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Chapter

Lactic Acid Production from
Lignocellulosic Biomass

Asfaw Gezae Daful, Marie Loridon and
Meegalla R. Chandraratne

Abstract

This chapter presents bio-based lactic acid production process from lignocellulosic
biomass. Bio-based chemicals can replace the chemicals that we usually get from
petroleum-based resources, and they are used to produce cleaners, solvents, adhe-
sives, paints, plastics, textiles, and many other products. Lactic acid is one of such
candidates of bio-based chemicals with important applications in various industrial
sectors such as the chemical, pharmaceutical, food, and cosmetics industries, where its
demand is steadily increasing. It is also an essential building block for numerous
commodity and intermediate-biobased chemicals making it as a suitable alternative to
their fossil-derived counterparts. The bioconversion process of transforming lignocel-
lulosic biomass into lactic acid consists of four primary stages. Initially, pretreatment
is performed to enable the utilization of all Cs and Cg sugars by the selected microor-
ganism. These sugars are then hydrolyzed and fermented by a suitable microorganism
to produce either L- or D-lactic acid, depending on the desired stereochemistry.
Finally, the lactic acid is separated and purified from the fermentation broth to obtain
a purified product. The promising method for the industrial production of bio-based
lactic acid will be of continuous simultaneous saccharification and fermentation in a
gypsum-free process using Mg(OH), as neutralizer, followed by reactive distillation
for purified lactic acid production. The cradle-to-gate life cycle assessment model for
the biobased lactic acid production process indicated that the about 80-99% of the
environmental burdens of most of the environmental impact categories can be
reduced compared with its equivalent fossil-based lactic acid, making biobased lactic
acid environmentally superior to the fossil-based lactic acid.

Keywords: lactic acid, biomass, bioconversion, life cycle assessment (LCA),
environmental impacts

1. Introduction

Lactic acid (LA), the simplest hydroxy carboxylic acid with IUPAC name of
2-hydroxypropionic acid and a molecular formula CH;CH(OH)COOH, is a bulk chem-
ical with two optically active enantiomers (D(—) and L(+)), depicted in Figure 1, which
has wide industrial applications in the food, chemical, pharmaceutical and health care
industries [1-4]. The L(+) isomer is preferentially used for food and pharmaceutical
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Figure 1.
Two stereoisomers (D(—) and L(+)) of lactic acid.

applications, being the only lactic acid isomer produced in the human body [5]. Lactic
acid can be used as building block for a multiple of commodity and intermediate
chemicals [3, 6, 7], such as acrylic acid, lactate esters, 1,2-propanediol, pyruvic acid,
acetaldehyde, 2,3-pentanedione, ethanedioic acid, and polylactic acid (PLA), which is a
biodegradable plastic suitable for packagings. Different applications of lactic acid can be
either as final product or as feedstock for other processes like in food and cosmetics
industries. PLA may be a suitable alternative to oil-derived plastics and has already a
global market demand of approximately 10° metric tonnes per annum and is anticipated
to grow by at least 28% per annum until 2025 [1, 8]. Low-molecular-weight PLA
bioplastics can replace polymers such as polyethylene and polyethylene terephthalate,
while high-molecular-weight PLA can replace polystyrene.

Lactic acid can be produced either by anaerobic fermentation [3, 9-11] from
various sources, including whey, starch crops, sugar crops, and lignocellulosic mate-
rials, or by chemical synthesis [5, 10, 12-15] from fossil resources. The chemical
synthesis pathway [5] produces an optically inactive racemic mixture of the L and
D isomers, while the anaerobic fermentation pathway generally yields optically pure
L or D isomer, depending on the microorganism used [1].

2. Production of lactic acid

Microbial fermentation and chemical synthesis are the two industrially important
methods for lactic acid production as depicted in Figure 2. A racemic mixture of DL-
lactic acid is produced by a chemical synthesis from fossil sources, while an optically
pure D(—) or L(+) lactic acid is produced using microbial fermentation. Furthermore,
microbial lactic acid fermentation offers several key advantages over chemical syn-
thesis. First, the utilization of renewable feedstocks reduces dependence on non-
renewable petrochemical resources and contributes to a more sustainable and envi-
ronmentally friendly production process. Second, microbial fermentation enables the
production of optically pure lactic acid, as either D(—) or L(+) enantiomers. Third,
fermentation processes generally operate under milder conditions compared to chem-
ical synthesis. They require lower energy input in terms of temperature and pressure,
resulting in reduced energy consumption and associated costs. Finally, it can utilize a
wide range of feedstocks, including sugars from various biomass sources, agricultural
by-products, and even waste streams. This flexibility allows for the utilization of
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Figure 2.
An overview of LA production processes: (a) microbial fermentation from renewable recourses and (b) chemical
synthesis from non-renewable recourses.

diverse and readily available substrates, contributing to a more sustainable and cost-
effective production process.

