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Abstract: Lactic acid (LA) is an important platform chemical with a wide range of applications,
including bioplastic materials, and demand for it is growing rapidly. However, the high cost of
feedstock for LA production is a major barrier to industrial production. This study designed a
process to produce LA from chestnut shell (CS), a low-cost biomass. The entire process includes KOH
pretreatment, enzymatic saccharification, and fermentation. This study investigated the chemical
compositions and physicochemical properties of raw CS and KOH pretreated CS (KpCS) to evaluate
the impact of the pretreatment process that enhances the conversion of cellulose into glucose. The
results showed that KOH affected the lignin removal and surface morphological changes of CS, and
FT-IR and TGA patterns correlated to increased cellulose fractions were found. In the fermentation
process, Lacticaseibacillus rhamnosus was selected as a prominent LA producer, and the fermentation
using KpCS hydrolysate was carried out. As a result, cell growth (27%), glucose consumption (23%),
and LA production (21%) were all achieved higher than the control group. The LA production yield
from our suggested process was estimated to be 187 g/kg CS, and we concluded that CS has a high
potential as a feedstock for LA production.

Keywords: waste conversion; chestnut shell; KOH pretreatment; lactic acid; Lactobacillus

1. Introduction

Lactic acid is an important platform chemical for the production of polylactic acid
(PLA), a biodegradable plastic. PLA is gaining traction as an alternative to petroleum-based
plastics due to environmental reasons such as the climate change caused by the use of fossil
fuels and the health risks caused by the deposition of waste plastics in the environment
(70 million tons/year) [1]. The PLA market was valued at USD 525.47 million in 2020 and is
expected to grow at an annual growth rate of 18.1% from 2021 to 2028, reaching a revenue
of USD 182.13 million by 2028 [1]. Accordingly, demand for lactic acid is growing rapidly.
A total of 270,000 tons of lactic acid are produced each year, and production is expected
to increase by 11.5% by 2026 [2]. The production method of lactic acid is divided into
chemical and microbial fermentation methods, and fermentative production (by lactic acid
bacteria) is preferred for industrial production of lactic acid worldwide [3]. However, it has
been pointed out that the main challenge in fermentative lactic acid production is the high
cost of the substrate [4]. Therefore, research related to bioprocesses to produce lactic acid
from low-cost biomass should be ongoing. Accumulating research on the bioconversion
of sustainable feedstocks for lactic acid production contributes to the advancement in
industrial lactic acid production technologies.
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Food wastes are emerging as a promising source for bioconversion processes [5,6].
In particular, various residues from the food industry are available year-round and do
not require farmland [4,7]. Due to these advantages, in recent years, research has been
expanding to utilize food wastes as feedstock for sustainable bioprocesses [8]. Food
wastes such as pasta waste [9], orange peel waste [10], potato peels [11], and spent coffee
grounds [4] have been previously studied as raw materials for lactic acid production. Yields
for lactic acid production from biomass were reported as 39 g/kg potato peel waste and
101 g/kg spent coffee ground [4,11]. In order to utilize food waste as a feedstock for
the lactic acid production process, a variety of potential feedstocks should be explored to
achieve higher yields. In our previous work, chestnut shell (CS) was selected as a promising
biomass [12]. This is due to the fact that about 560 thousand tons of CS are discarded
globally, and it has a high cellulose content (45%) among various food wastes [13]. For
instance, food wastes such as banana peel, orange peel, coconut shell, and walnut shell have
been reported to contain 30, 25, 27, and 21% cellulose, respectively [14]. Glucose, a monomer
of cellulose, has been reported as a preferred carbon source for lactic acid bacteria [4].
Therefore, it was hypothesized that CS could be utilized as a potential feedstock for lactic
acid. The main strategies for producing lactic acid from CS were (i) alkali pretreatment
to improve glucose conversion, (ii) enzymatic glucose conversion from the cellulose of
CS, (iii) strain selection of lactic acid bacteria with high production performance, and
(iv) fermentative production of lactic acid using CS-derived media. In our previous work,
potassium hydroxide (KOH) pretreatment improved the enzymatic glucose conversion
from the cellulose of CS by 3.1-fold [12]. However, while improved glucose conversion was
experimentally achieved, no investigation was conducted to evaluate the effect of alkali
pretreatment on the underlying physicochemical properties of CS. In this study, we aimed
to evaluate the physicochemical properties of raw CS and KOH-pretreated CS (KpCS) to
provide scientific evidence for these experimental results.

