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Abstract: Lactic acid is an important biochemical product. With the global pollution caused by
plastics, especially marine plastics, the demand for lactic acid to produce polylactic acid has rapidly
increased. However, the high costs of raw materials and fermentation—separation processes have
severely limited lactic acid production. In this study, the research trend on lactic acid fermentation
in recent years was analyzed by a bibliometric survey, and the latest progress in lactic acid fermen-
tation using different biomass stocks and microorganisms is summarized. The effects of different
fermentation modes and fermentation—separation coupling methods on lactic acid fermentation were
analyzed. Finally, microbial strains for cooperative fermentation and polysaccharide utilization are
discussed. It is meaningful to develop environmentally friendly, cost-effective in situ product removal
technologies, use lactic acid as an intermediate to higher value-added products, and co-produce lactic
acid and other products based on a biorefinery model.
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1. Introduction

Lactic acid (LA) is an important biochemical product that had been widely used in
food, beverages, household chemicals, pharmaceuticals, petrochemicals, textiles, cigarettes,
antibacterial, sour, flavoring agents and preservatives [1,2]. Meanwhile, polylactic acid
(PLA), a polymer of LA, is a kind of macromolecule material with good biodegradability
and biocompatibility. It can be used not only for the production of disposable tableware,
shopping and plastic bags, agricultural films, and hygiene and other biodegradable prod-
ucts but modern medical materials with good biocompatibility, such as orthopedic fixation
materials, drug release materials, and surgical sutures [3,4]. Polylactic acid can be eas-
ily decomposed naturally and metabolized into carbon dioxide and water without other
residues by various microorganisms and enzymes [5]. Therefore, it is considered to be a
most promising biodegradable polymer material.

At present, the annual global output of petroleum based plastics is approximately
3 billion tons. If PLA could be used as a new material to replace 10-20% of petroleum-based
polymers to produce plastics, then the demand for PLA would reach to 3000-6000 million
tons per year. Therefore, reducing the production cost of PLA is an urgent problem to
improve the competitiveness of PLA plastics. The cost of PLA is mainly derived from LA.
Currently, most LA is produced through biological fermentation, in which more than 34%
of the cost comes from the feedstock [6]. There are two ways to reduce the costs: finding
cheap raw feedstock for fermentation and improving production technology.

The raw feedstock for industrial LA fermentative production are mainly starch-based
(corn, cassava, potatoes) and sugar-based substrates (sugarcane and sugar beet), which are
expensive [3]. Using renewable materials such as lignocellulosic biomass to produce LA
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would significantly reduce the production cost [7]. In addition, selecting highly efficient
LA producing microorganisms has always been a focus of research. Most of the LA
producing-microorganisms can produce L-LA, such as Lactobacillus manihotivorans LMG
18010, L. lactis, Streptococcus bovis 148, and L. plantarum A6; however, L. delbrueckii is the
only known pure D-LA producer [8]. In recent years, genetically engineered bacteria have
attracted considerable attention, because of their ability to be modified to meet different
production requirements. Furthermore, different fermentation methods also have different
effects on LA production. Especially, in situ separation technology, which can reduce
product inhibition simultaneously during the fermentation process. Therefore, another
present research area is to combine separation technology with the fermentation system to
maximize the yield and purity of LA.

Based on a bibliometric survey, this study summarized and analyzed the latest re-
search progress in LA production from different biomass types by various LA-producing
microorganisms. It also summarized and compared the development of LA fermentation
in recent years based on four aspects: raw feedstock for fermentation, microorganisms,
fermentation modes, and LA separation.

2. Method of Bibliometric Analysis for Research Tendencies

In this study, keywords ((“lactic acid” or lactate) and (waste or rubbish or garbage or
biomass or cellulose* or lignocellulose* or lignocellulose* or sludge or straw or “distiller’s
grains” or stillage)) were used as topic search phrases to acquire all indices of articles pub-
lished from 1993 to 2022 from the Web of Science database. The records of all indices were
downloaded into a spreadsheet software (Microsoft Office 365) to conduct a digital logical
analysis [9]. Particularly, some keywords with the same meaning, such as “poly(lactic
acid)”, “polylactic acid” and “poly” were combined together in the data treatment pro-
cess. After all relevant data were categorized, the tendencies of publication outputs were
analyzed using four-year intervals to minimize year-to-year fluctuations [10]. After the
analysis of keywords, the keyword “lactic acid” was referred the most frequently and
ranked first among all keywords. Furthermore, keywords such as “poly(lactic acid)”, “cel-
lulose”, “biomass”, “food waste”, and “rice straw” showed a sustainable growth tendency.
Specific data are shown in Table 1.