2.1 Renewable resources for lactic acid

Lactic acid’s demand has been rising due to its increment in a wide range of
applications, aiming on sustainability the utilization of low-cost non-food biomass
materials for its production. Given its availability, and low cost compared to refined
sugars, lignocellulosic biomass is a promising source for sustainable lactic acid pro-
duction. Nevertheless, due to its complexity, it is still challenging to commercially use
lignocellulose for lactic acid synthesis due to the recalcitrance of the major constitu-
ents of lignocellulose for bioconversions [10, 16, 17]. The bioconversion processes for
producing lactic acid from lignocellulosic biomass, depicted in Figure 2a, includes
four main steps [18]: (a) pretreatment [19]—breaking down the structure of the
lignocellulosic matrix, (b) enzymatic hydrolysis—depolymerizing lignocellulose to
fermentable sugars, such as glucose and xylose, by means of hydrolytic enzymes,

(c) fermentation—metabolizing the sugars to lactic acid using homolactic acid strains
[20-22] and (d) separation and purification of lactic acid—purification of lactic acid
to meet the standards of commercial applications.

2.2 Pretreatment

Lignocellulosic biomass are composed of cellulose, (C¢H19Os)y, (40-50%), hemi-
celluloses, (CsHgO4)m, (25-35%) and lignin [CoH1003(0OCH3)0.9-17]%, (15-20%) in an
intricate structure where the components are rigidly associated through non-covalent
bonds and covalent cross-linkages along with minor amounts of other compounds
such as proteins, ash, and pectin. The highly polymerized phenolic lignin encrusted on
the crystallized cellulose and hemicellulose polymer matrix causes challenges in the
conversion processes as shown in Figure 3. The main bottleneck in utilizing such
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Figure 3.
Schematic of the role of pretreatment in the conversion of biomass into its constitutes, cellulose, hemicellulose, and
lignin.

lignocellulosic biomass for bioproduct production is its complex, hierarchical, and
recalcitrant nature. There are various pretreatment techniques that are classified as
physical, chemical, physicochemical, and biological processes. The pretreatment step
is required to increase the accessibility of the carbohydrate polymers by enzymes or
bacteria/organism, where the enzymes depolymerize the polymer present in the lig-
nocellulose, making them available for conversion of biomass to biofuels and value-
added chemicals via fermentation. The size of the biomass feedstock is reduced first
by milling to increase its surface area so as to increase hydrolysis efficiency. The main
purposes of pretreatment are to condition the cellulose to increase its susceptibility to
cellulase enzymatic digestion and hydrolyze the hemicellulose structural polysaccha-
rides to oligomeric and monomeric sugars. Given the highly crystalline structure of
cellulose that is embedded in a matrix of polymers-lignin and hemicellulose,
pretreatment [18, 19, 23] is a very decisive step to overcome the recalcitrance of the
lignocellulosic biomass to separate the cellulose from the matrix polymers and to make
it more accessible for enzymatic hydrolysis.. Various types of pretreatment have been
developed, including physical (mechanical, milling, extrusion), physicochemical
(steam explosion pretreatment, hydrothermolysis, wet oxidation, ammonia fiber
expansion), chemical (dilute acid, alkaline, ionic liquids), and biological methods
(microorganisms, enzymes). In this chapter, steam explosion [24-27] pretreatment
will be discussed, which is one of the viable technologies and has been explored
extensively in the recent years.

2.2.1 Steam explosion

Steam explosion is one of the most commonly employed and effective
pretreatment methods, which is typically a combination of both mechanical forces
and chemical effects applied to lignocellulosic biomass. Steam explosion is a process in
which lignocellulosic biomass is treated with steam at a temperature of 160-250°C
under high pressure (0.69-1.5 MPa), for a very short period of time, and the lignocel-
lulosic biomass then undergoes an explosive decompression, which causes a estrange-
ment in its rigid structure [25, 28]. Steam is driven out of the reactor through a nozzle
by inductive force after condensing at high pressure and “wetting” the lignocellulosic
material. At this point, various processes take place such as the condensed moisture
evaporates as a result of pressure reduction, lignocellulosic matrix desegregation
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Schematics of steam explosion pretreatment of lignocellulose biomass and separation of the hemicellulose liquid and
cellu-lignin solid fractions by filtration.

occurs, and breaking down inter- and intra-molecular linkages [25-27, 29]. The cellu-
lose bundles are defibrillated by the sudden release of pressure, which makes it easier
for enzyme hydrolysis and fermentation to access the cellulose. In addtion, the high-
temperature treatment causes the acetyl groups to hydrolyze, and the acetic acid that
is then released catalyzes the hydrolysis of polysaccharides, primarily hemicelluloses,
in a process known as auto-hydrolysis [25]. The solid cellulose and lignin network,
cellu-lignin fraction, will be separated from the dissolved hemicellulose solution by
filtration, as shown schematically in Figure 4.

