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Pineapple crowns (PIC) represent a lignocellulosic and industrial waste
byproduct from pineapple processing industries, with promising potential as a
feedstock for microbial biochemical production. However, limited research has been
conducted on the valorization of PIC for this purpose. In this study, a technological
platform was developed for high-yield, high-productivity production of D-(-)-lactic acid
from PIC using an engineered strain of Klebsiella oxytoca KIS004-91T. Pretreatment of
PIC was performed using 0.75 N NaOH, resulting in a recovery yield of 37.8+4.0% (w/w)
pretreated PIC containing 62.5+0.1% (w/w) fermentable sugars. Enzymatic hydrolysis
of 20 g/L of pretreated PIC using an optimal crude cellulase loading of 60 PCU/g at
50°C achieved a maximum total reducing sugar concentration of 13.69+0.36 ¢/L and a
cellulose saccharification efficiency of 89.77+1.41% (w/w). Subsequent fermentation
under separate hydrolysis and fermentation (SHF) conditions using 100 g/L of NaOH-
pretreated PIC yielded 45.69+1.16 ¢/L D-(-)-lactic acid, with a conversion vyield of
0.81+0.02 ¢/¢ and a productivity of 1.92+0.35 ¢/L/h. Under simultaneous
saccharification-and fermentation (SSF) using 75 ¢/L of pretreated PIC, 31.50+1.97 ¢/L
of D-(-)-lactic acid was produced, with a yield of 0.70+0.03 ¢/¢ and a productivity of
1.07+£0.03 ¢/L/h. Further optimization using a fed-batch SHF strategy significantly
enhanced D-(-)-lactic acid production to 62.87+0.42 ¢/L, achieving a yield of 0.96+0.07
g/¢ and a productivity of 1.31+0.01 ¢/L/h. The fermentation process was carried out in
a low-salt medium, producing high-purity D-(-)-lactic acid with minimal by-product
formation, including 2,3-butanediol and acetic acid (~3.5 g/L). These findings highlight

PIC as a viable alternative biomass for sustainable D-lactic acid production, offering



potential for cost reduction, waste valorization, and advancement toward a zero-waste

biorefinery approach.
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CHAPTER |
INTRODUCTION

1.1 Overview

Lactic acid is an organic acid that is known to have two stereoisomers, including
L(+) and D-(-) forms. It has been applied in several industries, including foods,
pharmaceutical, cosmetic, and chemical industries. It is generally used as a precursor
of biodegradable and biocompatible polylactic acid (PLA) polymers for producing
packaging, foam, and fibers (Rodrigues et al., 2017). The production of biocompatible
PLA products that require D-(-)-lactic acid as raw materials is considered as an early
stage of development compared to those derived from petrochemical plastics in
industrial scale (Razali and Abdullah, 2017). The market size of D-(-)-lactic acid was
estimated at $3.37 billion USD in 2023 and is expected to gain 8.0% of CAGR by 2030.
Lactate can be produced by both chemical synthesis and microbial fermentation.
Compared to chemical synthesis, biological fermentation of D~(-)-lactic acid is more
preferable due to the ability to use renewable resources and lignocellulosic biomass
as a feedstock to reduce production costs as well as environment pollution (Yaashikaa
et al, 2022).

Considering environmental pollution and production cost savings, biofuel and
biochemical production from lignocellulosic biomass have been significantly increased.
Lactic acid is so far produced from lignocellulosic biomass generated from agricultural
and agro-industrial sectors, including corn stover (Zhang and Vadlani, 2013), waste
wood (Hama et al., 2015), and sorghum stalks (Zhang et al., 2016a) using various lactic
acid bacteria (LAB). Lactic acid production is performed using different kinds of biomass
by various microorganisms, including Lactobacillus rhamnosu (Bernardo et al., 2016),
Rhizopus oryzae (Thongchul et al., 2010), Enterobacter aerogenes (Thapa et al., 2017),

and metabolically engineered strains of Escherichia coli (Utrilla et al., 2009) and



Klebsiella oxytoca (In et al., 2020).

Alternatively, pineapple is known as the most active crop in the global tropical
fruit trade, which is mainly distributed in Asia, America, and Africa. With the total global
area of pineapple cultivation exceeding 400,000 hectares, pineapple has been
produced about 25.4 million metric tons annually (Li et al, 2022). Pineapple is a
valuable and non-climacteric tropical fruit and can be eaten fresh or processed as
canned, juiced, jams, and dried pineapple based on its maturity (Dhar et al., 2023).
Along with pineapple processing and consumption, pineapple crown, peel, core, and
stem are left as wastes, with 50% (w/w) of the pineapple weight. Subsequently, the
pineapple wastes are disposed of directly in landfills, contributing to environmental
pollution due to microbial spoilage and the growing volume of waste associated with
increased pineapple production (Hikal et al., 2021). Therefore, among pineapple
wastes, pineapple crown is weight about 10-25% of total weight and consists of
cellulose and hemicellulose, making it ideal as lignocellulosic biomass (Choguecahua
et al,, 2020; Prado and Spinace, 2019). To mitigate environment impacts and enhance
value creation, the pineapple crown (PIC) presents strong potential for biofuel and
biochemical production, owning to its rich carbohydrate content and cost-
effectiveness as an agro-industrial waste. To achieve this, the conversion of
lignocellulosic fibers in PIC into fermentable sugars requires appropriate pretreatment
processes to breakdown the structure of cellulose and hemicellulose, remove lignin,
reduce inhibitor accumulation, and increase surface area for subsequent enzyme
digestion (Yankov, 2022). However, there are very few research studies on the
biochemical conversion of PIC into valuable bioproducts via fermentation due to its
complicated lignocellulosic pattern and multiple cellular structure (Arib et al., 2006).
Therefore, using pineapple crown as lignocellulosic substrate for D-(-)-lactic acid
production is still limited, making its challenges for a proper preparation of PIC to be
used for D-(-)-lactic acid production.

Klebsiella oxytoca KIS004-91T strain was previously engineered to efficiently

produce high levels of D-(-)-lactic acid from glucose with minimal by-product



formation. This strain achieved a D-(-)-lactic acid concentration of 100 g¢/L, with a yield
of 0.96 ¢/¢ and a productivity of 2.1 ¢/L/h (In et al., 2020). To enhance its industrial
feasibility and cost effectiveness for D-(-)-lactic acid production, this study aimed to
develop efficient processes for the pretreatment and enzymatic saccharification of PIC.
D-(-)-lactic acid production by K oxytoca KIS004-91T strain was optimized using
separate hydrolysis and fermentation (SHF) and simultaneous saccharification and
fermentation (SSF) strategies, including batch and fed-batch processes, in a low-cost

medium containing fermentable sugars derived from the pretreated PIC.

1.2 Research objectives

This research aims to valorize pineapple crown, which is the waste from dried
and canned fruit factories, promoting an effective process of D-(-)-lactic acid production
using K. oxytoca KIS004-91T strain. This work focused on:

1.2.1 Optimizing the suitable concentration of alkali solution for pretreating
pineapple crown into pretreated lignocellulosic structures.

1.2.2 Optimizing the appropriate enzymatic treatment and duration of
hydrolysis to obtain the maximum level of sugar conversion from pretreated pineapple
crown.

1.2.3 Optimizing the maximum production of D-(-)-lactic acid from pretreated

pineapple crown by metabolically K. oxytoca KISO04-91T strain.

1.3 Scope and limitations

Fermentation of D-(-)-lactic acid from pineapple waste was conducted under
different conditions, including simultaneous saccharification and fermentation (SSF)
and separate hydrolysis and fermentation (SHF) processes in batch and fed-batch
fermentation by K oxytoca KIS004-91T strain. Accordingly, the concentration of
alkaline solution during the pretreatment of pineapple crown and enzymatic loading
for enzymatic saccharification of pretreated-pineapple crown were also optimized.

Different concentrations of pretreated PIC were investigated to obtain the highest



productivity and yield of D-(-)-lactic acid closed to the theoretical maximum (1 ¢/¢) as

appeared using glucose as a substrate.



CHAPTER Il
LITERATURE REVIEW

2.1 Lactic acid and its application

Lactic acid is an organic acid that has been known as milk acid which has a
chemical formula as CH,CH(OH)COOH or C,H,O,. It is a colorless to yellowish, odorless
hydroscopic crystal or syrupy liquid. Physical and chemical properties of lactic acid are
mentioned in Table 2.1 (Dusselier et al., 2013). Lactic acid is a weak acid with pKa 3.86
which partially dissociates in water to release hydrogen ions (eql) (Ameen and Caruso,

2017).

H4C-CH(OH)-COOH €= H* + H,C-CH(OH)-COO (Eq. 1)

Table 2.1 Physical and chemical properties of lactic acid

Lactic acid properties Details
Compound name Lactic acid
IUPAC name 2-hydroxypropanoic acid
Appearance Colorless to yellowish, crystal or syrupy liquid
Solubility Water, alcohol, ether
Boiling point 122 °C
Melting point 16.8 °C
Molar mass 90.08 g.mol™
Specific density 1.2
Flash point 113 °C

Lactic acid is composed of a chiral carbon with two terminal carbon atoms
consisting of a carboxylic group with a methyl group (Narayanan et al., 2004). It exists
in two enantiomeric forms: L-(+)-lactic acid form, also known as (S)-lactic acid and D-

(-)-lactic acid, also known as (R)-lactic acid (Ameen and Caruso, 2017).



COOH TOOH
.., C
H3C/ \I////H H\\\l \CH3
OH HO
L-(+)-lactic acid D-(-)-lactic acid

Figure 2.1 Isomer form of L (+) and D-(-)-lactic acid

Lactic acid is recognized as an important precursor in various industries
including, food, cosmetics, chemical, and green solvent (Sorensen et al, 2022;
Sorensen et al.,, 2023). While lactic acid is widely used as a food addictive, food
preservative, flavoring agent, and scent in food industries, it is also a common
ingredient in the cosmetic industry, such as moisturizers, skin-lishtening agents, pH
regulator, and anti-acne agents. Additionally, in the chemical industry, lactic acid serves
various purposes, acting as a descaling agent, pH regulator, neutralizer, chiral
intermediate, green solvent, cleaning agent, and slow acid releasing agent.
Furthermore, it is an essential chemical feedstock that functions as a precursor to a
number of significant chemicals, including propylene oxide, acetaldehyde, acrylic acid,
propionic acid, 2,3-pentanedione, ethyl lactate, dilactide, and polylactic acid (Abd
Alsaheb et al,, 2015). Lactic acid also acts as a precursor to polylactic acid (PLA), a
biodegradable polymer widely used in packaging, textiles, and biomedical applications.
PLA is eco-friendly and serves as an alternative to petroleum-based plastics,

contributing to sustainable practices in the chemical industry (Wu et al., 2023a).