Table 1. Top 30 most used author keywords.

93-22 R (%)
Author Keyword
TP 93-22 93-97 98-02 03-07 08-12 13-17 18-22
lactic acid 1032 1(12.47) 1(13.64) 1(11.56) 1(12.90) 1(12.79) 1(12.70) 1(12.16)
poly(lactic acid) 745 2 (9.00) #N/A #N/A 7 (2.42) 3 (7.43) 2 (10.42) 2 (11.72)
fermentation 548 3 (6.62) 2 (9.09) 3 (4.30) 2 (10.32) 2 (7.66) 3 (6.26) 4 (6.19)
lactic acid bacteria 491 4 (5.93) 5 (3.18) 2 (5.11) 3(7.90) 3 (7.43) 6 (4.62) 3(6.27)
biodegradation 332 5 (2.25) 4(2.73) 4(2.42) 4(3.87) 6 (2.37) 9 (2.29) 6 (2.32)
cellulose 304 6 (2.27) 3 (3.64) 6 (1.34) 5 (2.10) 7 (2.30) 5 (4.34) 10 (2.27)
composites 273 7 (3.30) #N/A #N/A 29 (0.97) 8 (3.14) 4 (4.90) 7 (3.34)
mechanical properties 247 8 (2.98) 122 (0.45) #N/A 10 (1.94) 10 (2.45) 7 (4.20) 8 (3.10)
biomass 224 9 (2.71) 36 (0.91) #N/A 8 (2.10) 9 (2.76) 8(3.97) 11 (2.43)
ethanol 183 10 (1.61) 16 (1.36) 221 (0.27) 16(1.29) 5 (3.45) 10 (1.73) 16 (1.08)
lignin 174 11 (2.10) #N/A #N/A 47 (0.81) 16 (1.30) 40 (0.70) 5 (4.28)
food waste 149 12 (1.8) #N/A #N/A 98 (0.48) 11 (1.07) 12 (1.68) 9 (2.65)
cellulose nanocrystals 117 13 (1.41) #N/A #N/A #N/A 116 (0.38) 11 (2.34) 13 (1.71)
anaerobic digestion 114 14 (1.38) 16 (1.36) 86 (0.54) 47 (0.81) 46 (0.69) 14 (1.59) 14 (1.69)
biorefinery 107 15 (1.29) #N/A 221 (0.27) 396 (0.16) 116(0.38)  16(1.49) 12 (1.88)
silage 106 16 (1.28) 7 (2.73) 10 (2.15) 8 (2.10) 21 (1.07) 23 (1.03) 20 (1.19)
glucose 94 17 (1.14) 8(2.27) 14 (1.61) 29 (0.97) 13 (1.45) 17 (1.45) 31 (0.75)
microbial community 92 19 (1.11) #N/A #N/A 98 (0.48) 114 (0.38) 20 (1.07) 15 (1.69)
enzymatic hydrolysis 86 20 (1.04) #N/A 221(0.27) 73 (0.65) 26 (0.92) 31(0.79) 18 (1.44)

metabolic engineering 79 21(0.95) 122(045) 221(0.27) 98(048)  23(1.00)  15(1.59) 30 (0.75)
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Table 1. Cont.