2.3 Fermentation and purification processes

The hemicellulose liquid fraction and the cellu-lignin solid fraction are separated
by filtration following the steam explosion treatments. For the purpose of removing
sugars from the solid residues, the cellu-lignin solid fraction is washed. The hemicel-
lulose liquid fraction (mainly xylose and other Cs sugars) and the cellu-lignin solid
fraction (mainly Cg sugars) are used to produce lactic acid using various process
methods. Lactic acid is produced from the liquid fraction of hemicellulose by simple
fermentation, while cellulose and any remaining hemicellulose are hydrolyzed to
produce fermentable monosaccharides from the cellu-lignin solid fraction to produce
lactic acid using selected strains, which is known as a simultaneous saccharification
and fermentation (SSF) [1, 9]. Acid-tolerant lactic acid bacteria were recently
reported that can grow and ferment at pH 5.0 and at higher temperatures up to 60°C
that are optimal conditions for cellulose hydrolysis by fungal enzymes. Such new
isolates produce L(+)-lactic acid as the main fermentation product during the SSF
processes with very low levels of cellulase [1, 30].

Lactic acid bacteria, particularly Lactobacillus spp., can ferment glucose (Cg
sugars) derived from the cellu-lignin solid fraction, which contains mainly C¢ sugars
with some amounts of xylose (Cs sugar) that is unfermentable by most lactic acid
bacteria.

Lactococcus lactis I0-1 [31] and Enterococcus mundtii [32, 33] are the two common
strains fermenting xylose to L(+) lactic acid, while Lactobacillus pentosus strains are for
fermenting Ce sugars [5, 10]. Escherichia coli is a candidate able to ferment all biomass-
derived Cs and Cg sugars into L(+) lactic acid with high yields and optical purity,
with minimal nutrient requirements, see Eq. (1) Escherichia coli B, WL204 [22], unlike
the heterofermentative pathway which produces both acetic and lactic acids, is
homofermentative genetically engineered strain to produce acetic acid free lactic acid
with a yield of 90-97%, and an optical purity of 99.5% from xylose fermentation [1].
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1.2 CsHypOs — 2 C3HgO3
Xylose Lactic Acid

CeH1206 — 2 C3HgO3

Glucose Lactic Acid

(1)

The fermentation requires a stringent control of temperature at 35-45°C and pH of
5-6.5 [34], where the lactic acid production itself can drop the pH, which will have an
inhibitory effect on the metabolic activities of the strains [35]. Appropriate bases and
salts are added to neutralize the lactic acid to reduce the undesirable consequences of
lactic acid accumulation in the industrial operations [3, 35]. The neutralization of
lactic acid during fermentation has significant drawbacks, because it necessitates
additional steps to recover the undissociated lactic acid from its respective salt so as to
use the neutralizing agent again. Calcium hydroxide, Ca(OH),, and sulfuric acid,
H,SO,, are commonly used in the fermentation process as a conventional neutralizing
agent and in liberating lactic acid from calcium lactate, as shown in Egs. (2) and (3),
respectively [1].

2CH;CHOHCOOH + Ca(OH), — (CH3CHOHCOO ™ ),Ca*" + 2H,0 )

(CHgCHOHCOO’)ZCazJr + H,SO4 — 2CH3CHOHCOOH + CaSO4 (3)

Another lactic acid production processes without the formation of gypsum
are either using acid-tolerant strains able to ferment both Cs and C¢ sugars like
Bacillus coagulans isolates [30], or using Mg(OH), as neutralizing agent that forms
Mg-Lactate.

The formed Mg-Lactate will react with organic amine that is miscible in water,
triethylamine (R3N), Eq. (4), forming both a Mg(OH), crystal and a triethylamine-LA
complex, (R3N-LA) in a SWAP reactor [36], as depicted in Figure 5. The Mg(OH),
crystal will be filtered and recycled back to fermentation and the triethylamine-LA
complex will be thermally decomposed to release LA where triethylamine will be
recycled back to the SWAP reactor, Eq. (5).

Mg — Lactate + R3N — Mg(OH), { ¢yystar + R3N — LA — Complex (4)
R3N — LA — Complex — R3N + Lactic Acid (5)

The low volatility and the presence of nonvolatile impurities and other organic
acids in the fermentation broth make the recovery of lactic acid challenging.