The other major objective of the research was to design a fermentation process to
produce lactic acid from KpCS with high yield. First, to efficiently produce lactic acid from
glucose-rich hydrolysates KpCS, we evaluated the lactic acid production performance of
various lactic acid bacteria. Lacticaseibacillus and Levilactobacillus showed high potential in
terms of lactic acid production in a previous study [4], and therefore, the strains of Lacticas-
eibacillus and Levilactobacillus were screened. Next, to evaluate the utilization feasibility of
KpCS hydrolysates, the lactic acid fermentation process was performed using the control
medium and the KpCS hydrolysate-based medium by the strain with the highest lactic
acid production. Finally, the overall mass balance for producing lactic acid from CS was
estimated based on 1 kg of feedstock to evaluate the potential of the suggested bioprocess.

2. Materials and Methods
2.1. Biomass, Chemicals, and Enzymes

CS biomasses were acquired from Cheongmyeongyagcho (Chungju, Republic of
Korea). Glucose and lactic acid were acquired from Sigma-Aldrich (St. Louis, MO, USA).
Cellulases (Celluclast 1.5 L and Cellic CTec2) were acquired from Novozymes (Krogshoejvej,
Denmark). Peptone, beef extract, and yeast extract were acquired from BD Difco (Sparks,
MD, USA). Potassium hydroxide, tween 80, potassium phosphate dibasic, sodium acetate,
ammonium citrate, magnesium sulfate, and sulfuric acid were acquired from Samchun
Chemical (Seoul, Republic of Korea). Manganese(II) sulfate monohydrate was purchased
from Duksan Chemical (Ansan, Republic of Korea).

2.2. Alkali Pretreatment of Biomass

All biomasses were dried to avoid contamination by microbes and to calculate the
mass balance on a dry weight basis (Scheme 1). Raw CS was pretreated with KOH in order
to enhance enzymatic glucose production according to our previous study [12]. Treatment
conditions were as follows: biomass loading, 92.7 g dried solid/L potassium hydroxide (3%,
w/w); treatment temperature, 38.6 ◦C; and treatment time, 150 min (Scheme 1). The reaction
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was conducted in a 1 L Erlenmeyer flask in a water bath. After the treatment, solids were
recovered from liquids and then washed with distilled water using a test sieve (90 µm size)
until the pH of the solids reached neutral. The neutralized solids were dried in an oven at
100 ◦C overnight. The final solids (i.e., KpCS) were used for further experiments such as
(i) physicochemical analyses for its characterization and (ii) enzymatic saccharification for
glucose production.

Scheme 1. The biomass pretreatment processes for the chestnut shell (CS). The final product was
denoted as KOH-pretreated CS (KpCS).

2.3. Characterization of Raw and KOH-Pretreated Biomass

The raw CS (unpretreated sample) and KpCS were analyzed by SEM, FT-IR, and TGA.
Before the analyses, the samples were dried in an oven at 100 ◦C overnight. For SEM
analysis, the samples were sputtered with platinum and then analyzed using SEM (Quanta
FEG 250, FEI, Hillsboro, OR, USA), which was operated at 15 kV. For FT-IR analysis, FT-
IR spectroscopy (FTIR-4600, JASCO, Easton, MD, USA,) was used, and the spectra were
monitored from 4000 to 400 cm−1. TGA analysis was carried out using the TGA Q50
thermogravimetric analyzer (TA Instruments, New Castle, DE, USA). The samples were
heated from 30 ◦C to 650 ◦C at a heating rate of 10 ◦C/min.