93-22 R (%)
Author Keyword
TP 93-22 93-97 98-02 03-07 08-12 13-17 18-22

thermal properties 78 22 (0.94) #N/A #N/A 98 (0.48) 44 (0.69) 14 (1.73) 28 (0.80)
glycerol 74 23(0.89) 122(0.45) 221(0.27) 162(0.32) 87(0.46) 20 (1.07) 22 (1.13)
rice straw 70 24 (0.85) 122(0.45) 221(0.27) 21(1.13) 19 (1.07) 31(0.79) 25 (0.83)
milk production 70 24 (0.85) 36 (0.91) 20 (1.34) 12 (1.61) 17 (1.23) 34 (0.75) 48 (0.58)
Bacillus coagulans 69 26 (0.83) #N/A 221(0.27) 98 (0.48) 44 (0.69) 19 (1.21) 25 (0.83)
Saccharomyces cerevisiae 64 27 (0.77) 122 (0.45) 40 (0.81) 98 (0.48) 18 (1.15) 23 (1.03) 55 (0.55)
pretreatment 62 28 (0.75) #N/A #N/A 162 (0.32)  65(0.54) 129(0.33)  20(1.27)
probiotics 62 28 (0.75) #N/A 221(0.27) 73 (0.65) 87 (0.46) 39 (0.70) 23 (1.00)
rumen fermentation 61 30(0.74)  122(0.45) 40(0.81) #N/A 13 (1.45) 34(0.75)  131(0.33)
microbial community 92 19 (1.11) #N/A #N/A 98 (0.48)  114(0.38) 20 (1.07) 15 (1.69)

TP: Total numbers of publications. R (%): Rank (the percentage of articles in total publications is given within
brackets). #N/A: None appeared.

3. Biomass for Lactic Acid Fermentation

Biomass has always been the main source of energy for humans, accounting for about
14% of the world’s total energy supply. The source of biomass is diverse, which refers to all
organic matter derived from organisms, such as wood, agricultural residues, animal waste,
and so on [11]. From Table 1, it can be seen that the keyword ‘biomass” had a highly used
frequency. Especially during the period 2003-2022, its ranking remained around the top
10. Food waste and rice straw also rose significantly in the past 12 years, rising from 98th
to 9th and 221th to 25th, respectively. However, starch’s ranking decreased from 14th to
98th, indicating that the raw materials for producing LA have been gradually replaced by
other renewable, cheaper biomass waste. Figure 1 summarizes the number of articles used
different substrates for LA fermentation.
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Figure 1. The research tendency of different substrates for lactic acid fermentation.

3.1. Lignocellulosic Biomass

Lignocellulosic biomass (e.g., agricultural straw, distiller’s grains, and garden waste)
contains abundant cellulose and hemicellulose. They are characterized by a regular arrange-
ment of cellulose molecules, forming microfibers, hemicellulose, and lignin, which created
a strong binding layer, tightly packed with cellulose [12]. To hydrolyze lignocellulose to
monosaccharide, biomass has to be pretreated to remove lignin, increase the porosity of
the material, and expose cellulose and hemicellulose to contact with enzymes, thereby
increasing hydrolysis efficiency [13]. Researchers have extensively studied the pretreat-
ment of cellulose-based biomass wastes before LA fermentation. Novel microwave-alkali
and steam-alkali coupled pretreatment processes were utilized in LA production from
vinasse [14]. It suggested pretreatment enhanced LA production from raw vinasse (up to
30.32 g-L 1), which was twice that without pretreatment, and L-LA yield and optical purity
increased 49.8% and 57.2%, respectively.



Sustainability 2022, 14, 14434

40f16

The LA production from residues of Sophora flavescens with reusing the NaOH-
pretreated liquor as pH neutralizer was conducted in a simultaneous saccharification
and fermentation (SSF) system [15]. Accordingly, the addition of NaOH-pretreated liquor
did not inhibit the growth of LA bacteria, but instead increased the pH of the system
and led to stable cellulase activity. When the amount of NaOH-pretreated liquor reached
50%, the LA production increased by 34.1% compared with the control group without
NaOH-pretreated liquor [16]. Abdel-Rahman et al. used Enterococcus mundtii QU 25 to pro-
duce L-LA from cellobiose. This strain can realize nearly complete conversion of cellulosic
substrates to L-LA without the addition of enzymes and achieve high concentration of L-LA
(119 g-L~1) with high yield (0.79 g-g~!) and an extremely high optical purity (>99.9%) [17].
From an economical point of view, by using strains without extra enzymes, the cost of LA
production from cellulosic materials will be reduced due to an expected decrease in enzyme
requirements, a significant cost component in the use of biomass to produce value-added
products.