MgOH,
Mg-Lactate R3;N-LA —

R,N

Figure 5.
Schematics of the neutralization and recycle of Mg(OH) , from the SWAP reactor and R;N from decomposition of
the triethylamine-LA complex. Adopted from a patent, EP1991517B1 [36].
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Process flow sheet for the purification of crude LA from the fermentation broth via reactive distillation columns

[1].

There are various lactic acid recovery processes from fermentation broth, such as
nanofiltration [12, 34], adsorption [37], solvent extraction [38], electrodialysis

[39, 40], membrane separation [41], ion-exchange resins [42], and reactive distilla-
tion [43, 44]. Reactive distillation [45, 46] was found to be promising at the
industrial scale, with some cost advantages [43], and thus, two-step reactive
distillation processes are modeled in the present work. Esterification and hydrolysis
are the two simultaneous catalyzed reversible reactions that are required for lactic acid
recovery by reactive distillation as given in Eq. (6). As shown in Figure 6, lactic acid
from the fermentation broth is first converted to ethyl lactate (ETLA) in the esterifi-
cation column using ethanol and this ethyl lactate is then removed from the column
by distillation. Pure lactic acid, (99 wt.% L(+) lactic acid) is then recovered by
hydrolysis of the ester (ethyl lactate) with water, in a hydrolysis reactive distillation
column. The ethanol that is the top product from the hydrolysis reactive distillation
will be purified by normal distillation and recycled (ETOH-REC) to the esterification
column [1, 46].

Esterification
C3HgO3 + C,HsOH = C3H5035C,H5 + H,O (6)
Lactic acid Ethanol Hydrolysis Ethyl Lactate Water

2.4 Lactic acid from non-renewable resources

The commercial process for chemical synthesis is based on lactonitrile [24, 47],
CH3;CH(OH)CN as shown in Figure 2b. Lactic acid can be chemically produced
through various routes, including the conversion of renewable resources and
petrochemical-derived materials. One of the commonly used chemical synthesis
methods involves the production of lactic acid from acetaldehyde via lactonitrile
intermediates.

Crude oil — Ethane — Ethylene — acetaldehyde (7)

The process begins with the extraction of crude oil, followed by refining to obtain
ethane. Ethane is then converted into ethylene through processes such as steam
cracking or catalytic cracking. Ethylene is further processed to produce acetaldehyde
(CH3CHO). This can be achieved through the oxidation of ethylene or by direct
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hydration of acetylene. Acetaldehyde is a key raw material for the subsequent steps in
lactic acid synthesis. Acetaldehyde is reacted with hydrogen cyanide (HCN) in the
presence of a base catalyst under high-pressure conditions. This catalytic reaction
results in the formation of lactonitrile (acetaldehyde cyanohydrin), Eq. (8) [12].
Lactonitrile is then recovered, purified through distillation, and hydrolyzed

using sulfuric acid (H,SO,). This hydrolysis reaction converts lactonitrile into

lactic acid and ammonium sulfate byproduct as shown in Eq. (9). To further

process the lactic acid, Eq. (10) involves esterification with methanol (CH;0H),
leading to the formation of methyl lactate (CH;CHOHCOOCHj3;). Methyl lactate is
subsequently recovered, purified via distillation, and hydrolyzed with acidified water
in Eq. (11). This hydrolysis step results in the production of lactic acid and the
regeneration of methanol. Methanol is separated through distillation and can be
recycled for further use. It is important to note that the chemical synthesis route
described above typically yields a racemic mixture of lactic acid, which consists of
equal amounts of D(—)-lactic acid and L(+)-lactic acid. However, in certain applica-
tions, such as the production of polylactide, optically pure L(+)-lactic acid is often
preferred.

o) OH
HC=N Catalyst )\
H3CJ\H + = Hc” N (8)
acetaldehyde hydrogen cyanide lactonitrile
OH OH
)\ T + 12HS0 )\
2H.0 2OV ——
H,C” CN 2 He” Scoon  + 12 (NH)SO, (9)
Lactic acid
OH OH
+ H;C—OH e — + HO
H.e” > COOH - H,C~ COOCH, d (10)

Methyl lactate

OH
OH B, OH Ha
+ HoO o — )\ +
2 - HsC COOH
H;C COOH 3
H,C” >COOCHS (11)
D(-)-lactic acid L(+)-lactic acid