2.2 Lactic acid production

Lactic acid can be produced by chemical synthesis with different pathways and
microbial fermentation from renewable resources (Wee et al., 2006). Lactic acid
(racemic mixture) can be synthesized by hydrocyanation, followed by cyanohydrin
hydrolysis and generating ammonium sulfate ((NH4),SO,4) as a byproduct (Figure 2.2).

However, hydrogen cyanide (HCN) is known as hazardous chemical, it is challenging for



handling HCN and complicated purification processes are required to obtain food-grade
lactic acid. Additionally, in sectors where purity and environmental concerns are
considered as crucial, fermentation-based methods are often preferred due to their
natural origin and environmentally friendly characteristics. Lactic acid is also produced
through the fermentation of carbohydrates or fermentable sugars, typically sugars such
as ¢glucose or lactose, by lactic acid bacteria. Lactic acid bacteria (LABs), such as
Lactobacillus species, naturally produce lactic acid during fermentation (Hoyos et al.,
2017).
Chemical synthesis
O H OH H OH

L. N VG SN Y4

HzC CN H,O HsC COOH
(R,S)-Lactic acid

HaC

Fermentation production

OH
o 2ADP 2ATP O NADH/H* NAD* HE< H
HO \ } P
HO OH v._ HSCJJ\COOH HSC COOH
OH Pyruvic acid L-(S) Lactic acid
Lactate
Anaerobic fermentation dehydrogenase

Figure 2.2 Lactic acid production (Hoyos et al., 2017)

2.3 Microbial fermentation of lactic acid

Lactic acid can be produced by various microorganisms, mostly by lactic acid
bacteria (LAB). Generally, LAB belong to gram positive bacteria, non-forming spore, and
anaerobic fermenting bacteria such as Lactobacillus, Bacillus, Enterococcus,
Vagococcus, Leuconostoc, Streptococcus, and Pediococcus (Nuraida, 2015; Panagiota
et al,, 2013). Fungi strains such as Rhizopus oryzae could produce L-(+)-lactic acid from
starch and glucose (Zhou et al., 1999) while bacteria strains could produce both L-(+)-
lactic acid and D-(-)-lactic acid or a mixture of DL-lactic acid (Zhao et al,, 2010). The
underlying of metabolic pathways of lactic acid production are shown in Figure 2.3 in
which 2 molecules of lactic acid are produced from glucose under homofermentative

pathway whereas lactic acid and by-products such as ethanol and carbon dioxide (CO,)



are produced under heterofermentative pathways (Mora-Villalobos et al., 2020).
Currently, bacterial strains have remained the preferred choice among researchers for
lactate production due to their capability to produce lactic acid at high yield and
productivity (Oonkhanond et al., 2017). Table 2.2 shows some examples of D-(-)-lactic
acid and L-(+)-lactic acid biotechnological production. Similarly, microorganisms that
are targeted for industrial lactic acid production must possess key attributes. These
include enhancing productivity to reduce time, improving yield to lower substrate
costs, utilizing low-cost media or substrates to achieve high concentrations, minimizing
by-product formation to enhance purification efficiency, and demonstrating resilience
against contamination and infections (Auras et al., 2010).
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J\DP% ADP

G6P

Fructose-6-P
ATP

N ADP
Fructose-1,6-bisP

N
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2NADI |>E:ADP
~-->2H,0
2 Pyruvate
2NADH

2NAD
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NAD

LNADI[

6-Phosphogluconate

NAD
E NADH
.. »CO»
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NAD 2ATP NADH
NADH$2ADP NAD >l
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NADH NADH
K NAD K NAD
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Figure 2.3 Metabolic pathways of lactic acid production by lactic acid bacteria



Table 2.2 D(-) and L-(+)-lactic acid production by microorganisms

Types of Lactic acid Productivity
Microorganism Substrate  Fermentation Yield (g/g) References
lactic acid titer (g/L) (g/L/h)
B. coagulans NCIM  Sugarcane
L (+) SHF 69.2 0.76 2.88 (Baral et al., 2020)
5648 bagasse
D (@) Beechwood SSF 62 0.69 0.86
L. delbrueckii (Karnaouri et al.,
subsp. bulgaricus 2020)
D (@) Pine SSF 36.4 0.40 1.6
D () P.acidilactici ZY15  Wheat straw SSCF 128.1 0.69 1.78 (He et al., 2023)
E.mundltii WX1 and (Klongklaew et al.,
L (+) Corn stover SHF 34.6 0.9 1.73
L.rhamnosus 2023)
E. mundtii CGMCC Garden
L (+) SHF 59.7 0.62 0.79 (Zhu et al.,, 2023)
22227 garbage

SHF: separate hydrolysis and fermentation, SSF: simultaneous saccharification and fermentation, SSCF: simultaneous saccharification and

co-fermentation
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2.4 Fermentation modes

The microbial fermentations are carried out in various strategies which plays a
crucial role in determining the efficiency, productivity, and yield of the desired
fermentation products. The most common fermentation modes are shown in Figure
2.4: batch, fed-batch, and continuous fermentation (Kacaribu and Darwin, 2024). Table

2.3 represents advantages and disadvantages of each process.

oxygen oxygen oxygen

supply supply supply
H prob: H prob H prob:
PR DO probe i Wi DO probe heed, PR DO probe Effluent
I | -
o o O
il gl =S
o loo 0 < &9 0
o= :
Batch Fed-Batch Continuous

Figure 2.4 The modes of fermentation: batch, continuous, and fed-batch processes

(Rajpurohit and Eiteman, 2022)

2.4.1 Batch fermentation

Batch fermentation is simpler and a closed system where all the nutrients,
microorganisms, and substrates are all added at the beginning of process, therefore,
only acid or alkaline is added during fermentation to control the pH. Likewise, the
microorganisms grow through several phases, including the lag phase, exponential or
log phase, stationary phase and death phase (Figure 2.5). The desired products are
harvested when the operation is completed. Although this mode of fermentation
shows lower productivity and inhibition by substrate or product accumulation, batch
fermentation is widely used as it minimizes the contamination risk and can be operated

easily (Rawoof et al., 2021).
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Figure 2.5 The growth curve of bacterial in culture medium (Wang et al., 2015)

2.4.2 Fed-batch fermentation

Fed-batch strategy is conducted to avoid substrate inhibition and prolonged
productive phase of microorganism; hence, increment in product titer (Behl et al,
2023). The substrates are added into the fermenter during the operation continuously
or in pulses over a period of time without removing the fermentation broth (Mohamed
et al,, 2021). This method is especially beneficial when substrate can inhibit cell growth
or product formation at high concentrations; subsequently, it provides higher

productivity and reduces operation times (Tang et al., 2010).

2.4.3 Continuous fermentation

Continuous fermentation is usually performed to extend the exponential phase
and enhance productivity without increasing the broth volume. To do so, the fresh
medium was continuously added into the fermenter tank while the cell broth is
simultaneously removed from the bioreactor at the optimized flow rate and time (Sen
and Roychoudhury, 2013). This method is often used in a large scale or industry, while

it is not broadly used in laboratories (Mohamed et al., 2021).



Table 2.3 The advantages and disadvantages of each fermentation modes: batch, fed-batch, and continuous processes. Adapt from

(Yang et al., 2024)

Fermentation modes

Advantages

Disadvantages

Batch

Simple to operate

Low risk of contamination and strain mutation

Relatively slow substrate utilization

Growth of microbes is limited by the nutrient

concentration in the medium

Fed-batch

High cell densities

Minimizes the inhibition of high concentrations

of substrate and end-products.

Longer duration

Slow response of cells to the changes in pH

Continuous

High productivity and effectiveness
Less sterilization and re-inoculation
Easy to control automatically

Cells can be harvested throughout

Avoids the inhibition caused by a mass of

substrate and the cells

Less maintenance cost

Long-term fermentation may lead to

blockages

Risk of contamination

¢l
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2.5 K. oxytoca KIS004-91T

Klebsiella oxytoca is a gram-negative bacterium that is non-motile and rod-
shaped in the family Enterobacteriaceae. It can be isolated from various tissues of
clinically affected individuals and animals, as well as from the skin, mucous
membranes, oropharynx, and intestines of both healthy humans and animals (Darby
et al,, 2014). K oxytoca is extensively utilized on an industrial scale for producing
biofuels and biochemicals because of its remarkable ability to efficiently utilize various
substrates. K. oxytoca KIS004-91T strain was previously engineered to enhance D-(-)-
lactic acid production via fermentation in a low nutrient medium. Initially, Sangproo et
al,, (2012) deleted the adhE (alcohol dehydrogenase) gene, responsible for ethanol
synthesis, in the K oxytoca M5al strain, resulting as the KMS002 strain (AadhE).
Subsequently, the pta-ackA (phosphor transacetylase-acetate kinase A) genes,
involved in acetyl-CoA and acetate production were deleted, yielding the strain
KMS004 (AadhE, Apta-ackA). These modifications led to increased D-(-)-lactic acid
production rates when using glucose and sugarcane molasses as substrates. Ethanol
was not produced while other by-products such as succinate, formate, acetate, and
butanediol were still detected in the fermentation broth using KMS002 (Aadh£) and
KMS004 (AadhE, Apta-ackA) strains. Even though the acetate kinase gene was removed
in KMS004 (AadhE, Apta-ackA), formate and acetate were still the major by-products
formation, likely due to the presence of the pflB (pyruvate-formate lyase) gene, which
is responsible for converting pyruvate to acetyl-CoA and formate. Consequently,
acetyl-CoA may be converted to acetate by alternate acetate kinase isoenzymes. In
the anaerobic pathway, K. oxytoca KMS004 strain exhibited higher D-(-)-lactic acid titers
and yields compared to the aerobic pathway, with reduced by-product formation.
Under anaerobic conditions, glucose is converted to pyruvate, which can then be
converted to D-(-)-lactic acid via lactate dehydrogenase A by using NADH. Alternatively,
pyruvate can be converted to acetyl-CoA in which the wild type strain, can be further
converted to ethanol and acetate. However, acetyl-CoA is solely converted to acetate