2.4. Enzymatic Saccharification for Glucose Production

KpCS showed a 3.1-fold improved enzymatic glucose production compared to raw
CS [12], and therefore KpCS was selected as raw material for enzymatic glucose production.
KpCS was hydrolyzed by cellulase to produce glucose from cellulose fraction. The cellulase
reaction conditions were as follows: biomass loading, 30 g dried solid/L buffer (pH 4.8);
cellulase loading, 240 filter paper units of Celluclast 1.5 L/g solid and 120 cellobiase units
of Cellic CTeC2/g solid; reaction temperature, 50 ◦C; and reaction time, 5 days. These
are optimal conditions for producing glucose from KpCS with high conversion [12]. After
the enzyme reaction, the liquids were separated from solids using a centrifuge and then
concentrated using a rotary evaporator. The concentrated hydrolysates were used for
further experiments (i.e., fermentation).

2.5. Strain Selection for Efficient Lactic Acid Production

To select the lactic acid bacteria with high production performance, fermentations
of Lacticaseibacillus rhamnosus KCTC 5033 (ATCC 53103), Lentilactobacillus buchneri KCTC
5064 (ATCC 4005), and Levilactobacillus brevis KCTC 3102 (ATCC 8287) were carried out.
The seed culture and the main culture were grown in MRS (deMan, Rogosa, Sharpe, MRS)
media. The components of MRS media were as follows [4]: 20 g/L glucose, 10 g/L peptone,
10 g/L beef extract, 5 g/L yeast extract, 1 mL tween 80, 2 g/L potassium phosphate dibasic,
5 g/L sodium acetate, 2 g/L ammonium citrate, 0.1 g/L magnesium sulfate, and 0.05 g/L
manganese (II) sulfate monohydrate (pH = 6.5). All media were sterilized at 121 ◦C for
15 min. All strains were pre-cultured in each medium at 30 ◦C (L. brevis) or 37 ◦C
(L. rhamnosus and L. buchneri) overnight. A total of 2 mL of seed cultured broth was
inoculated in a new MRS medium. The fermentation was performed at 180 rpm for 24 h.
After the fermentation, 1 mL of the liquid was sampled from the medium, and then the
lactic acid concentration was measured by HPLC analysis. In addition, the cell growth
(OD600nm) was measured.
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2.6. Lactic Acid Fermentation Profiling

Lactic acid production was carried out through the fermentation of Lacticaseibacillus
rhamnosus KCTC 5033. The concentrated hydrolysates containing glucose were used as a
carbon source for the lactic acid production medium. For the seed culture, L. rhamnosus
was inoculated into the MRS medium and then cultured at 37 ◦C overnight. A total of
2 mL of seed cultured broth (optical density at 600 nm (OD600nm) = 4) was inoculated in
each MRS medium made with hydrolysate (with 30 g/L glucose; experimental group) or
commercial glucose (with 30 g/L glucose; control group) for lactic acid production. The
main culture was carried out at 37 ◦C and 200 rpm for 48 h. Cell growth (OD600nm), glucose
concentration, and lactic acid concentration were profiled during fermentation.

2.7. Analytical Methods

To investigate the effects of KOH pretreatment on the compositional changes of CS,
the chemical compositions of CS and KpCS were analyzed. Cellulose and hemicellulose
contents were determined in our previous studies [12,13]. Lignin content was determined
according to the method of Jang et al. [15]. Briefly, 0.1 g of biomass was soaked in 1 mL
of 72% sulfuric acid at 45 ◦C. After 90 min, 28 mL of distilled water was added to dilute
the mixture into 4% acid and then further reacted for 1 h at 121 ◦C. Afterward, the acid-
hydrolyzed mixture was filtered through pre-weighed filter paper, and the paper was dried
at 105 ◦C. Finally, the weight of the dried residue was measured.

For the quantification of glucose and lactic acid concentrations, high-performance
liquid chromatography (HPLC) analysis was applied. The HPLC analysis conditions
were as follows: Shodex SH1011 column (8 × 300 mm), Shimadzu RID-10A detector, and
0.005 N sulfuric acid as a mobile phase (0.8 mL/min flow). Analytical-grade glucose
and lactic acid were used as standard materials for the construction of quantification
curves. Based on the results, lactic acid conversion was determined using the following
Formula (1) [4]:

Lactic acid conversion (%)
= (produced lactic acid (g)/consumed glucose (g)) × 100.