DL-racemic mixture

3. Environmental impact assessment

The environmental impact assessment of lactic acid production from various
biobased feedstocks have been studied and the environmental benefits compared with
fossil-based lactic acid production [1, 48, 49]. Environmental assessment was made
using the standard Life Cycle Assessment for determining the potential environmental
impacts of biobased lactic acid production processes. Environmental life cycle assess-
ment, a standardized methodology [50], considers the full life cycle of the analyzed
biochemical production systems and a broad range of environmental impact indica-
tors, as shown in Table 1. A cradle-to-gate life cycle assessment is applied considering
all steps across production systems, feedstock production, and lactic acid production
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Description Symbol
Abiotic depletion potential measured in kg of substance eq. ADP
Acidification potential measured in kg of SO, eq. AP
Freshwater eutrophication potential measured in kg of PO,> eq. FWEP
Marine eutrophication potential measured in kg NO3™ eq. MEP
Global warming potential measured in kg of CO, eq. GWP
Ozone layer depletion potential measured in kg of CFC-11 eq. (chlorofluorocarbon) ODP
Human toxicity potential measured in kg of 1,4-DB eq. (DB:dichlorobenzene) HTP
Fresh water aquatic ecotoxicity potential measured in kg of 1,4-DB eq FWAETP
Marine aquatic ecotoxicity potential measured in kg of 1,4-DB eq. MAETP
Terrestrial ecotoxicity potential measured in kg of 1,4-DB eq. TETP
Photochemical oxidation potential measured in kg of C,H, eq. POCP
Metal depletion potential measured in kg Fe eq. MDP
Ionizing radiation potential measured in kBq U35 eq. IRP
Particulate matter formation potential measured in kg PMj, eq. PM
Water depletion potential measured in m? water used WDP
Agricultural land occupation measured in m”a ALO
Urban land occupation measured in m?a ULO
Natural land transformation measured in m” NLT

Table 1.
Environmental impact categories considered for comparison of biobased lactic acid and fossil based lactic acid
production for the LCA study.

as a stand-alone plant or biorefinery processes integrated with existing plants. The
potential environmental impacts of a lignocellulosic biomass-based lactic acid process
have been investigated by means of a life cycle assessment [50]. A life cycle assess-
ment is carried out for biobased lactic acid from lignocellulosic biomass and compared
with fossil-based lactic acid, as described in Sections 2.1 and 2.4, respectively. Similar
studies were conducted on comparing environmental impacts of a biodegradabale
plastic polylactic acid (PLA) compared with fossil based PLA [51-53]. The life cycle
assessment complies with ISO [54, 55] standards, as shown in Figure 7, consisting of
four stages: goal and scope definition, inventory analysis, impact assessment, and
interpretation.

Ogmundarson et al. [48] quantified the environmental impacts of
biochemical production of lactic acid using different biobased feedstocks like corn,
corn stover, and macroalgae (Laminaria sp.) and discussed the potential for
reducing impact. Despite differences in assumptions and data availability across the
cradle-to-gate life cycle assessment model for the biobased lactic acid production pro-
cess, several research works show there is an environmental savings that leads to the
global sustainable developments [1, 48, 56]. Replacing fossil-based lactic acid with its
biobased lactic acid reduces about 80-99% of the environmental burdens of most of
the environmental impact categories [1], making biobased lactic acid is environmen-
tally friendlier than its fossil-based equivalent in most of the impact categories.
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Goal and Scope Definition
Define and describe the product, process or activity.
Establish the context in which the assessment is to be
made and identify the boundaries and environmental
effects to be reviewed for the assessment

1. Define project goals

. Determine types of information
. Determine the required specificity
. Determine data and results organization

. Determine scope of study

SN Ul B W DN

. Determine ground rules

Life Cycle Inventory (LCI)

Identify and quantify energy, water and materials
usage and environmental releases. Steps in LCI

1. Develop a flow diagram of the process being
evaluated

2. Develop a data collection plan
3. Collect data

4. Evaluate and report results

Life Cycle Impact Assessment(LCIA)

Assess the potential human and ecological effects of
energy, water, and material usage and the
environmental releases identified in the inventory
analysis. Steps in LCIA

. Selection and Definition of impact categories

. Classification

. Characterization

Normalization

Grouping

. Weighting

. Evaluating and Reporting LCIA Results

& 4

N o U W N =

Figure 7.
Phases and guidelines of LCA, according to ISO 14040 series.