due to deletions of adhf and pta-ackA genes in KMS004 strain. Additionally, fumarate
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reductase plays a crucial role in the anaerobic metabolism of various microorganisms.
This enzyme is responsible for catalyzing the reduction of fumarate to succinate, with
fumarate acting as the terminal electron acceptor. The frd gene, encoding fumarate
reductase, is mainly found in microorganisms such as Escherichia coli and Klebsiella
oxytoca. Therefore, three main pathways for NADH oxidation are described, which
involve the production of lactate, succinate, and ethanol via lactate dehydrogenase,
fumarate reductase, and alcohol dehydrogenase, respectively; in the mixed-acid
pathway (Zhang et al.,, 2009). Therefore, eliminating the frd gene could enable direct
NADH oxidation towards lactic acid production rather than succinic acid production in
the KMS004 strain. Thus, further enhancing D-(-)-lactic acid production in KMS004 strain
by eliminating the pflB gene, responsible for formate and acetyl-CoA production, could
potentially improve D-lactic acid yield by reducing the formation of other by-products.
KMS004 (AadhE, Apta-ackA) strain ‘was then further deleted frd and pflB gene to
eliminate succinate-producing pathway and to decrease other by-product formation
such as acetate and 2,3-butanediol, yielding KISO02 (AadhE, Apta-ackA, Afrd) and
KIS004 (AadhE, Apta-ackA, Afrd, ApflB) strains, respectively. The fermentation pathway
of K oxytoca KIS004 strain are shown in Figure 2.6 (In et al., 2020). Under anaerobic
conditions, KIS002 produced 35.4 g/l of D-(-)-lactic acid with yield of 0.75 ¢/g and
productivity of 0.59 ¢//h without succinate, in AM1 medium containing 5% (w/v)
glucose. Other by-products such as acetate and 2,3-butanediol, were still produced by
KISO02 at concentrations 0.865 ¢/L and 0.12 ¢/L, respectively. After deletion of pflB
gene, 45.2 ¢/ of D-(-)-lactic acid were produced by KIS004 in AM1 medium containing
5% (w/v) glucose under anaerobic conditions with a yield of 0.96 ¢/g and productivity
of 0.47 g/L/h. Hence, acetate was not produced with KISO04 while lower level of 2,3-
butanediol was found compared to KMS004 strain. In order to improve glucose
utilization, metabolic evolution (Jantama et al., 2008), was conducted on the KIS004
strain. The KIS004 strain was cultured in LB medium containing 2% (w/v) glucose and
transferred to a newly fresh AM1 medium containing 10% (w/v) glucose every 24 h

until the mutant strain showed no further improvement. As KMS004 no longer
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produces acetate due to the removal of pyruvate formate lyase, it has become
auxotrophic for acetate. After the 18" transferred, metabolic evolution was conducted
by supplementing 20 mM sodium acetate into the medium. The acetate concentration
was gradually decreased along with the growth rate of strain until the strain grew
efficiently without the need for external acetate supplementation. Consequently,
glucose was completely utilized after the 91" transferred and 98.6 g/L of D-(-)-lactic
acid were produced without any by-product formations, resulting as KISO04-91T strain.
D-(-)-lactic acid was produced using K. oxytoca KIS004-91T strain at 101 ¢/L and 126
¢/L from 10% glucose (w/v) in batch and fed-batch fermentations using glucose as a
substrate, and was achieved 98.4 ¢/L from cassava starch under SHF condition (In et

al., 2020). Examples of D-(-)-lactic acid production using K. oxytoca are shown in Table

24.
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Figure 2.6 Metabolic pathway of K. oxytoca strain under anaerobic conditions (In et
al., 2020). Solid arrows represent central fermentative pathways. Dot arrow
represents an alternative acetate-producing pathway via poxB. Cross signs
represent gene deletions previously performed in K oxytoca KMS004
(AadhEAackA-pta) strain. Star signs represent deletions of frd and pflB
genes in K. oxytoca KIS004 (AadhEAackA-ptaAfrdApflB) strain.



Table 2.4 D-(-)-lactate production by K. oxytoca strain

Types of Lactic acid Yield Productivity
Microorganism  Substrate Fermentation References
lactic acid titer (g/L) (g/9) (g/L/h)
K. oxytoca
D-(-) Maltodextrin SHF 33.6 0.92 0.35
KMS002
(Sangproo et al., 2012)
K. oxytoca
D-(-) Maltodextrin SHF 32.9 0.91 0.34
KMS004
K. oxytoca Sugarcane
D-(-) Fed-batch SHF 101.0 0.99 1.94 (Gosalawit et al., 2024)
KIS004-91T bagasse
K. oxytoca Cassava
D-(-) SHF 98.4 0.93 1.24 (In et al.,, 2020)
KIS004-91T starch

SHF: separate hydrolysis and fermentation

91
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2.6 Lignocellulose biomass

Lignocellulose is an abundant and renewable source for biochemical
fermentation due to its composition—cellulose and hemicellulose, about 70% (w/w),
were observed. Thus, lignin links cellulose and hemicellulose with covalent and
hydrogen bonds. Typically, cellulose is comprised of glucose monomers, which is
condensed via 3-(1,4)-glycosidic bonds, forming microfibrils with hydrogen bonds, and
linear chains of unbranched polymers. The hydrogen bonds and van der Waals forces
in cellulose result in a highly crystalline and rigid structure of lignocellulose (Davison
et al.,, 2013; Gavila et al.,, 2015). In contrast, hemicellulose is known as short-branched
polymers and consists of pentose and hexose, including xylose, arabinose, slucose,
mannose, and galactose, respectively. Thus, some uronic acids (acetyl, glucuronic acid,
and arabinose side groups) were found in hemicellulose too (Kumar et al., 2020). Unlike
cellulose, the crystallinity of hemicellulose is low and more easily hydrolyzed,
whereas, it can be removed by sodium hydroxide or precipitated by acidic alcohol
(Betts et al.,, 1991). Otherwise, lignin consists of aromatic polymers such as p-coumaryl
alcohol, coniferyl alcohol, and sinapyl alcohol, forming p-hrdorxyphenyl (H), guaiacyl
(G), and syringyl (S) units, respectively, generating highly branched and cross-linked
polymers (Borrero-Lopez et al., 2022). The compositions of these units depend on the
type of plants; for instance, hardwoods are mostly built with S and G units, softwoods
mainly consist of G units, whereas grasses contain all H, G, and S units (Yankov, 2022).
Cellulose and hemicellulose were packed together by hydrogen bonds; thus, lignin
cross-linking  between these two components via covalent bonds results in a
recalcitrant structure and resistance of lignocellulose materials (Ufodike et al., 2020,
Vasic et al., 2021). Table 2.5 shows the composition of different types of lignocellulose

biomass, including cellulose, hemicellulose, and lignin contents.
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Table 2.5 Different types of lignocellulose biomass and its composition

Type of
Cellulose Hemicellulose Lignin References
lignocellulosic
Pine sawdust 24.9 315 36.6  (Rapado et al., 2021)
Cassava bagasse 13.5 5.8 2.8 (Chen et al., 2020)
Rice husk a7.6 19.1 19.3  (Jaichakan et al., 2021)
Soybean hulls 35.8 23.1 9.1  (Rojas et al,, 2014)
(Grewal and Khare,
Wheat straw 41.1 37.5 13.5
2018)
Barley hull 34 36 19 (Kim et al., 2008)
Cotton stover 38 23 20 (Wan and Li, 2010)
Napier grass a7 31 22 (Reddy et al., 2018)
Waste papers 65 13 1 (Chen et al,, 2004)
Rice straw 38 32 12 (Lu and Hsieh, 2012)
Corn cob 41 31 12 (Chen et al,, 2010)
Brewers spent
21.7 19.3 19.4  (Meneses et al., 2013)
grains
(Mikulski and
Wheat 18.6 34.1 9.5
Klosowski, 2018)
(Nashiruddin et al,,
Pineapple leaves 72.76 17.15 4.76
2020)
Pineapple leaves 66.2 19.5 4.2 (Daud et al., 2014)

2.7 Pretreatment of lignocellulosic biomass

The complex network and resistance of lignocellulosic biomass was naturally
attributed to prevent the accessibility of pathogens and enzymes. Therefore,
pretreatment was performed to reduce the crystallinity and polymerization degree by

breaking the covalent and hydrogen linkages of cellulose, hemicellulose, and lignin,
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hence increasing the accessible surface area for further fermentable sugars conversion
via enzymatic hydrolysis (Kumar et al., 2009; Vasic et al., 2021). Different methods of
pretreatment, including physical, chemical, physiochemical, and biological, were
employed to lignocellulose biomass for hemicellulose and lignin removal, thus limiting
the degradation of cellulose (Jonsson and Martin, 2016). Generally, physical
pretreatment such as chopping, grinding, and milling was conducted to reduce the size
of biomass to the particle size as well as the crystallinity, improving digestibility of
enzymes (Millett et al,, 1976). Meanwhile, chemical pretreatment, including acid,
alkaline, oxidative, and organic solvent, was differently applied to enhance enzyme
accessibility by removing lignin or dissolving hemicellulose, thus disrupting cellulose
structure. Acid pretreatments of lignocellulose are employed for hemicellulose and
lignin solubilization, in which either concentrated or diluted acid can be used for acid
hydrolysis (Sun and Cheng, 2002). Concentrated acid hydrolysis (30-70%) can be done
at low temperature with normal atmosphere, whereas diluted acid hydrolysis (0.1-2%)
requires high temperature and pressure to solubilize hemicellulose and lignin (Den et
al., 2018). Using acid (HCl, H,SOq4, HsPO4 and HNO,) for pretreating biomass triggers
inhibitors formation (furfural, HMF, and acetic acid) which require subsequent
detoxification step (Himmel et al., 1997; Saha et al., 2005). Hence, safety equipment is
required during acids pretreatment due to its corrosive and toxicity nature. Unlike acid
hydrolysis, alkaline pretreatment using sodium, potassium, calcium, and ammonium
are mainly target lignin, breaking ester linkages and disrupting the lignin-carbohydrate
bonds (LCC) with partially dissolve hemicellulose while cellulose are remained intact.
The solubilization of lignin and hemicellulose and swelling of cellulose offers larger
interact surface area for subsequent enzymatic hydrolysis, increasing fermentable sugar
formation (Behera et al,, 2014). Maurya et al. (2015) mentioned alkaline pretreatment
increases accessibility of enzyme to the cellulose due to the removal of acetyl group
and uronic acid substitutions in hemicellulose during pretreatment, thus, NaOH was
reported as the most effective base among all bases for pretreating lignocellulose (Kim

et al,, 2016). On the other hand, oxidative pretreatment such as addition of hydrogen
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peroxide (H,O,) and peracetic acid (C;Hs03) remove lignin and hemicellulose from
biomass (Garcia-Cubero et al., 2009). Within this pretreatment, alkyl/ aryl ether bonds
were cleaved off, disruption of side chained and lignocellulose structure (Maurya et
al,, 2015; Patel et al,, 2023). Similarly, organosolv process could significantly remove
lignin and hemicellulose while cellulose remained untouched (Sun and Chen, 2008).
Organic solvents such as methanol, ethanol, acetone, and ethylene/ tri-ethylene glycol
can be used in this method. Therefore, a proper removal of organic solvent after
pretreated is necessary since most of them could inhibit enzyme activity during
enzymatic hydrolysis (Mosier et al., 2005). Likewise, physiochemical methods including
steam explosion, liquid hot water (LHW), and ammonia-based pretreatment (AFEX),
improves enzyme digestibility via combination of physical forces and chemical
reactions. These methods promote hemicellulose degradation and lignin disruption
(Pan et al., 2005) in which inhibitors are formed accordingly, limiting the enzymatic
hydrolysis and fermentation process (Oliva et al, 2003). Normally, biological
pretreatment is employed for delignification and hemicellulose degradation using
microorganism (mainly fungi). Even though, this method offers lower production cost,
the lower hydrolysis rate with longer processing time is considered as disadvantages
compared to other methods (Sanchez, 2009; Shi et al.,, 2008; Sun and Cheng, 2002).
The advantages and disadvantages of different methods of pretreatment are shown in

Table 2.6.