(1)

To estimate the overall process yield, the analysis of mass balance was performed. The
entire process included KOH pretreatment, enzymatic saccharification, and fermentation.
In the KOH pretreatment process, there was a solid loss after the reaction. Solid recovery
(SR) after the pretreatment was calculated as a percentage of the weight of CS/weight
of KpCS. In the enzymatic saccharification process, enzymatic digestibility (ED) is the
percentage of glucose produced from cellulose in biomass. The weight of lactic acid
that could be produced from 1 kg of CS was estimated, considering SR, ED, and lactic
acid conversion.

3. Results
3.1. Effect of Alkali Pretreatment on the Chemical Composition of Chestnut Shell

To investigate the effects of alkali pretreatment on the compositional changes of
biomass, the composition of CS and KpCS was analyzed (Table 1). The cellulose content
(%, dry weight basis) of CS was increased by about 1.5-fold after KOH pretreatment. In
contrast, hemicellulose and lignin contents were decreased after the pretreatment. Notably,
the lignin content of KpCS was only 9.6%.

3.2. Effect of Alkali Pretreatment on the Physicochemical Properties of Chestnut Shell

Physicochemical changes in biomass after pretreatment should be investigated because
these affect the results of subsequent processes (enzymatic saccharification and fermen-
tation). In this section, various physicochemical properties of raw CS and KpCS were
analyzed through SEM, FT-IR, and TGA.
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Table 1. Chemical composition of raw chestnut shell (CS) and KOH pretreated CS (KpCS).

Component
Sample

CS KpCS

Cellulose 45.1% 1 69.1% 2

Hemicellulose 5.9% 1 4.3%
Lignin 16.6% 9.6%
Others 32.4% 17.0%

1 Cellulose and hemicellulose contents of raw biomass were reported in our previous study [13]. 2 Cellulose
content of alkali-treated biomass was reported in our previous study [12].

3.2.1. Surface Morphology

Morphological changes in raw CS and KpCS were investigated to study the structural
modification of the surface. Figure 1 shows the SEM images of raw CS and KpCS, showing
significant differences between the two samples. The raw sample showed a smooth and
compact surface without any cracks and crevices. However, after KOH pretreatment, the
surface of KpCS exhibited some irregular cracks compared to the raw sample. In this regard,
the composition of various components in the biomass changed after treatment (Table 1).
Since changes in biomass surface affect the bioprocess using biomass as a feedstock, further
analysis was performed.

Figure 1. SEM images of chestnut shells (CSs): raw sample (a) and KOH pretreated sample (b).

3.2.2. Surface Chemistry

FT-IR analysis was carried out to investigate the chemical changes between raw CS
and KpCS, and the results are shown in Figure 2. There are differences in FT-IR patterns
between the two samples. The most notable peak appeared around 1017 cm−1. This peak
was improved in the KpCS sample compared to the raw CS. Peaks around 1427, 1512, and
1647 cm−1 related to the aromatic ring were slightly enhanced in the FT-IR spectrum of
KpCS. On the other hand, the peak around 3341 cm−1 was significantly increased after
pretreatment. These significant changes are the evidence that the pretreatment process
changed the surface chemistry of the CS.

3.2.3. Thermal Properties

TGA was performed to investigate the thermal properties of raw CS and KpCS,
and the TGA and derivative thermogravimetric (DTG) spectra are shown in Figure 3.
Thermal degradation of both samples was observed over a wide range of temperatures
(100–600 ◦C). In the TGA curve, a slight decrease in the weight of both samples was ob-
served up to about 150 ◦C (Figure 3a). At 150–250 ◦C, the decomposition of raw CS occurred,
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where weight losses of about 15.2% were recorded, but not significantly observed in the
KpCS (Figure 3b). One distinct peak was observed in both samples after a temperature of
250 ◦C. At a temperature range of about 250–350 ◦C, raw CS showed the highest derivative
weight; the weight losses were determined to be about 35%. In the case of KpCS, the weight
loss was approximately 53% at the same temperature range. Both samples decomposed
slowly at 350–600 ◦C, and the weight loss was similar (14–15%) between raw CS and KpCS.