4. Conclusion

Lactic acid has important applications in various industrial sectors such as the
chemical, pharmaceutical, food, and cosmetics industries, where its demand is
steadily increasing. Furthermore, lactic acid is an essential building block for numer-
ous commodity and intermediate biobased chemicals like acrylic acid, lactate esters,
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1,2-propanediol, pyruvic acid, acetaldehyde, 2,3-pentanedione, ethanedioic acid, and
polylactic acid, making it as a suitable alternative to their oil-derived counterparts.
The bioconversion processes of converting lignocellulosic biomass into lactic acid
need to overcome the following points or challenges: (1) effective pretreatment pro-
cess to make all Cs and Cg sugars available for the selected microorganism that
ferment them into stereospecific (L- or D-) lactic acid, (2) selection of suitable
microorganism along with their required substrates and fermentation conditions, and
(3) employing the separation and purification of lactic acid from the fermentation
broth. The promising method for the industrial production of lactic acid will be of
continuous simultaneous saccharification and fermentation in a gypsum-free process
using Mg(OH), as neutralizer, followed by reactive distillation for purified lactic acid
production. The cradle-to-gate life cycle assessment model for the biobased lactic acid
production process indicated that the about 80-99% of the environmental burdens of
most of the environmental impact categories can be reduced compared with its
equivalent fossil-based lactic acid, making biobased lactic acid environmentally
superior to the fossil-based lactic acid.

Author details
Asfaw Gezae Daful™*, Marie Loridon" and Meegalla R. Chandraratne”

1 Department of Chemical Engineering, Higher Colleges of Technology, Abu Dhabi,
United Arab Emirates

2 Department of Chemical Engineering, Higher Colleges of Technology, Ruwais,
United Arab Emirates

*Address all correspondence to: agezae@hct.ac.ae; agezae@gmail.com

IntechOpen

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

11



From Biomass to Biobased Products

References

[1] Gezae Daful A, Gorgens JF. Techno-
economic analysis and environmental
impact assessment of lignocellulosic
lactic acid production. Chemical

Engineering Science. 2017;162:53-65

[2] Gezae Daful A, Haigh K, Vaskan P,
Gorgens JF. Environmental impact
assessment of lignocellulosic lactic acid
production: Integrated with existing

sugar mills. Food and Bioproducts
Processing. 2016;99:58-70

[3] Abdel-Rahman MA, Tashiro Y,
Sonomoto K. Recent advances in lactic
acid production by microbial
fermentation processes. Biotechnology
Advances. 2013;31(6):877-902

[4] Chao G, Cuiqing M, Ping X.
Biotechnological routes based on lactic
acid production from biomass.
Biotechnology Advances. 2011;29(6):
930-939

[5] Castillo Martinez FA, Balciunas EM,
Salgado JM, Dominguez Gonzalez JM,
Converti A, Oliveira RPDS. Lactic acid
properties, applications and production: A
review. Trends in Food Science and
Technology. 2013;30(1):70-83

[6] Pdivi M-A, Simakova Irina L, Tapio S,
Dmitry YM. Production of lactic acid/
lactates from biomass and their catalytic
transformations to commodities. Chemical

Reviews. 2014;114(3):1909-1971

[7] Dusselier M, Van Wouwe P, De Smet S,
De Clercq R, Verbelen L, Van Puyvelde P,
et al. Toward functional polyester building
blocks from renewable glycolaldehyde
with Sn cascade catalysis. ACS Catalysis.
2013;3(8):1786-1800

[8] Cellulac. Green Cleaner Bio-Chemicals.
Available from: http://cellulac.co.uk/en/
market/ [Accessed: May 20, 2023]

12

[9] Wang Y, Tashiro Y, Sonomoto K.
Fermentative production of lactic acid
from renewable materials: Recent
achievements, prospects, and limits.
Journal of Bioscience and
Bioengineering. 2015;119:10-18

[10] Abdel-Rahman MA, Tashiro Y,
Sonomoto K. Lactic acid production
from lignocellulose-derived sugars using
lactic acid bacteria: Overview and limits.
Journal of Biotechnology. 2011;156(4):
286-301

[11] Rathin D, Michael H. Lactic acid:
Recent advances in products, processes
and technologies- A review. Journal of
Chemical Technology & Biotechnology.
2006;81(7):1119-1129

[12] Pal P, Sikder J, Roy S, Giorno L.
Process intensification in lactic acid
production: A review of membrane
based processes. Chemical Engineering
and Processing: Process Intensification.

2009;48:1549-1559

[13] Narayanan N, Roychoudhury PK,
Srivastava A. L (+) lactic acid
fermentation and its product
polymerization. Electronic Journal of

Biotechnology. 2004;7:167-179

[14] John RP, Madhavan NK, Pandey A.
Fermentative production of lactic acid
from biomass: An overview on process
developments and future perspectives.
Applied Microbiology and
Biotechnology. 2007;74:524-534

[15] Environmental factsheet PLA.
Environmental factsheet: Polylactic acid.
2015

[16] Mazzoli R, Bosco F, Mizrahi I,
Bayer EA, Pessione E. Towards lactic
acid bacteria-based biorefineries.