Table 2.6 The advantages and disadvantages of different methods of pretreatment. Adapted from (Maurya et al., 2015)

Pretreatment method

Advantages

Disadvantages

Milling/Grinding

Decrease crystallization and degree of
polymerization of cellulose
Increase surface area and pore size of

biomass

High power and energy consumption

Alkaline

Lignin removal
Low inhibitor formation

Decrease cellulose crystallization

High cost of alkaline catalyst

Concentrated acid

High slucose yield

Ambient temperature

High cost of acids catalyst

Corrosion-resistant equipments are
required

Inhibitor formation

Diluted acid

High sugars recovery
Hemicellulose solubilization

Low formation of toxic products

Inhibitor formation
Detoxification step is required

Need high temperature and pressure

[44



Table 2.6 The advantages and disadvantages of different methods of pretreatment. (continued)

Organosolv ® Hydrolysis of lignin and hemicellulose ® High cost
® Solvent recovery and recycling are
complicated
Steam explosion ® (ost effective ® Generation of toxic compounds
® Hemicellulose solubilization and lignin ® Partial degradation of hemicellulose
transformation\
® Hioh yield of glucose and hemicellulose in
two-step method
Liquid hot water (LHW) @ No chemicals are required ® High energy and water are required
® Hemicellulose solubilization ® [ormation of toxic compound
Ammonia fiber ® |ncrease surface area ® |nefficiency of lignin removal
expansion (AFEX) ® | ess inhibitor formation ® High cost of ammonia
® Ammonia recycling is required

¢c



Table 2.6 The advantages and disadvantages of different methods of pretreatment. (continued)

Biological

Cost effective ® Require amount of time for
Delignification pretreatment
Partial hydrolysis of hemicelluloses ® Lower productivity

No chemical requirements

Reduction in degree of polymerization of

cellulose

Mild environmental condition

124
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2.8 Enzymatic hydrolysis

Enzymatic hydrolysis is a subsequent crucial step after pretreatment process
to breakdown polysaccharide of lignocellulose biomass into fermentable sugars to be
readily for fermentation step. Generally, this action is carried out under mild conditions
in which the optimum temperature ranges between 40-50 °C and pH of 4.5-5.0 (Vasic
et al,, 2021). During hydrolysis, either cellulose or hemicellulose are cleaved off into
simpler sugars such as glucose, cellobiose, and cello-oligosaccharides or xylose,
mannose, fructose, and arabinose (Choi et al., 2020; Linton, 2020; Singh et al., 2003).
Cellulases play an important role in depolymerization the crystallinity of cellulose by
which endoglucanase initiate the hydrolysis of cellulose, randomly split the chains of
amorphous region of cellulose by hydrolyzing (3-1,4-glucosidic bond. Meanwhile,
exoglucanases cut down the chains of cellulose from the reducing and non-reducing
ends of cellulose chains, producing cellobiose and glucose subunits. Then f3-
glucosidase or cellobiase breaks cellobiose into two glucose molecules (Mohamed et
al,, 2011; A. Patel et al,, 2019; Srivastava et al., 2018). Figure 2.8 shows the action mode

of cellulase enzymes breakdown cellulose.
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Figure 2.8 The hydrolysis of lignocellulose using cellulase enzymes (Arantes and

Saddler, 2010)

2.9 Pineapple crown

Pineapple stands as a leading fruit globally, with Costa Rica, Philippines, Brazil,
Thailand, and India serving as major producers. In recent years, the demand for
pineapple and its derivatives has surged significantly. Pineapple waste increases not
only from the consumption of fresh fruit, commercial juice, but also processed items

like canned and frozen products during harvesting and processing methods (Mohd Ali
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et al., 2020; Roda and Lambri, 2019). Pineapple crown, the leafy top of pineapple fruits,
is considered as a major by-product originating from pineapple processing facilities
since its weight around 10-25 percent of the fruit's total weight (Prado and Spinace,
2019). Pineapple crowns are an ideal substrate for lactic acid production owing to their
abundance, low cost, and rich carbohydrate content, primarily consisting of glucose
and fructose. It contains 79-83%, 19%, 5-15% and 1% of cellulose, hemicellulose, lignin
and pectin, respectively (Choquecahua et al,, 2020). As waste from pineapple
processing industries, they offer a readily available and cost-effective source for
fermentation processes. Additionally, pineapple crowns contain essential nutrients and
minerals that support the growth and metabolism of lactic acid bacteria, promoting
efficient fermentation and higher yields of lactic acid (Byresh et al., 2023). By purposing
pineapple crowns for lactic acid production, environmental sustainability is also
enhanced, as it helps divert organic waste from landfills, aligning with efforts to

minimize resource wastage and promote sustainable practices in industrial processes.



CHAPTER Il
MATERIALS AND METHODS

3.1 Strains, media, and growth condition

K. oxytoca KIS004-91T strain was previously engineered to enhance D-(-)-lactic
acid production by deleting genes responsible for fumarate reductase (frdABCD) and
pyruvate formate lyase (pflB) activities (In et al., 2020). Cultures were maintained on
LB agar composed of 10 g tryptone, 5 ¢ yeast extract, 20 g agar, and 5 ¢ sodium chloride
per 1 L distilled water. Seed cultures were prepared by inoculating a full loop of fresh
colonies into LB broth supplemented with 2% (w/w) glucose and incubating overnight
at 37°C with shaking at 200 rpm until reaching an optical density of approximately
ODssq = 3.0. Throughout the fermentation experiments, a low-salts medium known as,
Alfredo Martinez medium version 1 (AM1) (Martinez et al., 2007), was used. The AM1

components are shown in Table 3.1.



Table 3.1 Components of AM1 medium and trace metal
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AM1 Concentration (mmol/L)
(NHg),HPO, 19.92
NH4H,PO, 7.56
Total PO, 27.48
Total N 47.93
Total K 1.00
MgSO,. 7TH,O 1.50
Betaine-HCl 1.00

Trace metal

Concentration (umol/L)

FeCl; .6H,0O 8.88
CoCl,.6H,0 1.26
CuCl, .2H,0 0.88
ZnCl, 2.20
Na,MoO,. 2H,0 1.24
H3BO; 1.21
MnCl,. 4H,0 2.25
Total salts 4.1 g/L

KOH will be used to neutralize betaine-HCl stock

Trace metal stock (1000x) was prepared in 120 mM HCl

3.2 Alkaline pretreatment of pineapple crown

Pineapple crown (PIC) was obtained from Chin Huay Public Company Limited,
Thailand. It was cut into small pieces (3-5 cm) and dried overnight in an air oven at
80°C. The dried PIC was then soaked in sodium hydroxide (NaOH) solutions of varying
concentrations (0.25 N, 0.5 N, 0.75 N, 1 N, and 1.25 N) at 90°C for 90 minutes, using a
solid-to-liquid ratio of 1:7 with periodically mixed every 30-minutes interval. Following
the alkali treatment, the liquid fraction was discarded, and the solid fraction was

thoroughly washed with tap water until the pH of the rinse water reached 7. The
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washed, pretreated PIC was subsequently dried in an air oven at 65°C until a constant
moisture content of less than 10% (w/w) was achieved. The dried, pretreated PIC was

then stored in an airtight bag at ambient temperature until further use.

3.3 Enzymatic hydrolysis of pretreated pineapple crown

The dried pretreated-PIC was milled into particle size less than 40 pm.
Therefore, the milled and pretreated PIC at the concentration of 2% (w/w, on dried
basis) in AM1 medium was enzymatically hydrolyzed by a sterilized VRE P3 crude
cellulase enzyme purchased from Siam Victory Chemicals Co., Ltd (Thailand) with a
working volume of 50 ml at 50°C with the agitation speed of 200 rpm for 120 hours at
different enzyme loadings (20, 40, 60, 80, and 100 PCU/g). Samples were collected

every 12 hours for analyzing released fermentable sugars.

3.4 Total sugar hydrolysis using concentrated acid

The cellulose, hemicellulose, lignin, and ash contents of untreated and
pretreated pineapple crown (PIC) were determined according to the method of Sluiter
(2012). For total reducing sugar analysis, 4 g of substrate were hydrolyzed with 7 mL
of 72% (w/w) sulfuric acid (H,SO,) at 55°C for 10 minutes with continuous agitation at
200 rpm. The acid mixture was subsequently diluted with deionized water to a final
volume of 200 mL. The resulting solution was autoclaved at 121°C for 35 minutes to
complete hydrolysis. After cooling to room temperature, samples were collected for

the quantification of total sugars.

3.5 Lactic acid production from pretreated pineapple in mineral salts
medium
3.5.1 Lactic acid production using separate hydrolysis and fermentation
(SHF) technique
D-(-)-lactic acid fermentation was carried out in a 5 L bioreactor (Infors, Basel,

Switzerland) with a working volume of 2 L. Batch separate hydrolysis and fermentation
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(SHF) was performed by dissolving pretreated PIC in AM1 medium, followed by
sterilization at 121°C for 20 minutes. Hydrolysis was initiated by adding crude cellulase
at an enzyme loading of 60 PCU/g (equivalent to 3.75 mL/g substrate) and incubating
the mixture at 50°C with agitation at 400 rpm for 24 h. After hydrolysis, the slurry was
cooled to 37°C, and inoculation was performed at an initial optical density (ODss) of
0.3 at pH 7.0. Fermentation was carried out at 37°C with agitation at 200 rpm, and pH
was maintained at 7.0 by the automatic addition of 6 M KOH. The effect of varying
concentrations of pretreated PIC (50, 70, 100, 125, and 150 ¢/L) on D-(-)-lactic acid

production was also evaluated. All experiments were in triplicate.

3.5.2 Lactic acid production using simultaneous saccharification and
fermentation (SSF) technique
D-(-)-lactic acid production was assessed under batch simultaneous
saccharification and fermentation (SSF) conditions using pretreated PIC concentrations
of 50, 75, and 100 ¢/L. In SSF, crude cellulase and inoculum were simultaneously
added to the sterile PIC mixture, and fermentation was conducted at 40°C under the

same conditions as SHF. All experiments were in triplicate.