3.2. Food Waste

As shown in Table 1, the appearance of the keyword ‘food waste’ significantly in-
creased from none in the period of 1993-1997 to 9th in the period of 2018-2022. This result
indicated that research using food waste as fermentation feedstock has received consider-
able attention. Food waste with high organic matter concentrations (volatile solids/total
solids [VS/TS]: 0.8-0.9) and moisture content easily spoils and stinks, and large amounts
could seriously affect people’s physical health and the cityscape [18]. Presently, food waste
is reused in the following processes: anaerobic digestion for biogas production, composting,
bio-ethanol production, and feed production for insects and animals. Food waste contains
approximately 30-60% starch, 5-10% protein, 10-40% fat and some trace elements, which
are nutritious and suitable for the growth of LA bacteria [18-20].

To establish a highly efficient LA production system from food waste without exoge-
nous enzyme supplementation, co-fermentation of food waste and corn straw was first
performed to obtain glucoamylase (1838 U-g~!) with Aspergillus niger UV-60. Further, this
kind of crude glucoamylase was found to have good acid resistance, with optimum pH of
4.2-4.9, and that relative enzyme activity at pH 3.0 can still reach 83.5% [21]. Subsequently,
LA fermentation was carried out in a simultaneous saccharification fermentation mode with
crude glucoamylase (142 U- g’l, dry basis) addition and 6% (v-v~1) Lactobacillus rhamnosus
inoculation in food waste medium. Finally, 58.40 g-L~! (0.58 g-g~! food waste, dry basis)
of L-LA was obtained after SSF at 38 °C for 48 h [22].

3.3. Microalgae

Microalgae can use CO, under aerobic and bright conditions to accumulate starch and
convert starch into LA, ethanol, acetic acid and other organic substances under dark and
anaerobic conditions [23]. The freshwater microalga Hydrodictyon reticulum (containing
47.5% reducing sugars and 35% glucose) was used as a raw material to produce LA [24].
Lactobacillus paracasei LA104 was used as inoculum to conduct SSF at 45 °C, pH 3 and
obtained 46 g-100 g’1 H. reticulum dry material with 37.11 g-L*1 LA. Therefore, microalga
can be a potential feedstock for large-scale production of LA. On the other hand, Chlorella
sp. GD mutant, which can overcome outdoor high-temperature inhibition and has high
dissolved inorganic carbon availability and maximum photosynthetic rate [25], could
quickly convert CO, to sugar and store it. However, under anaerobic conditions, the sugars
that accumulated in the body were converted into organic substances such as LA, ethanol,
acetic acid, and formic acid. The harvested Chlorella was fermented with L. plantarum
23, and the conversion rate and yield of LA were 80% and 0.43 g-g~! Chlorella biomass,
respectively. Microalgae could be used as a high-efficiency raw material for large-scale LA
production because of its short growth cycle and simple survival.

Table 2 compared recent research results using different biomass stocks for LA fermen-
tation. As shown in the table, the final LA concentration obtained when fermenting with
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a lignocellulose-based substrate was higher than that used other substrates. Food waste
had a high content of organic matter and was easily digested by microorganisms, which
had an advantage in terms of LA production yield and rate. As a new substrate for LA
fermentation, microalgae did not have a high final LA concentration and yield. However,
the conversion rate per gram of microalgae was similar with other biomass in terms of LA
production yield.

Table 2. Effects of different biomass stocks on lactic acid fermentation.

. . Concentration . 1 Productivity . . .
Scheme 1 Microorganism gL 1) Yield (g-g™ %) (L) -1) Optical Purity Explanation Reference
o i o
corn stover Bacillus coagulans LA204 97.59 0.68 1.63 - 50 Cl\?gggiigxltg:iu“l " [26]
rice straw Lactobacillus paracasei 7BL 99 0.96 3.23 - fed-batch [27]
peanut meal Bacillus sp. WL-520 225 - - 99.3% multi-pulse feFl-.batch; NaOH
as neutralizing agent 28]
Bacillus sp. WL-520 180 - - 98.6% single-pulse fed-batch
potato starch and Geobacillus stearothermophilus DSM 494 37 0.74 185 98% Batch; 60 °C under non-sterile 129]
potato residues
.370 :
oo e oo 0o 261 - oM NaOH pretreted
bakery waste Lactobacillus casei Shirota P [30]
i 82.6 0.94 250 - -
hydrolysate
food waste powder
hydrolysate 90.1 0.92 2.50 - -
brown seaweed E. coli DSMO05(pZAldh) 377 08 051 80 fed-batch 311