Lactic Acid Production from Lignocellulosic Biomass

DOI: http://dx.doi.ovg/10.5772/intechopen.112739

Biotechnology Advances. 2014;32:1216-
1236

[17] Benjamin Y, Garcia-Aparicio MP,
Gorgens JF. Impact of cultivar selection
and process optimization on ethanol
yield from different varieties of
sugarcane. Biotechnology for Biofuels.
2014;7:60

[18] Taherzadeh M]J, Karimi K.
Pretreatment of lignocellulosic wastes to
improve ethanol and biogas production:

A review. International Journal of
Molecular Sciences. 2008;9(9):1621-1651

[19] Sreenath HK, Moldes AB, Koegel RG,
Straub RJ. Lactic acid production by
simultaneous saccharification and
fermentation of alfalfa fiber. Journal

of Bioscience and Bioengineering. 2001;

92(6):518-523

[20] Tamakawa H, Ikushima S,
Yoshida S. Efficient production of
I-lactic acid from xylose by a
recombinant candida utilis strain.
Journal of Bioscience and
Bioengineering. 2012;113(1):73-75

[21] Ying W, Ali A-RM, Yukihiro T,
Yaotian X, Takeshi Z, Keniji S, et al.
1-(+)-lactic acid production by co-
fermentation of cellobiose and xylose
without carbon catabolite repression
using enterococcus mundtii QU 25. RSC
Advances. 2014;4:22013-22021

[22] Zhao ], Xu L, Wang Y, Zhao X,
Wang ], Garza E, et al.
Homofermentative production of
optically pure I-lactic acid from xylose
by genetically engineered escherichia
coli b. Microbial Cell Factories. 2013;
12:57

[23] Mosier N, Wyman C, Dale B,
Elander R, Lee YY, Holtzapple M, et al.
Features of promising technologies for
pretreatment of lignocellulosic biomass.

13

Bioresource Technology. 2005;96(6):
673-686

[24] Wasewar KL. Separation of lactic
acid: Recent advances. Chemical and
Biochemical Engineering Quarterly.

2005;19:159-172

[25] Rocha GJM, Gongalves AR, Oliveira
BR, Olivares EG, Rossell CEV. Steam
explosion pretreatment reproduction
and alkaline delignification reactions
performed on a pilot scale with
sugarcane bagasse for bioethanol

production. Industrial Crops and
Products. 2012;35(1):274-279

[26] Oliveira FMV, Pinheiro 10, Souto-
Maior AM, Martin C, Gongalves AR,
Rocha GJM. Industrial-scale steam
explosion pretreatment of sugarcane
straw for enzymatic hydrolysis of
cellulose for production of second
generation ethanol and value-added
products. Bioresource Technology. 2013;
130:168-173

[27] Agbor VB, Cicek N, Sparling R,
Berlin A, Levin DB. Biomass
pretreatment: Fundamentals toward

application. Biotechnology Advances.
2011;29:675-685

[28] Kumar P, Barrett DM, Delwiche M],
Stroeve P. Methods for pretreatment of
lignocellulosic biomass for efficient
hydrolysis and biofuel production.
Industrial and Engineering Chemistry
Research. 2009;48(8):3713-3729

[29] Kaar WE, Gutierrez CV,

Kinoshita CM. Steam explosion of
sugarcane bagasse as a pretreatment for
conversion to ethanol. Biomass and
Bioenergy. 1998;14:277-287

[30] Patel MA, Ou MS, Harbrucker R,
Aldrich HC, Buszko ML, Ingram LO,
et al. Isolation and characterization of
acid-tolerant, thermophilic bacteria for



From Biomass to Biobased Products

effective fermentation of biomass-
derived sugars to lactic acid. Applied and
Environmental Microbiology. 2006;72:
3228-3235

[31] Joshi DS, Singhvi MS, Khire JM,
Gokhale DV. Strain improvement of
lactobacillus lactis for d-lactic acid
production. Biotechnology Letters. 2010;

32(4):517-520

[32] Ali A-RM, Yukihiro T, Takeshi Z,
Kenji S. Improved lactic acid
productivity by an open repeated batch
fermentation system using Enterococcus
mundtii QU 25. RSC Advances. 2013;3:
8437-8445

[33] Abdel-Rahman MA, Tashiro Y,
Zendo T, Hanada K, Shibata K,
Sonomoto K. Efficient
homofermentative 1-(+)-lactic acid
production from xylose by a novel lactic
acid bacterium, enterococcus mundtii
{QU} 25. Applied and Environmental
Microbiology. 2011;77:1892-1895

[34] Isabel Gonzilez M, Alvarez S,
Riera F, Alvarez R. Lactic acid recovery
from whey ultrafiltrate fermentation
broths and artificial solutions by
nanofiltration. Desalination. 2008;228:
84-96

[35] Hongo M, Nomura Y, Iwahara M.
Novel method of lactic acid production
by electrodialysis fermentation. Applied
and Environmental Microbiology. 1986;
52:314-319

[36] Krieken JV. Method for preparing an
organic amine-lactic acid complex.
November 14: EP Patent 1,991,517.