3.5.3 Lactic acid production by fed-batch fermentation

Fed-batch fermentation under SHF conditions was performed to improve D-(-)-
lactic acid concentration, yield, and productivity. An initial concentration of 50 g¢/L of
pretreated PIC was used. During fermentation, a concentrated hydrolysate was fed into
the bioreactor when the residual glucose concentration in the fermentation broth
dropped to 10 ¢/L, raising the glucose concentration to approximately 25 ¢/L after

feeding. All experiments were conducted in triplicate.

3.6 Analytical methods
3.6.1 Concentration of organic acids, sugars and by-products

Fermentation broth samples were collected every 4 hours to measure cell
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biomass, organic acid concentrations, and sugar levels. The samples were analyzed
using high-performance liquid chromatography (HPLC) with an ion exchange column
(Aminex® HPX-87H, 7.8x300 mm, BioRad) and a refractive index detector (RI-1206,
Thermo Spectra System, USA) at 65°C. A 4 mM sulfuric acid solution was used as the
mobile phase at a flow rate of 0.6 mL/min. After fermentation, cultures were
centrifuged to separate the cells from the supernatant, which was then filtered through

a 0.2 pm nylon filter prior to HPLC analysis.

3.6.2 Cell biomass and cell viability

Cell dry weight (CDW) or biomass was determined by measuring the optical
density at 550 nm (ODss) using a Bausch & Lomb Spectronic 70 spectrophotometer.
The relationship between ODss, and biomass was 1 ODsso = 0.333 ¢ COW/L (In et al,,
2020). During fermentation, the viable cell count was determined by the spread plate
technique on LB agar plates, which were incubated at 37°C for 24 hours. Colonies were

counted and expressed as colony-forming units per milliliter (CFU/mL) of culture.

3.6.3 Calculations and statistical analysis

Statistical analysis was performed using GraphPad Prism 10.3 (GraphPad
Software, Boston, MA, USA). Data were analyzed by one-way analysis of variance
(ANOVA), and all values presented in the figures represent the averages + standard
deviations. Tukey’s multiple range test at a 95% confidence level (p < 0.05) was used
to identify significant differences among the mean values. The percentages of cellulose
(%CS) and hemicellulose (%HS) saccharifications of the NaOH-pretreated PIC after the
enzymatic hydrolysis were calculated according to equations below, where Ceyiose
and Chemicellutose @re concentrations of cellulose and hemicellulose derived from the
NaOH-pretreated PIC, and Cg, and Cyi,ars are concentrations of glucose and combined

xylose and arabinose released from the NaOH-pretreated PIC during its hydrolysis.

0.90 X Cg
%Cs = ——2—x 100 (Eq. 2)
cellulose
0.88 X Cyy)
%HS = e % 100 (Eq. 3)

Chemicellulose
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D-(-)-lactic acid production yield (D-LA vyield), D-(-)-lactic acid production gross
yield (D-LA gross yield), and D-(-)-lactic acid productivity (D-LA productivity) were
calculated using equations below, where Cia, Crax sugars reteaseds Csugar residues @aNd Coupstrate
were concentrations of D-(-)-lactic acid produced, total sugars released from the NaOH-
pretreated PIC digested with 60 PCU/g crude cellulase, sugars residue remained after

fermentation, and the NaOH-pretreated PIC provided during fermentation, respectively.

o Cra

D-LA yield = (Eq. 4
max. sugar released_csugar residue
o — __ Cra
D-LA gross yield = ——— (Eq. 5)
Csubstrate

R CLa

D-LA productivity = (Eq. 6)

Fermentation duration



CHAPTER IV
RESULTS AND DISCUSSION

4.1 Alkali pretreatment of pineapple crown

Pineapple crown (PIC), a top section of pineapple fruit (clustered leaves with
stem), is an agro-industrial waste generated during pineapple processing that holds
significant potential for conversion into high value-added biofuels and biochemicals
through microbial fermentation, owning to its high polymeric sugar contents within its
lisnocellulosic structure. In this study, dried PIC fiber was found to contain 33.12+0.01%
(w/w) cellulose, 13.18+0.01% (w/w) hemicellulose, 18.06+0.17% (w/w) lignin,
0.99+0.00% (w/w) ash, and 65.3+0.01% (w/w) extractives. These results indicate that
dried PIC contains lower levels of cellulose and hemicellulose but a higher lignin
content compared to pineapple leaves, as reported by Sethupathi et al. (2024), who
found that pineapple leaves comprise 68.5-82.0% (w/w) cellulose, 18.0-18.8% (w/w)
hemicellulose, 4.4-15.4% (w/w) lignin, and 0.9-2.7% (w/w) ash. Therefore, pretreatment
is a crucial preparatory step to facilitate the release of the fermentable sugars from
PIC by overcoming its ligcnocellulosic recalcitrance, enabling efficient conversion into
D-(-)-lactic acid. An effective pretreatment process should achieve substantial lignin
removal while minimizing the degradation of cellulose and hemicellulose and limiting
the generation of inhibitory compounds, thereby improving the substrate’s digestibility
during enzymatic hydrolysis (Shukla et al., 2023). The application of sodium hydroxide
(NaOH) as an alkaline solution to lignocellulosic biomass typically reduces the degree
of cellulose crystallinity and polymerization, while expanding the surface area through
the disruption of ester-linkage of lignocellulose within the lignocellulosic matrix (Ojo
and de Smidt, 2023), thus enhancing accessibility during subsequent hydrolysis. In
summary, the pretreatment by NaOH is considered as the effective method conferring

low cost cooporation compared to those methods pretreating with other bases.
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In this study, alkaline pretreatment of dried PIC was performed using sodium
hydroxide (NaOH) at varying concentrations (0.25-1.25 N) performed at 90°C for 90 min.
The solid recovery of the NaOH-pretreated PIC decreased significantly with increasing
NaOH concentration, yielding 50.5+£5.73%, 45.53+6.04%, 37.8+4.02%, 32.11+1.26%,
and 30.38+1.54% (w/w) for 0.25, 0.5, 0.75, 1.0, and 1.25 N treatments, respectively,
compared to 78.92+3.11% (w/w) in the hot water treatment as a control experiment
(Figure 4.1). Thus, pretreatment was investigated with the solid to liquid ratio of 1:7
due to the solid recovery from control condition (78.91+3.11%), resulted in no
significant difference to those from with solid to liquid ratio of 1:10 (76.48+1.03%). The
highest NaOH concentration (1.25 N) led to the greatest solid loss (69.17+1.54 ¢ per
100 ¢ of the NaOH-pretreated PIC), likely due to the disruption of lignin-cellulose-
hemicellulose linkages, swelling of cellulose fibers, and solubilization of lignin into the
liquid fraction. These also collectively enhanced biomass surface area and reduced its
crystallinity and degree of polymerization (Khan et al., 2021). For comparison, hot water
pretreatment (90°C for 90 min) as a control experiment resulted in a 21.08+3.11%
(w/w) solid loss, possibly due to autohydrolysis caused by the formation of hydronium
ions (H;O") at elevated temperatures. This weak acid effect can catalyze glycosidic
bond cleavage in cellulose and hemicellulose and partially fragment lignin. Sun et al.
(2022a) similarly reported that hot water pretreatment disrupts the lignocellulosic
matrix by solubilizing hemicellulose and modifying lignin structure, thereby reducing
solid recovery. Likewise, Chen et al. (2018) observed a marked decrease in solid
recovery of -hydrothermally pretreated wheat straw from 83.53% to 59.77% when
pretreatment temperature was increased from 120°C to 200°C.

To evaluate fermentable sugar yields, crude cellulase was applied at a loading
of 40 PCU/g to hydrolyze 20 ¢/L of the NaOH-pretreated PIC samples from each
pretreatment condition. As shown in Figure 4.1, the total sugar concentrations released
were 9.7+0.28 ¢/L (48.5+0.01%, w/w), 10.8+0.60 ¢/L (54.0+0.03%, w/w), 12.5+1.23 ¢/L
(62.5+£0.06%, w/w), 12.3+0.39 ¢/L (61.5+0.02%, w/w), and 12.7+0.37 ¢/L (63.5+0.02%,
w/w) for the PIC pretreated by NaOH concentrations of 0.25, 0.5, 0.75, 1.0, and 1.25 N,
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respectively. In contrast, hot water-pretreated PIC (the control condition) only yielded
8.3+0.39 g¢/L of total sugars, equivalent to a 41.5% (w/w) sugar recovery. Notably, sugar
release reached maximum beyond 0.75 N NaOH, indicating that further increases in
alkali concentration did not significantly enhance sugar yield. This observation aligns
with the findings of Loow et al. (2016), who reported that excessive NaOH
concentration or prolonged pretreatment time led to over-disruption of biomass
structure, reducing cellulose retention and sugar conversion efficiency. Similarly,
Sawisit et al. (2018) reported a decline in cellulose recovery from rice straw pretreated
with NaOH concentrations above 1.0 N, while the total reducing sugar yield remained
largely unaffected. Han et al. (2012) also reported a decrease in sugar yield from
350 me/g to 280 mg/g of pretreated wheat straw when 1.0 N NaOH pretreatment was
extended beyond 1.5 hours at 121°C. These results highlisht the importance of
optimizing pretreatment conditions to balance lignin removal with carbohydrate
preservation for effective enzymatic hydrolysis. Surprisingly, Nashiruddin et al. (2020)
though demonstrated that optimal pretreatment of pineapple leaves was achieved
with 2.43% (w/v) NaOH at 87°C for 57.15 minutes, yielding 17.26 ¢/L of reducing sugars,
a 33% improvement over a nonoptimized condition at 1.5 N NaOH pretreatment. This
discrepancy may be attributed to differences in the lignocellulosic biomass source.
Based on the results of this study, the optimal pretreatment condition for
pineapple crown (PIC) was achieved using 0.75 N NaOH at 90°C for 90 minutes with a
solid-to-liquid ratio of 1:7. Under this condition, the NaOH-pretreated PIC exhibited
50.13+0.00% cellulose, 21.08+0.00% hemicellulose, 12.94+0.24% lignin, and
0.33+0.00% ash (w/w). This pretreatment effectively removed 28.35% of lignin and
66.67% of ash, while increasing cellulose and hemicellulose contents by 51.35% and
59.93%, respectively, compared to untreated PIC. Similarly, Asgher et al. (2013)
reported a 48.7% lignin removal from sugarcane bagasse using 5% (w/v) NaOH at 121°C
for 30 minutes. Additionally, inhibitors including, fufural, 5-HMF, and acetate were
observed less than 1 ¢/L in total analyzed via the complete hydrolysis with 72% H,SOq.