(Laminaria japonica)

Nannochloropsis salina

Lactobacillus pentosus ATCC-8041

~ acid (5% HpSOy) hydrolyzed
093 045 at120°Cfor 1h 1321

4. Microorganism for Lactic Acid Fermentation

From Table 1, some conclusions about the microorganisms for LA fermentation can
be drawn. Regardless of the period, Bacillus coagulans was ranked in the top 24, indicating
that B. coagulans has been widely used. However, with the continuous improvement of the
entire process, some genetically engineered bacteria have also been widely studied. The
respective characteristics of microorganism for LA fermentation are shown in Figure 2. In
the past 28 years, many LA bacteria have been used for research. Among them, the research
tendency of the 11 most studied LA bacteria are shown in Figure 3.

Bactena

Microorganism
SR a~ 45
Fungi Yeast Microalgae
“ Q

/

@terofcrmentatiom, et/c 0

High LA productivity; | | High L-LA purity] |Mineral medium Photosynthetic

high nutritional low nutritional culture; low pH as capabilities;

requirements and requirements; 1.5 tolerance; low carbohydrate

contamination risk; amylolytic ability;  |productivity, etc feedstock costs

mostly requirement eliminated,etc
xXygen, etc

N

O

Figure 2. Characteristics of different microorganisms for lactic acid fermentation.
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Figure 3. The research tendency of top 10 used microorganisms for lactic acid fermentation.

4.1. Bacteria

The term LA bacteria refers to a generic group of bacteria that can produce large
amounts of LA from fermentable sugars. The LA bacteria produce LA by using monosac-
charides (glucose, fructose, galactose) and disaccharides (sucrose, maltose, lactose) as
substrates. More than 80% of homolactic fermentation products were LA, and LA bac-
teria that can carry out such fermentation include L. lactis, L. delbrueckii, L. casei, and L.
helveticus. Besides LA, other by-products of heterolactic acid fermentation by Leuconostoc,
Lactobacillus, and Bifidobacterium included acetic acid, ethanol, and CO; [6]. The LA bacteria
are generally anaerobic or microaerobic bacteria, and their characteristics are shown in
Figure 1. However, due to their rapid growth, bacteria reproduction, high LA yield, high
LA productivity of LA bacteria, most researchers have been concerned with the use of LA
bacteria to produce LA [16].

Bacillus coagulans 36 can utilize pentose through the pentose phosphate (PP) pathway,
and its LA yield can reach up to 1.0 g-g~! [33]. Furthermore, to develop the thermophilic
characteristics of Bacillus, the open fermentation process under nonsterilized conditions is
an effective and simple process to reduce the energy consumption of fermentation [34,35].
Moreover, Bacillus can effectively utilize the pentose sugar in the hydrolysate of cellulose to
produce L-LA. The coagulans36 can utilize pentose sugars through the pentose-phosphate
pathway, and the LA yield is up to 1.0 g-g~! [36]. Disaccharide carbon sources such
as lactose, sucrose, and maltose can also be metabolized by LA bacteria. On the other
hand, Lacticaseibacillus rhamnosus was reported to metabolize cellobiose to LA directly [37].
Therefore, lignocellulose hydrolysates containing cellobiose have considerable potential to
use in LA fermentation.

4.2. Fungi

The genus Rhizopus in fungi, especially R. oryzae, has attracted considerable attention
because of its ability to produce high-purity L-LA [38]. Compared with LA bacteria,
Rhizopus has a low requirement for nutrients and can utilize a wide range of substrates. For
example, it can use lignocellulose-rich biomass materials directly to ferment and produce
LA [39]. Rhizopus can also break down starches and can directly use starch to produce LA
without saccharification [40]. Moreover, the filamentous structure of formed particles of
the fungi facilitates the separation from the fermentation broth to reduce the cost. A new
type of heat-resistant Rhizopus was isolated and characterized, which directly produced
84.3 g-L 7! and 105-119 g-L~! of LA in batch and fed-batch fermentation, respectively, from
liquefied cassava starch at pH 5.5 [41].
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Furthermore, the fungi itself was a valuable by-product as organism protein. There-
fore, many researchers have conducted further studies on the use of Rhizopus for fer-
mentation of LA from renewable resources, such as molasses, lignocellulose, and raw
starch [42—44]. However, using Rhizopus to produce LA has some deficiencies, such as the
hetero-fermentation byproducts (ethanol and fumaric acid); oxygen requirements (increase
energy consumption); and influence of filamentous bacteria in mass transfer, matrix mixing,
and LA recovery [45].