2012

[37] Habova V, Melzoch K, Rychtera M,
Sekavova B. Electrodialysis as a useful
technique for lactic acid separation from
a model solution and a fermentation
broth. Desalination. 2004;162:

361-372

14

[38] Wee Y-J, Yun J-S, Lee YY, Zeng A-P,
Ryu H-W. Recovery of lactic acid by
repeated batch electrodialysis and lactic
acid production using electrodialysis
wastewater. Journal of Bioscience and

Bioengineering. 2005;99(2):104-108

[39] Sena B, Inci I, Hasan U. Adsorption
of lactic acid from model fermentation
broth onto activated carbon and
amberlite ira-67. Journal of Chemical &
Engineering Data. 2011;56(5):1751-1754

[40] Udachan IS, Sahoo AK. A study of
parameters affecting the solvent
extraction of lactic acid from
fermentation broth. Brazilian Journal of
Chemical Engineering. 2014;31:

821-827

[41] Gudena K, Rangaiah GP,
Lakshminarayanan S. Modeling and
analysis of hybrid reactive stripper-
membrane process for lactic acid
recovery. Industrial & Engineering
Chemistry Research. 2013;52(8):
2907-2916

[42] Gonzdlez MI, Alvarez S, Riera F,
Alvarez R. Purification of lactic acid
from fermentation broths by ion-
exchange resins. Industrial &
Engineering Chemistry Research. 2006;
45(9):3243-3247

[43] Chien-Yuan S, Cheng-Ching Y,
I-Lung C, Jeffrey DW. Plant-wide
economic comparison of lactic acid
recovery processes by reactive
distillation with different alcohols.
Industrial & Engineering Chemistry
Research. 2013;52(32):11070-11083

[44] Mo L, Shao-Tong ], Li-Jun P, Zhi Z,
Shui-Zhong L. Design and control of
reactive distillation for hydrolysis of
methyl lactate. Chemical Engineering
Research and Design. 2011;89(11):
2199-2206



Lactic Acid Production from Lignocellulosic Biomass
DOI: http://dx.doi.ovg/10.5772/intechopen.112739

[45] Taylor R, Krishna R. Modeling
reactive distillation. Chemical
Engineering Science. 2000;55(22):
5183-5229

[46] Gezae Daful A. Simulation of
reactive distillation: Comparison of
equilibrium and nonequilibrium stage
models. International Journal of
Chemical Engineering. 2012;6(10):
1231-1239

[47) Wee Y], Kim JN, Ryu HW.
Biotechnological production of lactic
acid and its recent applications. Food
Technology and Biotechnology. 2006;
44(2):163-172

[48] Ogmundarson O, Sukumara S,
Laurent A, Fantke P. Environmental
hotspots of lactic acid production systems.
GCB Bioenergy. 2020;12(1):19-38

[49] Helmes RJK, Lopez-Contreras AM,
Benoit M, Abreu H, Maguire J, Moejes F,
et al. Environmental impacts of
experimental production of lactic acid
for bioplastics from ulva spp.
Sustainability. 2018;10(7):1-15

[50] Guinée ]B, Heijungs R, Huppes G.
Economic allocation: Examples and
derived decision tree. LCA Methodology.
2004;9:23-33

[51] Riofrio A, Cornejo M, Baykara H.
Life cycle and environmental impact
evaluation of polylactic acid (pla)
production in ecuador. The International
Journal of Life Cycle Assessment. 2022;
27:834-848

[52] Ghomi ER, Khosravi F, Ardahaei AS,
Dai Y, Neisiany RE, Foroughi F, et al.
The life cycle assessment for polylactic
acid (pla) to make it a low-carbon
material. Polymers (Basel). 2021;13:11

[53] Tecchio P, Foschia M, Talon O,
Dejonghe S. Lactic acid production by

15

pla-waste chemical recycling:
Environmental impact evaluation.
Semantic Scholar. 2013

[54] ISO. ISO 14040 - environmental
management life cycle assessment -
principles and framework. 2006

[55] ISO. ISO 14044 — environmental
management life cycle assessment -
requirements and guidelines. 2006

[56] Li Y, Bhagwat SS, Cortés-Pefia YR,
Ki D, Rao CV, Jin Y-S, et al. Sustainable
lactic acid production from
lignocellulosic biomass. ACS Sustainable
Chemistry & Engineering. 2021;9(3):
1341-1351