These results support the role of hydroxide ions (Na*) in disrupting lignin structures by
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cleaving ester and ether linkages in lignin—carbohydrate complexes (LCCs), thereby
promoting lignin solubilization. In contrast, Saini et al. (2022) found that hydrothermal
pretreatment of pineapple leaves at 150°C for 20 minutes led to increased xylan
(19.7+£0.42%, w/w) and lignin (19.7+2.16%, w/w) contents, but decreased glucan
(33.55+5.10%, w/w), relative to untreated leaves (10.88+0.35% xylan, 14.2+0.42%
lignin, and 56.90+2.10%, w/w glucan). This suggests that hydrothermal pretreatment
may result in undesirable degradation of cellulose into glucose. Future studies may
focus on refining hydrothermal conditions to maximize lignin removal while preserving
cellulosic sugars. In comparison, the 0.75 N NaOH pretreatment method presented
here appears to be a more effective preparatory step for subsequent enzymatic

hydrolysis, especially when targeting glucose as the primary carbon source (Figure 4.1).

15 100

Xylose

W Glucose (g/L)

-+ Solid recovery (% w/w)

sugar conc. (g/L)

(M/mo/,) £19A093.1 PIjOS

Figure 4.1 Glucose and xylose released from pretreated PIC with different
concentration of NaOH (0.25-1.25 N) and hot water pretreatment as a
control. Crude cellulase loading at 40 PCU/g was used for enzymatic
saccharification of the NaOH-pretreated PIC. The percentage of solid
recovery was calculated by dividing gram of the NaOH-pretreated PIC
remained after enzymatic hydrolysis with gram of the untreated PIC

provided.

4.2 Optimization of enzymatic hydrolysis of pretreated PIC
The enzymatic conversion of NaOH-pretreated PIC (20 ¢/L) into fermentable

sugars was evaluated using varying concentrations (20-100 PCU/g) of crude cellulase
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cocktail (VRE P3) at 50°C with 200 rpm agitation over 120 h. Under these conditions,
the cellulase complex facilitated the release of slucose and xylose from cellulose and
hemicellulose, respectively. Glucose was identified as the predominant sugar released
at all enzyme loadings after 120 h of hydrolysis (Figure 4.2A). Total sugar concentrations
reached 10.58+0.11 ¢/L (52.9+0.01%, w/w), 12.50+1.23 ¢/L (62.5+0.06%, w/w),
13.69+0.36 ¢/L (68.5+0.02%, w/w), 13.93+0.17 ¢/L (69.6+0.01%, w/w), and 14.03+0.10
g/L (70.2+0.01%, w/w) at enzyme loadings of 20, 40, 60, 80, and 100 PCU/g,
respectively. As shown in Figure 4.2B, the sugar release plateaued after 24 h, with no
significant differences at higher enzyme loadings beyond 60 PCU/g. Notably, the total
sugar yield at 60 PCU/g was approximately 96.1% of that obtained via complete acid
hydrolysis with 72% (w/v) H,SOq4, which released 14.24+0.07 ¢/L (71.2+0.00%, w/w). At
this optimal enzyme loading, cellulose (%CS) and hemicellulose (%HS) saccharification
efficiencies reached 89.77% and 76.81%, respectively. At enzyme loadings of 20, 40,
and 60 PCU/g, cellobiose was detected at 12 h hydrolysis and completely hydrolyzed
after 72, 36, and 24 h, respectively; suggesting that crude cellulase cocktails contain 3-
glucosidase activity. However, increasing the cellulase concentration above 60 PCU/g
slightly enhanced hemicellulose saccharification but led to a reduction in cellulose
saccharification (Table 4.1), likely due to product inhibition, inefficient enzyme
utilization, or non-productive enzyme binding.

Kinnarinen and Hakkinen (2014) reported a decline in hydrolysis efficiency when
enzyme dosages exceeded the optimal level. Effective cellulose degradation requires
the synergistic action of endoslucanase, cellobiohydrolase, and 3-glucosidase. While
endoglucanase  and - cellobiohydrolase are prone to feedback inhibition by
accumulated cellobiose, (3-glucosidase mitigates this by converting cellobiose to
glucose. However, elevated glucose concentrations may inhibit (3-elucosidase activity
(Liu et al, 2023). Furthermore, excessive enzyme loadings can impair substrate
accessibility due to enzyme overloading on the biomass surface. Residual lignin in the
pretreated PIC may also reduce hydrolytic efficiency by adsorbing enzymes non-

productively through hydrophobic or electrostatic interactions (Wu et al., 2023b; Yuan
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et al,, 2021). Similarly, Sawisit et al. (2018) optimized the enzymatic saccharification of
pretreated rice straw using 1-6% (v/w) cellulase complex. Sugar yields significantly
increased up to 4% (v/w) enzyme loading, beyond which no further enhancement was
observed. The highest total sugar yield of 75.7% (w/w), with 82.0% CS and 35.2% HS,
was achieved at 4% (v/w) enzyme loading. Zhu et al. (2023) also demonstrated that
enzymatic hydrolysis of pretreated garden waste (grass, leaves, branches) with 10 FPU
cellulase/g substrate and 7.5 U (3-glucosidase yielded a glucose conversion rate of
60.12% (w/w). However, increasing cellulase loading to 20 FPU/g without adjusting 3-
glucosidase levels led to a decrease in glucose conversion (56.2% w/w) and a
significant drop in cellobiose conversion (39.0% w/w). These findings highlight that
cellulase overload, without an adequate 3-glucosidase supply, may restrict hydrolysis
efficiency due to enzyme overloading, non-productive binding, and progressive

inhibition by cellobiose.



40

20
A [0 Xylose(glL) B Glucose (g/L)
gls- C a C b ab a a
3]
g 10-
]
Tt
]
80
2 54
0_
> D SN N N2
WSt & & & &
& S e‘pq?ﬁ b;“g @Q ‘b“Q @Q
& &%@“’ &% N
SV QE
15 %
B
3 104
3]
g
: —o— 100 PCU/g
S 5+ —¥- 80PCU/g
= —— 60 PCU/g
~- 40PCU/g
e~ 20PCU/g
0 T T T T T T T 1
0 12 24 36 48 60 72 84 96 108 120
Times (h)

Figure 4.2 (A): Glucose and xylose conversion from 20 ¢/L pretreated PIC using
different crude cellulase loadings (20-100 PCU/g) compared to the acid
hydrolysis by 72% H,SO4 of untreated and pretreated PIC samples, (B)
Effect of incubation time on total sugar released from 20 g¢/L pretreated

PIC during hydrolysis with different crude cellulase loadings.



Table 4.1 %CS, %HS, and sugars released from different cellulase concentrations usage during enzymatic saccharification of 20 ¢/L

pretreated-PIC and completed hydrolysis of untreated and pretreated PIC by 72% H,SO,

Cellulase cocktail Glucose Xylose Total sugars
%CS %HS
(PCU/g) (g/L) (g/L) (g/L)

20 83.86+2.10 ° 25.76+4.08 9.35+0.23 ° 1.24+0.20 © 10.58+0.11 ©

40 83.01+7.93 ° 67.83+7.43 4 9.25+0.88 ° 3.25+0.36 12.50+1.23 °
60 89.77+1.41° 76.81+4.30 © 10.0+0.16 @ 3.68+0.21 °® 13.69+0.36 *

80 89.34+1.19 @ 82.91+0.91 ° 9.96+0.13 @ 3.98+0.04 *® 13.93+0.17 @

100 88.97+0.77 @ 87.90+0.72 @ 9.82+0.09 ® 4.22+0.03 ° 14.03+0.10 @

72% Conc. INMO&

Untreated-PIC 59.43+2.47 © 54.91+2.65 ¢ 6.62+0.28 © 2.64+0.13 © 9.26+0.22 ©
Pretreated-PIC 89.97+0.42 ¢ 87.93+1.23° 10.03+0.05 ° 4.22+0.66 @ 14.24+0.07 @

Lower-case letters indicate the significant differences between mean values of three replicates (p < 0.05) in the same column.

v
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4.3 D-(-)-lactic acid fermentation from pretreated PIC under separate hydrolysis
and fermentation

The separate hydrolysis and fermentation (SHF) process was employed to
evaluate the effect of varying concentrations of NaOH-pretreated PIC (50, 75, 100, 125,
and 150 g/L) on D-(-)-lactic acid production by Klebsiella oxytoca KISO04-91Tstrain. The
pretreated PIC was initially hydrolyzed using a crude cellulase cocktail (60 PCU/g) at
50°C and 400 rpm. After 24 hours of enzymatic saccharification, the temperature was
reduced to 37°C, and a pre-culture of K. oxytoca KIS004-91T strain was inoculated into
the fermenter. At 50 g/L pretreated PIC (corresponding to initial concentrations of
25.06+0.77 ¢/L glucose and 7.75+0.49 ¢/L xylose), glucose consumption immediately
started within 4 h after inoculation and was completely depleted by 16 h. D-(-)-lactic
acid production rapidly increased from 4 to 12 hours and reached a maximum
concentration of 25.36+0.36 ¢/L within 24 hours. This corresponded to a yield of
0.96+0.03 ¢/g total fermentable sugars consumed (equivalent to 0.51+0.00 g¢/g
pretreated PIC), with a maximum productivity of 2.00+0.04 ¢/L/h (Figure 4.3A). By the
end of fermentation, only trace amounts of by-products were detected, including 2,3-
butanediol (0.91 ¢/L) and acetate (0.42 ¢/L) (Table 4.2). Despite complete glucose
consumption, xylose remained unutilized, suggesting that carbon catabolite repression
(CCR) was in effect where glucose is preferentially metabolized over other sugars.
Although K. oxytoca M5AL, the parent strain of KISO04-91T strain, is capable of
metabolizing various sugars (e.g., glucose, xylose, and fructose), Phosriran et al. (2024)
demonstrated that CCR remained active in the KISO04-91T strain. In their study, xylose
and arabinose were not utilized even after glucose depletion. Genomic analysis
revealed spontaneous mutations in genes related to sugar transport and metabolism,
including those involved in CCR, glycolysis, and the hexose monophosphate (HMF)
pathway. These mutations likely resulted from adaptive evolution to enhance glucose-
based D-(-)-lactic acid production under selective pressure from high-glucose (100 g/L)
cultivation conditions. Similar result was found when 75 g¢/L of pretreated PIC was

provided. Xylose utilization remained negligible even when fermentation was
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extended to 28 hours while glucose consumption was completed at 20 hours
incubation (Figure 4.3B). Although D-(-)-lactic acid production increased by 31.3% to a
maximum of 33.53+1.53 ¢/L, the yield (0.76+0.05 g/g sugars consumed) and gross yield
(0.43+0.01 g¢/g pretreated PIC) declined by approximately 20.8% and 15.7%,
respectively, compared to the 50 g/L pretreated PIC process. Nonetheless, the
maximum productivity of 1.95+0.05 g¢/L/h was not significantly different (Table 4.2).

