aerobe. The low production rate in fungal fermentation,
below 3 g/L/h, is most likely due to the low reaction rate caused by mass transfer
limitations. Lower product yields in fungal fermentation are also partially attributed to the
formation of by-products, such as fumaric acid and ethanol (Wee et al. 2006).

Other than the substrate source and microorganism, some parameters that may
affect the fermentation efficiency are the pH and temperature of the medium, nitrogen and
vitamins sources, fermentation operation, and by-products formation.

The pH of the fermentation decreases according to the amount of lactic acid that is
produced. To control the pH, a base is added to the medium, such as calcium carbonate,
calcium hydroxide, or sodium hydroxide, because in an acidic medium, lactic acid
production is either zero or minimal. The pH control can also be done by extraction,
adsorption, or electrodialysis of lactic acid (Hofvendahl and Hahn-Hé&gerdal 2000). Several
studies show that a pH value of approximately 6.5 is the optimal pH for growth and lactic
acid production (Silveira 2009). A pH below 5.7 is only optimal for Lactobacillus strains,
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which are known to tolerate lower pHs than Lactococci (Hofvendahl and Hahn-Hégerdal
2000). The batch fermentation process at a controlled pH significantly improves lactic acid
production, yield, and productivity by different LAB strains, e.g., Lb. Delbrueckii, E.
mundtii QU 25 and E. faecium (Abdel-Rahman et al. 2011).

Temperature is an important parameter for bacteria growth (Silveira 2009) and
relates to the growth kinetics parameters of LAB, lactic acid production, and substrate
consumption. Among LAB, most lactic acid productivity studies have been conducted at
temperatures ranging from 30 to 43 °C (Abdel-Rahman et al. 2011).

Nitrogen sources and vitamins are important primarily because of the limited ability
of bacteria to synthesize B vitamins. The main sources of nitrogen are yeast extract and
ammonium sulfate (Yin et al. 1997; Zhou et al. 1999; Jin et al. 2003). In terms of industrial
processes, the use of yeast extract has a high cost, although it is best for the cultivation of
lactic acid bacteria. Ammonium sulfate is a practical alternative, mostly because of its
lower cost. Inexpensive nitrogen sources supplements (e.g. flour of pigeon pea, red lentil
gram, black gram, bengal gram, green gram, soya bean, baker’s yeast) have been studied
to replace commercial peptone and yeast extract (Altaf et al. 2005, 2007). The addition of
other nutrients into the medium generally has a positive effect on the lactic acid production;
sources include peptone and meat extract (Hofvendahl and Hahn-Héagerdal 2000).

Lactic acid is usually produced in batch mode, but continuous and fed-batch modes
can also be used. Fermentation in batch mode has superior conversion and yield compared
to continuous fermentation, but the volumetric productivity is lower. In a batch process, all
of the substrate gets used, whereas in a continuous process, there is a residual substrate
concentration that is always present. The highest productivity possible for continuous
fermentation is due to the high dilution ratio and the possibility of maintaining the process
for a long period of time. The choice of operation mode depends on the costs of the
substrate and the capital investment. If the substrate is expensive, the yield is maximized,
by either batch or semicontinuous operation. If investment costs are high, the volumetric
productivity is maximized by continuous operation (John et al. 2007). A high volumetric
productivity is achieved by a cell recycle system, which results in a high cell density with
complete glucose conversion (Ohleyer et al. 1985).

Production of other organic acids during lactic acid fermentation depends on the
purity and quality of the inoculum, metabolic route used, and process conditions, which
should prevent external contamination. By-products, such as acetic acid, formic acid,
carbon dioxide, and ethanol, can be produced, but for efficient lactic acid production,
formation of by-products should be avoided or kept to a minimum (Hofvendahl and Hahn-
Hégerdal 2000).