Figure 2. FT-IR spectra of chestnut shells (CSs): raw sample (red line) and KOH pretreated sample
(blue line).

Figure 3. TGA results for chestnut shells (CSs). TGA curves (a) and DTG (b) of raw sample (red line)
and KOH pretreated sample (blue line).

3.3. Bioconversion of Chestnut Shell Hydrolysate into Lactic Acid
3.3.1. Strain Selection for Efficient Lactic Acid Production

To select a fermentation strain with high lactic acid production, a screening test was
performed by fermentation of L. rhamnosus, L. buchneri, and L. brevis. The cell growth and
lactic acid production were measured, and the results are shown in Figure 4. As a result,
cell growth of all strains ranged from about 5.8 to 7.2, similar between the three strains. In
the case of lactic acid production, L. rhamnosus revealed the highest lactic acid production
(16.4 ± 0.14 g/L), but the others produced lactic acid at a lower concentration as follows: L.
buchneri, 8.4 ± 0.09 g/L and L. brevis, 8.0 ± 0.09 g/L. It is important to note that L. rhamnosus
produced about two times more lactic acid than the other two species.
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Figure 4. Lactic acid production performance of three lactic acid bacteria. Lacticaseibacillus rhamnosus
KCTC 5033, Lentilactobacillus buchneri KCTC 5064, and Levilactobacillus brevis KCTC 3102 were tested.

3.3.2. Lactic Acid Fermentation Using Chestnut Shell Hydrolysate

The utilization feasibility of KpCS hydrolysates was evaluated based on shake flask
fermentation for lactic acid production. This bioconversion process was performed using
L. rhamnosus due to its high production performance (Figure 4). Figure 5 shows the
fermentation profiles in the control medium and the hydrolysate-based medium, including
glucose concentrations, lactic acid concentrations, and cell growth. The carbon source
initially supplied to both media was equal to 30 g/L. In the hydrolysate-based medium,
the glucose was completely consumed within 24 h, while in the control medium, it was
completely consumed after 30 h. At 24 h, L. rhamnosus showed an approximately 27%
higher growth in the hydrolysate-based medium, with no additional growth thereafter.
The carbon source in the control medium remained until 30 h (approximately 2.7 g/L),
allowing L. rhamnosus continuation of growth. During both fermentations, as the number
of cells of L. rhamnosus increased and consumed carbon sources, lactic acid was produced
as a fermentation product. Finally, L. rhamnosus produced lactic acid up to 20.7 g/L (at
48 h) and 18.8 g/L (at 24 h) in the control and hydrolysate-based medium, respectively. At
24 h, the lactic acid produced in the control medium amounted to only about 15.6 g/L. It is
important to note that L. rhamnosus grew rapidly, consumed carbon sources rapidly, and
exhibited higher lactic acid productivity at 24 h (about 0.78 g/L/h; control: 0.65 g/L/h) in
the hydrolysate medium compared to the control.

3.4. Evaluation of Overall Bioprocesses for Valorizing Waste Chestnut Shell

An evaluation of the potential applications of the developed process was carried out
based on the mass balance. Figure 6 shows the mass flow for the overall process for produc-
ing lactic acid from 1000 g of CS, where each number is estimated based on experimental
data. In our previous study [12], the KOH pretreatment process was developed and opti-
mized to improve glucose production yield from CS. CS was treated under mild conditions
and its physicochemical properties were investigated in this study. KpCS contains 359 g of
glucan after pretreatment, and it could be converted to 299 g of glucose through enzymatic
saccharification. The 299 g of glucose can be used as a feedstock to produce high-value-
added products through microbial fermentation. In this study, hydrolysate was applied to
produce lactic acid, a monomer of biodegradable bioplastics. In the fermentation process
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by L. rhamnosus, it showed lower lactic acid production at 24 h in the control medium. In
contrast, 187.3 g of lactic acid can be produced from the hydrolysate, a 21% improvement
compared to the control. Therefore, CS is a promising source for lactic acid production, and
the developed overall process results in high yields compared to the control process.