For the 100 g/L NaOH-pretreated PIC, D-(-)-lactic acid production was rapid
between 4 and 20 hours of fermentation, gradually increasing until 28 hours (Figure
4.3C). This trend was consistent with glucose utilization, which was completely
exhausted within 28 hours. As a result, D-(-)-lactic acid reached 45.69+1.16 ¢/L, with a
yield of 0.81+0.02 g¢/g sugars consumed, a gross yield of 0.46+0.01 g/¢ pretreated PIC,
and a maximum productivity of 1.92+0.35 ¢/L/h. Only 2,3-butanediol (0.74+0.10 g/L)
was detected as a by-product (Table 4.2). Similar to other conditions, after glucose
depletion, D-(-)-lactic acid production became negligible, and xylose remained
unconsumed, accumulating at 11.65+0.07 ¢/L by the end of fermentation. This suggests
that the cells entered the death phase due to the depletion of glucose, indicating that
K. oxytoca KIS004-91T strain utilized glucose as its primary energy source, despite the
presence of xylose. Although D-(-)-lactic acid production increased by 42.2% compared
to the 75 ¢/L pretreated PIC condition, the yield and maximum productivity were not
significantly different. This phenomenon is consistent with the high glycolytic flux,
which maintains a high NADH/NAD+ ratio. D-(-)-lactic acid production is prioritized rather
than those of 2,3-BDO and acetate productions because it regenerates NAD+ and
produces ATP, ensuring cellular redox balance and avoiding overflow metabolism (In
et al., 2020; Jain et al,, 2012; Wei et al., 2013).

For 125 ¢/L pretreated PIC, fermentation was extended to 56 hours, and D~-)-
lactic acid production reached 49.25+2.72 ¢/L, with a yield of 0.69+0.04 g/¢ sugars
consumed, a gross yield of 0.40+0.01 g¢/¢ pretreated PIC, and a maximum productivity
of 1.63+0.07 ¢/L/h (Table 4.2). Glucose consumption was also found to be rapid up to

24 hours and was completely exhausted by 48 hours, while xylose remained
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throughout the 56-hour fermentation (Figure 4.3D). Compared to the 100 g¢/L
pretreated PIC, D-(-)-lactic acid production increased by 7.8%, but both maximum
productivity and conversion yield decreased by 15.1% and 14.8%, respectively. When
the initial pretreated PIC concentration was raised to 150 g/L, fermentation was further
extended to 76 hours. Glucose was consumed rapidly up to 44 hours and gradually
decreased until 76 hours, leaving 2.70+2.08 ¢/L glucose residue. D-(-)-lactic acid
reached 53.26+4.23 ¢/L, with a yield of 0.64+0.04 ¢/g sugars consumed, a gross yield
of 0.36+0.03 g/g pretreated PIC, and a productivity of 1.21+0.09 ¢/L/h (Table 4.2).
Although D-(-)-lactic acid production increased by 8.1% compared to 125 ¢/L
pretreated PIC, the maximum productivity decreased significantly by 25.8%. No acetate
was detected, but 2,3-butanediol production increased to 1.74+0.09 ¢/L. This shift in
by-product formation indicates metabolic overflow, which is likely a result of high
glucose concentrations. Excessive pyruvate and NADH may drive the production of 2,3-
butanediol to maintain the NAD+/NADH balance, as K. oxytoca KIS004-91T strain lacks
the pathways for succinate and acetate production (In et al., 2020; Sun et al., 2022b).

Overall, D-(-)-lactic acid production was 2.10 times higher when pretreated PIC
concentrations increased from 50 ¢/L to 150 g/L; however, maximum productivity
dropped by 39.5%. This decrease in productivity likely causes from increased broth
viscosity, which impairs mixing efficiency and generates osmotic pressure imbalances,
thereby reducing substrate-consumption rates and limiting cell growth during
fermentation (Lin et al., 2008; Yankov, 2022). Compared to previous studies, Alrumman
(2016) reported a maximum of 27.8 ¢/l D-(-)-lactic acid produced from the date palm
hydrolysate (35 ¢/L initial sugars) by Lactobacillus delbrueckii subsp. lactis, with a yield
of 0.76 ¢/g glucose and a productivity of 0.39 ¢/L./h. Bustamante et al. (2020) produced
45 g/ D-(-)-lactic acid from orange peel waste hydrolysate (70 ¢/L total sugars) using
L. delbrueckii ssp. Delbrueckii CECT 286, achieving a yield of 0.86 ¢/¢ and a productivity
of 0.63 ¢/L/h. However, in both studies, glucose was not fully consumed, even after
72 hours of fermentation. In contrast, the results demonstrate that K. oxytoca KIS004-

91T can efficiently produce D-(-)-lactic acid, reaching 45.7 ¢/L from 100 g/L pretreated



PIC with significantly higher productivity and comparable yield.
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4.4 D-(-)-lactic acid fermentation from pretreated PIC under
simultaneous saccharification and fermentation

Considering production costs, D-(-)-lactic acid production by K. oxytoca KIS004-
91T strain was evaluated using the simultaneous saccharification and fermentation
(SSF) process, aimed at reducing both production time and the impact of glucose
inhibition. The process was conducted at 40°C with constant agitation at 200 rpm. The
cellulase cocktail and pre-cultured K oxytoca KIS004-91T strain were inoculated
simultaneously into the fermentation vessel. The fermentation was maintained at
40°C, and the pH was controlled at 7.0 by automatic addition of 6M KOH. Initial
substrate concentrations were varied between 50, 75, and 100 ¢/L to identify the
optimal conditions while minimizing processing time.

As shown in Figure 4.4A, D-(-)-lactic acid was steadily produced from 4 to 16
hours of fermentation, with a slight increase until 36 hours. The final concentration of
D-(-)-lactic acid reached 20.73+0.54 ¢/L, with a yield of 0.67+0.03 g/g sugars consumed
(or 0.42+0.01 ¢/g pretreated PIC) and a productivity of 1.19+0.04 ¢/L/h (Table 4.2).
Glucose was first detected after 4 hours of incubation, rapidly decreasing until 20 hours,
while xylose was released and maintained a steady level until 36 hours, reaching
4.53+0.01 ¢/L. At the end of fermentation, by-products 2,3-BDO and acetate were
detected at concentrations of 0.36+0.05 ¢/L and 0.18+0.04 ¢/L, respectively. Despite
glucose exhaustion, D-(-)-lactic acid production did not significantly increase from 20
to 36 hours, confirming that glucose remained the primary energy source for the strain
even in the presence of xylose. For 75 g/L pretreated PIC (Figure 4.4B), both glucose
and xylose were detected after 4 hours of incubation. Glucose levels dropped after 8
hours and were completely consumed by 32 hours, while xylose concentration
increased rapidly until 60 hours of fermentation. The maximum D-(-)-lactic acid
concentration of 34.23+1.01 ¢/L was reached at 60 hours. By-products, 2,3-BDO
(0.57+0.12 g/L) and acetate (0.83+0.25 g/L), were also generated. However, D-(-)-lactic
acid production remained stable from 28 to 60 hours, indicating that no further glucose

was released after 28 hours. The maximum productivity of 1.07+0.03 ¢/L/h was
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achieved with a yield of 0.70+0.03 g¢/g sugars consumed and a gross yield of 0.42+0.03
g/¢ pretreated PIC (Table 4.2). For 100 ¢/L pretreated PIC (Figure 4.4C), glucose was
released at higher levels than in the previous conditions at 4 hours of incubation, but
D-(-)-lactic acid production was delayed until 16 hours. D-(-)-lactic acid production
sharply increased from 16 to 44 hours, while glucose levels dropped significantly from
24 to 32 hours, indicating simultaneous glucose release and utilization for D-(-)-lactic
acid production. After extending fermentation to 60 hours, the maximum D-(-)-lactic
acid concentration reached 40.75+3.93 g/L. By-products, acetate (0.68+0.27 ¢/L) and
2,3-BDO (0.79+0.50 ¢/L), were also produced. The maximum productivity of D-(-)-lactic
acid was 0.87+0.11 ¢/L/h, with a yield of 0.62+0.08 g/¢ sugars consumed and a gross
yield of 0.38+0.05 ¢/g pretreated PIC (Table 4.2). In all conditions, the gradual increase
of xylose residue (Figure 4.4) indicated that only glucose was utilized for D-(-)-lactic
acid production. Feng et al. (2017) suggested that using a mixed sugar source, including
xylose or arabinose, leads to decreased D-(-)-lactic acid yield and concentration. Kim
et al. (2010) also noted that the carbon catabolite repression (CCR) effect can hinder
the co-utilization of sugars, suggesting that glucose released during SSF represses the
utilization of other sugars.

In comparison to the SHF process, D-lactic acid concentration in the SSF
process was significantly reduced by 18.8%, 2.0%, and 16.4%, while productivity was
40.5%, 45.1%, and 54.7% lower, respectively, for the same initial substrate
concentrations. This decrease is attributed to carbon starvation, which results from a
lower saccharification rate of cellulose and hemicellulose, causing an imbalance in
redox balance and  insufficient ATP for cell metabolism and maintenance
(Khunnonkwao et al., 2023). The optimal condition for cellulase activity is generally at
50°C and pH 5.0 (Rawoof et al., 2021); however, SSF process was conducted at 40°C
and pH 7.0 to support the optimal growth of K oxytoca KIS004-91T strain. This
adjustment may have limited the hydrolysis efficiency, thus slowing sugar release and
leading to incomplete hydrolysis. The reduction in enzymatic hydrolysis efficiency was

reflected in the lower concentration of xylose accumulation at the end of fermentation
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in the SSF process (4.53+0.01, 5.53+0.88, and 5.86+2.89 ¢/L) compared to the SHF
process (7.61+0.57, 8.16+1.30, and 11.65+0.07 ¢/L). Consequently, D-lactic acid
production yields were significantly reduced in the SSF process, with decreases of
30.2%, 7.9%, and 23.4% for the initial substrate concentrations of 50, 75, and 100 g/L
pretreated PIC, respectively. These results suggest that the increased substrate
concentration with simultaneous inoculation of both crude cellulase cocktail and pre-
culture in a single step induced high osmotic pressure and shear stress, leading to
inefficient mixing due to the high solid-to-liquid ratio (Nguyen et al., 2017; Pratt et al,,
2003). Congthai et al. (2025) observed a 33.4%, 66.7%, and 32.6% reduction in
succinate production, vyield, and productivity, respectively, when acid-pretreated
mixed office papers were processed by SSF compared to SHF, due to insufficient sugar
availability and inhomogeneous mixing. Even when a 4 h pre-saccharification step was
incorporated to reduce shear stress and viscosity, succinate production was still 12.80%
lower in SSF compared to SHF, with an initial concentration of 70 g/L of pretreated
mixed waste papers, highlighting inefficient hydrolysis. Similarly, the high viscosity of
the broth and inefficient saccharification in the biomass slurry contributed to lower
SSF process efficiency (Unrean and Khajeeram, 2016). Gosalawit et al. (2024) also
reported a decrease of 11.8%, 20.4%, and 12.6% in D-lactic acid concentration, yield,
and productivity, respectively, via SSF compared to SHF processes using cassava starch
by Kluveromyces marxianus. In summary, the results suggest that an initial substrate
concentration of 75 ¢/L pretreated PIC is optimal for the SSF process, as it provided
comparable D-lactic acid concentrations and yields to those from SHF, while reducing
the total processing time to 32 hours, compared to 44 hours for the SHF process (24

hours for pre-saccharification and 20 hours for fermentation).
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4.5 D-(-)-lactic acid fermentation from pretreated PIC under Fed-batch
SHF