The manufacturer Archer Daniels Midland began using the fermentation process
for lactic acid production in the early 1990s. At the end of 1997, Cargill joined Dow
Chemical, creating Cargill-Dow, and started producing a polymer by PLA-based
fermentation technology. In early 2005, Cargill broke away from Dow and established
NatureWorks LLC. The biggest producers of lactic acid by fermentation now include
NatureWorks LLC, Purac (Netherlands), Galactic (Belgium), Cargill (USA), and several
Chinese companies, such as CCA (Changzhou) Biochemical Co. Ltd., Henan Jindan Lactic
Acid Co. Ltd., and Mushashino Chemical Co. Ltd. Currently, NatureWorks LLC is leading
the lactic acid polymers market in terms of production and technology (John et al. 2009;
Abdel-Rahman et al. 2013). NatureWorks LLC built a lactic acid plant in Blair, USA, with
a production capacity of 180,000 tons per year, which started operation in 2002 (Wee et al.
2006; John et al. 2009).
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SEPARATION AND PURIFICATION PROCESSES

Separation processes are essential to the chemical industry and other related
industries. Approximately 40% to 70% of operating and capital costs are associated with
the separations steps (Wankat 2007). In lactic acid production processes, development of
an effective method of lactic acid separation and purification from fermentation broth is
extremely important for economic viability. Although the difference between the boiling
point of lactic acid and water is relatively large, it is almost impossible to obtain pure
crystalline lactic acid. This is because lactic acid has a high affinity for water and a dimer
of lactate is formed when lactic acid concentrations are sufficiently high (Lunelli 2010).

Lactic acid process in a classical way involves a series of downstream treatments
such as precipitation, conventional filtration, acidification, carbon adsorption, evaporation,
crystallization, and others (Pal et al. 2009). The number of downstream processing steps
strongly influences the quality and the price of the product (Idler et al. 2015).

Open sources provide only limited data about industrial product recovery processes
(Idler et al. 2015). Otherwise, the separation steps are widely discussed in literature, such
as precipitation (Rauch et al. 1960; Min et al. 2011; Kwak et al. 2012; Nakano et al. 2012),
solvent extraction (Malmary et al. 2000; Wasewar et al. 2002; Matsumoto et al. 2003;
Yankov et al. 2004; Alkaya et al. 2009; Krzyzaniak et al. 2013), membrane separation
processes, and others. Membrane separation processes that have been studied include
reverse osmosis, electrodialysis, and ultrafiltration (Kim and Moon 2001; Choi et al. 2002;
Madzingaidzo et al. 2002; Li and Shahbazi 2006; Gonzalez et al. 2008; Ecker et al. 2012;
Lu et al. 2012; Ramchandran et al. 2012; Sikder et al. 2012; Dey and Pal 2013; Pal and
Dey 2013; Wang et al. 2014).

Efficient lactic acid yields and purities can be obtained from these purification
technologies, and several advances have been developed, but many drawbacks are still
reported. In the precipitation process, the drawbacks include high cost of reagents and the
necessity of filtration and other separation processes, especially when a product of higher
purity is required. From an environmental standpoint, the generation of large amounts of
wastewater is a major drawback. Furthermore, to produce one ton of lactic acid,
approximately one ton of low-cost calcium sulfate is needed (Pal et al. 2009), which poses
serious problems in terms of waste treatment. In solvent extraction, a high exchange area
for efficient separation is necessary, which requires expensive equipment. Its application
in in situ extractive fermentation is limited by solvent recovery done in stripping steps and
the high toxicity of the extractant to the microorganisms (Gao et al. 2009). Membrane
separation processes are promising technologies, but the high cost of membranes and the
polarization and fouling problems limit the use of electrodialysis processes on a large scale.

In recent years, many studies have been completed that attempt to solve the
problems of traditional separation process by instead using non-traditional distillation
separations (Komesu at al. 2016), such as reactive distillation (Asthana et al. 2005; Kumar
et al. 2006; Lunelli et al. 2010) and molecular distillation (Wei et al. 2004; Xu et al. 2004;
Chen et al. 2012; Komesu et al. 2014). Another worthwhile approach is the direct
fermentation of organic lactates, such as aminium lactates (piperazinium dilactate,
imidazole lactate and hexamethylenediamine dilactate), for the manufacture of high purity
lactic acid (Idler et al. 2015).

Furthermore, new studies on lactic acid recovery processes are required to develop
a more efficient and economically attractive process for industrial applications.
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CONCLUSIONS

According to this review, it is possible to observe the importance of lactic acid
because of its widespread use and applications. The literature reports many lactic acid
applications, such as cosmetics, pharmaceutical products, chemistry, food, and more
recently in the medical area. The largest demand is in food and polymers application. Lactic
acid produced by fermentation offers several advantages: low substrate costs, production
temperature and energy consumption. However, lactic acid production is still limited by
the final production cost, which is associated with the downstream process that requires
many steps and makes the process expensive. Therefore, it is necessary to develop more
efficient and viable technologies.
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