Figure 5. Lactic acid fermentation by Lacticaseibacillus rhamnosus using the control medium (filled
symbol) and the hydrolysates from chestnut shells (open symbol).

Figure 6. Mass balance for lactic acid production from chestnut shell (CS). The alkali pretreatment and
enzymatic saccharification of CS were performed in our previous study [12]. This study covers the
characterization of KOH-pretreated CS and bioconversion process after enzymatic saccharification.
SR, solid recovery; ED, enzymatic digestibility.

4. Discussion

The surface morphology, surface chemistry, and thermal properties of CS and KpCS
were investigated, and the results showed significantly different properties between the two.
After a pretreatment process, the surface morphology of biomass generally changes [15].
These changes occur because alkali reagents can dissolve part of the lignin and hemicellu-
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lose and can vary depending on the type of pretreatment method and the type of solvent
used [16,17]. The KpCS showed significant structural alterations along with the generation
of cracks and crevices (Figure 1), and the results indicate a breakdown of the lignocellulosic
matrix. Alkali pretreatment results in the removal of lignin and hemicellulose fractions,
which can lead to an increase in cellulose (i.e., glucan) content [18,19]. A similar trend was
found in the alkali pretreatment of CS (Table 1). The distortion of surface morphology of
biomass by pretreatment can improve the accessibility of enzymes to cellulose [20], and in
fact, it was previously found that the enzymatic digestibility of KpCS was improved by
approximately 3.1-fold compared to raw CS [12].

The FT-IR results confirmed that the alkali pretreatment changed the properties of
CS (Figure 2). The peak at 1017 cm−1, observed more strongly in KpCS, is assigned to the
CO stretch of the cellulose. Souza et al. [21] explained that after alkali pretreatment, some
fractions of the biomass (such as hemicellulose) are partially removed, which improves
the signature peak of cellulose. FT-IR data prove the increase in cellulose portions of CS
by the pretreatment process. The peaks around 1427, 1512, and 1647 cm−1 are assigned
to lignin aromatic ring structures. These peaks were enhanced in KpCS, which may be
due to the depolymerization of the lignin of CS into small aromatic ring structures [22].
The peak at 3341 cm−1 is related to OH stretching vibrations of cellulose [23]. In fact, OH
stretching vibrations in cellulose were observed at 3338 and 3350 cm−1, and the slight shift
is associated with an increase or decrease in hydrogen bonds [24]. After KOH pretreatment
of CS, this peak was more enhanced, indicating the effective removal of fractions apart from
cellulose [25]. In fact, KpCS contained more cellulose and less lignin and hemicellulose
than CS (Table 1).

TGA results reflect the composition and chemical properties of CS and KpCS. First, the
significant weight loss of raw CS (about 15.2%) at temperatures of 150–250 ◦C is estimated
to be due to the degradation of hemicellulose [26]. It should be noted that raw CS contains
about 37% more hemicellulose than KpCS (Table 1). In the temperature range of 250–350 ◦C,
the weight loss of KpCS was found to be 53%, which is 1.5-fold greater than that of raw CS,
indicating that the lignin in CS was effectively removed after the pretreatment process and
the cellulose content was increased compared to that of raw CS [27]. After the cellulose
was decomposed, ash and lignin usually remained after 350 ◦C [27], with lignin slowly
decomposing by 600 ◦C. Overall, the results of SEM, FT-IR, and TGA analyses demonstrate
that alkali pretreatment causes significant changes in the physicochemical properties of
CS. All results support the fact that the cellulose content of CS was increased through
decomposition of hemicellulose and lignin. The change in the physicochemical properties
of CS presumably had a positive impact on the increased enzymatic digestibility of KpCS.