A fed-batch strategy was employed to enhance the concentration, yield, and
productivity of D-(-)-lactic acid while mitigating issues related to broth viscosity and
substrate inhibition. Initially, 50 ¢/L NaOH-pretreated PIC was enzymatically hydrolyzed
using a cellulase cocktail at 50°C for 24 hours. The resulting hydrolysate was then
sterilized at 121°C for 20 minutes and subsequently cooled to 37°C prior to inoculation
with the pre-culture strain K oxytoca KIS004-91T strain. During fermentation, the
concentrated hydrolysate (120 ¢/L glucose) was intermittently added to maintain the
glucose concentration at approximately 25 ¢/L, whenever the level dropped to 10 ¢/L,
given glucose served as the principal carbon source for D-(-)-lactic acid production. At
the beginning of fermentation, initial sugar concentrations were found at 25.36+0.33
g/L glucose and 8.40+0.32 ¢/L xylose, totaling 33.75+0.65 ¢/L. As illustrated in Fig. 4.5,
glucose was rapidly consumed, decreasing to 10.90+0.49 g¢/L within the first 8 hours,
allowing the initial feeding to restore glucose levels to 25 g/L. Subsequent feedings
were conducted at 12 h and 20 h intervals, contributing a cumulative total sugar
addition of 90.28+3.7 ¢/L. D-(-)-lactic acid production increased sharply between 4 and
20 hours of incubation. However, the production rate gradually declined after 24 hours,
reaching a final concentration of 63.14+0.90 ¢/L at the end of fermentation. Minor by-
products were detected, including 2.70+0.69 ¢/L 2,3-BDO and 0.57+0.01 ¢/L of acetate.
Fig. 4.6 presents an overall mass balance analysis for D-(-)-lactic acid production from
NaOH-pretreated PIC using the fed-batch SHF process by K. oxytoca KISO04-91T strain.
Based on a gross yield of 0.11 ¢ D-(-)-lactic acid per gram of NaOH-pretreated PIC (Table
4.2), approximately 9.1 kg of pretreated PIC is required to produce 1 kg of D-(-)-lactic
acid. Given a solid recovery rate of 37.8% following alkaline pretreatment, 24.1 kg of
dried PIC is needed to obtain 9.1 kg of NaOH-pretreated PIC. Furthermore, considering
that 120 g of dried PIC can be recovered from 1 kg of fresh PIC (equivalent to a yield
of 0.12 g¢/g), an estimated 200.6 kg of fresh PIC is required to produce 1 kg of D-(-)-lactic

acid.
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Compared to the SSF process, the fed-batch SHF approach demonstrated
improved D-(-)-lactic acid production performance, achieving a productivity of
1.31+0.01 ¢/L/h and a conversion yield of 0.96+0.07 (Table 4.2). When compared to a
batch SHF process using 50 g/L of pretreated PIC, the fed-batch mode also achieved a
2.46-fold increase in D-(-)-lactic acid production. These findings are consistent with
previous studies. For instance, Vishnu et al. (2020) reported a 3.4-fold enhancement in
D-lactic acid production from pretreated rice straw by Lactobacillus bulgaricus under
fed-batch SSF compared to batch SSF. Similarly, Abdel-Rahman et al. (2021)
demonstrated that fed-batch fermentation of sugar beet molasses using Enterococcus
hirae ds10 resulted in a D-(-)-lactic acid concentration of 61.76 ¢/L, representing a 1.67-
fold increase over batch fermentation. These results collectively support the
conclusion that the fed-batch SHF process offers superior performance relative to

batch modes of SHF and SSF.
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Figure 4.5 D-lactic acid production via fed-batch with initial 50 ¢/L pretreated PIC.

Cell viability was determined by spread plate technique
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Table 4.2 The concentration, yield, gross yield, and productivity of D-(-)-lactic acid fermentation from different initial concentration of

pretreated PIC via the batch of SHF, SSF and Fed-batch of SHF process.

Substrate

D-(-)-lactic acid

By-products

Duration
Concentration Concentration Yield Gross Yield Productivity 2,3-BDO Acetate
(g/L) (h) (g/L) (g/9) (g/9) (g/L/h) (g/L) (g/L)
SHF
50 16 h 25.53+0.14 ¢ 0.96+0.03 ? 0.51+0.00 2 2.00+0.04 2 0.79+0.35.2° 0.41+0.22 °
75 20 h 32.13+1.04 % 0.76+0.05 " 0.43+0.01 © 1.95+0.15 2 0.44+0.16 ® 0.14+0.07 ?
100 28 h 45.69+1.16 °©  0.81+0.02 *° 0.46+0.01 ° 1.92+0.352 0.58+0.05° ND
125 48 h 49.2542.72°  0.69+0.04 0.40+0.01 € 1.63+0.18 1.49+0.10 ND
150 76 h 53.26+4.23 % 0.64+0.04 0.36+0.03 < 1.21£0.09 © 1.74+0.09 2 ND
SSF
50 20 h 20.73+0.54 f 0.67+0.03 ¢ 0.42+0.01 ¢ 1.19+0.04 © 0.36+0.05°  0.18+0.04 ®
75 32 h 31.50+1.97 % 0.70+0.03 ®* 0.42+0.03 ¢ 1.07+0.03 ¢ 0.55+0.06 ©°  0.53+0.17 @
100 44 h 38.19+4.90 < 0.62+0.08 0.38+0.05 ¢ 0.87+0.11 ¢ 0.74+0.52 %  0.51+0.35°
Fed batch-SHF
50 48 h 62.87+0.42 ° 0.96+0.07 2 0.11+0.00° 1.31+0.01 ™ 2.70+0.58 ° 0.52+0.01 2

Lower-case letters indicate the significant differences between mean values of three replicates (p < 0.05) in the same column.
D-(-)-lactic acid concentration, yield, and gross yield were calculated when glucose was exhausted at the time indicated.

Productivity was calculated when D-(-)-lactic acid was produced at the maximum rate.
Yield was calculated based on sugar utilized and gross yield was calculated based on pretreated PIC provided.

1%



Table 4.3 Lactic acid production from different types of substrates and microorganism.

Lactic acid production

Optical Fermentation
Substrate Microorganisms Titer Yield Productivity References
isomer mode
(g/9) (g/9) (g/L/h)
Fed-SHF 62.9 0.96 1.31
Pineapple K. oxytoca
D-(-)-LA SHF 457 0.81 1.43 This study
crown KISO04-91T
SSF 315 0.70 0.98
Cassava K. oxytoca
D-(-)-LA SHF 98.4 0.93 1.43 (In et al., 2020)
starch KIS004-91T
Cassava (Utrilla et al.,
E. coli JU15 D-(-)-LA SHF 57.8 1.11 0.98
bagasse 2016)
Paper mill
B. coagulans L-(+)-LA SSCF 82.6 0.83 0.69 (Li et al., 2021)
sludge
B. coagulans (Ouyang et al,,
Wheat straw L-(+)-LA SSCF 26.30 0.71 0.25
CC17A 2020)
Spent coffee L. rhamnosus (Koo et al,,
N/D SHF 24.95 0.91 0.54
grounds ATCC 10863 2019)

9



Table 4.3 Lactic acid production from different types of substrates and microorganism. (Continued)

Cassava (Coelho et al.,,
L. rhamnosus L-(+)-LA SHF 41.6 0.83 0.87
bagasse 2010)
L. delbrueckii
ssp. bulgaricus D-(--LA SHF 39 0.84 0.55
Orange peel CECT 5037 (Bustamante et
waste L. delbrueckii al., 2020)
ssp. bulgaricus D-(--LA SHF a5 0.86 0.63
CECT 286
(Abdel-Rahman
Broken rice L. delbrueckii D-(-)-LA SSF 79 0.81 3.58
et al,, 2013)
R. oryzae NLX- (Zhang et al,,
Corncob L-(+)-LA SHF 34 0.34 0.71

M-1

2016b)

* SHF: Separate hydrolysis and fermentation, SSF: Simultaneous

and co-fermentation.

saccharification and fermentation, SSCF: Simultaneous saccharification
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CHAPTER V
CONCLUSION AND RECOMMENDATION

The main objectives in this study were to optimize the effectiveness strategy
of D-(-)-lactic acid production from pineapple crown (PIC) including pretreatment by
alkaline, enzymatic hydrolysis using crude cellulase enzyme and the suitable
fermentation mode by engineered K. oxytoca KIS004-91T. The optimized pretreatment
process of PIC was established using 0.75N NaOH at 90°C for 90 min in which 28.35%
of lignin and 66.67% of ash was removed compared to the untreated-PIC. Furthermore,
cellulose content of PIC was increased to 50.13% after the pretreatment whereas the
untreated PIC obtained only 33.12% of cellulose. Fermentable sugar was generated
with impressive concentration (13.69+0.36 ¢/L) from 20 ¢/L of pretreated PIC by using
60 PCU crude cellulase cocktail /g for hydrolysis for 24 h. Accordingly, D-(-)-lactic acid
was produced at the maximum concentration of 45.69+1.16 ¢/L with a yield of
0.81+0.02 g¢/¢ and maximum productivity of 1.92+0.35 g¢/L/h from 100 g/L pretreated
PIC via separate hydrolysis and fermentation (SHF). Under simultaneous
saccharification and fermentation (SSF), maximum concentration at 34.23+1.01 ¢/L of
D-(-)-lactic acid was produced, with a conversion yield of 0.70+0.03 ¢/¢ and a
productivity of 1.07+0.03 ¢/L/h from 75 g/L of pretreated PIC. The fed-batch separate
hydrolysis and - fermentation (SHF) process vyielded the highest D-(-)-lactic acid
concentration of 63.14+0.90 ¢/L, with a conversion yield of 0.96+0.07 ¢/¢ and a
productivity of 1.31+0.01 ¢/L/h. To produce 1 kg of D-(-)-lactic acid, approximately
200.6 kg of fresh PIC was estimated. These findings underscore the potential of PIC as
a low-cost, renewable feedstock that supports waste valorization and contributes to
the development of a zero-waste biorefinery system. Furthermore, the approach
outlined in this study holds promise for broader application in the microbial production

of other high-value biochemicals from PIC. Therefore, recycle and reused of alkaline
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solution and waste water (water running through pretreated-PIC) shall be optimized,

considering of cost saving and water pollution preventative.
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APPENDIX B
SUGAR CONVERSION DURING 120 HOURS
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