The lignin content of CS decreased, and the cellulose content increased after KOH
pretreatment (Table 1). As a result, the ED of KpCS was improved compared to that before
pretreatment [12], which makes it suitable for preparing glucose-rich CS hydrolysate. A
fermentation process was designed to evaluate the feasibility of the hydrolysates as a
raw material for lactic acid production. The results of the strain screening for lactic acid
production showed the extreme potential of L. rhamnosus (Figure 4). In a previous study,
we reported that L. brevis and L. parabuchneri produced 3.9 g/L (conversion = 41.3%) and
5.1 g/L (conversion = 55.8%) of lactic acid after 12 or 24 h fermentation, respectively, in
a control medium containing lignocellulosic sugars [4]. The current study showed that
the lactic acid conversion of L. buchneri and L. brevis was approximately 42.2% and 40.0%,
respectively. Beyond these strains, L. rhamnosus was determined to be a lactic acid producer
with a high production performance (conversion = 64.1%). As shown in Figure 5, CS hy-
drolysates are expected to replace the control medium due to the similar profiles of the two
media. Rather, L. rhamnosus achieved maximum growth and lactic acid production faster in
the experimental medium. The accelerated fermentation results in biomass hydrolysate
media have been reported in numerous studies [28–30]. The first hypothesis is the presence
of organic acids (e.g., acetic acid), oligosaccharides, proteins, lipids, and other elements in
the biomass hydrolysate. Organic acids can contribute to increased ATP levels in pathways
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related to the tricarboxylic acid cycle [31]. On the other hand, cellobiose and oligosaccha-
rides can be generated from CS in the enzymatic saccharification process, which can be used
as an additional carbon source for L. rhamnosus. Some species of L. rhamnosus have been
reported to produce β-glucosidase [32]. The second hypothesis is that a properly balanced
C/N can lead to faster growth of lactic acid bacteria [33]. Unknown N sources present
in KpCS hydrolysate need to be further characterized. Further research should focus on
identifying the components of the hydrolysate-based medium (such as oligosaccharides,
proteins, lipids, and trace metals) and studying the kinetics of the fermentation process
in depth.

It is important to note that the prepared CS hydrolysate had no inhibitory effect on
lactic acid production by L. rhamnosus. The developed bioconversion process achieved a
yield of 187 g lactic acid/kg biomass, a 21% improvement over the control process, and thus
has a high potential for utilization. The current study experimentally demonstrated that CS
is valuable as a feedstock for lactic acid production. The yields of lactic acid production
from food waste reported were 39 g/kg potato peel waste and 101 g/kg spent coffee
ground [4,11], and CS has great potential as a low-cost biomass for lactic acid production.
The generation of CS was estimated to be 560 thousand tons per year [13], which is expected
to be converted into 105 thousand tons of lactic acid by the proposed process. To realize
this, (i) strategies for the collection and transportation of biomass and (ii) techno-economic
assessments must be addressed in the near future.

The lactic acid produced by the fermentation process can be converted into PLA
through several steps such as polycondensation of lactic acid and ring-opening
polymerization [2]. Then, PLA can be utilized as a high-value biomaterial such as food
packaging materials and medical materials [2,34]. To realize this, future research should
focus on utilizing LA derived from control media and biomass hydrolysate media as
feedstock for further steps.

5. Conclusions

In this study, the physicochemical characterization of raw CS and KpCS was performed
for the first time. The surface morphology, functional groups, and thermal properties of
KpCS supported the improved cellulose content and enzymatic glucose conversion of
KpCS compared to those of raw CS. The change in the physicochemical properties of CS
by KOH had a positive effect on the improvement of yields in the subsequent processes of
enzymatic saccharification and fermentation. KpCS was suitable as a feedstock for glucose-
rich hydrolysate, and among several lactic acid bacteria, L. rhamnosus was determined to be
the strain with high lactic acid production. L. rhamnosus showed improved fermentation
performance in the KpCS hydrolysate-based medium at 24 h fermentation compared to that
in the control process: glucose consumption, 30 g/L (23% improved); lactic acid production,
18.8 g/L (21% improved); lactic acid productivity, 0.78 g/L/h (20% improved). It was
estimated that approximately 187 g of lactic acid could be produced from 1 kg of CS through
the bioconversion process designed in this study. In conclusion, CS is a feedstock with a
high potential for lactic acid production.
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