4.3. Genetically Engineered Microorganisms

Genetically engineered strains could expand the range of substrates and increase
LA production efficiency. Given the relatively clear genetic background ofyeast and Es-
cherichia coli, and the low requirements for nutrient components, genetically engineered
microorganism have become a model organism for the industrial production of LA.

Yeast can tolerate pH values as low as 1.5, so it is not necessary to neutralize the
fermentation broth with alkali during the fermentation process. However, few LA was
contained in the metabolites of wild yeast. Therefore, yeast capable of producing high
concentrations of LA can be obtained through genetic engineering methods [46]. Osawa
et al. constructed an ethanol fermentation pathway-deficient Candida boidinii by integrating
bovine L-Lactate dehydrogenase-encoding gene under the control of PDC1 promoter in
optimal conditions. After batch fermentation for 48 h, the LA concentration and yield
reached 85.90 g-L~! and 1.79 g-(L-h) ! [47].

Escherichia coli transformed based on metabolic processes can use various carbon
sources to conduct LA fermentation, including glucose, sucrose, and glycerol [48]. Zhao
et al. constructed the engineering strain E. coli JH12 by placing the L-Lactate dehydrogenase
gene of Pediococcus acidilactici into E. coli. Then, this strain was fermented with 6% xylose
as a single carbon source achieving 34.73 g-L.~! LA with a purity of 98% [49]. Although
the cycle of genetically modified E. coli is shorter than that of wild-type LA bacteria, the
latter has advantages in terms of space-time yield, yield, and tolerance to LA. Wakai et al.
constructed LA-producing Aspergillus oryzae by genetic engineering and used a pure culture
of A. oryzae to produce LA from starch. Aspergillus oryzae strains innately secrete amylases.
Meanwhile, A. oryzae LDHA871 produced approximately 30 g-L~! of lactate from various
starches, dextrin, or maltose (all at 100 g-L~!). This process was simpler than conventional
methods with mixed cultures or co-utilization of enzymes [50].

Moreover, cyanobacteria are photosynthetic microorganisms that synthesize organic
matter using only sunlight, CO,, water, and a small amount of inorganic salts. By means of
metabolic engineering, the gene corresponding to L-lactate dehydrogenase was introduced
into the cyanobacterial gene to obtain LA-producing cyanobacteria [51]. This was not only
beneficial to the global warming effect but provided a new LA production route.

Table 3 compares and analyzes the effects of fermentation of different substrates on
the production of LA by bacteria, fungi, and genetically engineered bacteria. As shown in
the table, the use of bacteria for LA fermentation can achieve high yields and purity, and it
is more suitable for industrial applications. In the case of LA fermentation for animal feed,
it is necessary to use fungi in consideration of the toxicity.

Table 3. Effects of different microorganisms on lactic acid fermentation.

i Productivit
Producer Group Microorganism Substrate Conceni?tlon Yield (g»g"l) rodue 11711 Y Optical Purity Reference
(gL™" (g@Lh~1
: Enterococcus
Bacteria Jaecium QU 50 Xylose 23.7 1.02 1.97 >99.2 [52]
Escherichia coli WL204 Xylose 62 0.89 1.63 99.5 [49]
Fungi R"E”ﬁ’;f&'_’f"" XylooligosacharideWaste residue 60.3 06 1 - [49]
R. oryzae NRRL 395 crude glycerol 48 372 - - [45]

Cyanobacteria

Lactobacillus paracasei LA104 Hydrodictyon reticulum 37.1 0.46 1.03 95.7-98.0 [24]
Lactobacilus pentosus ATCC-8041 Nannochloropsis salina 23.0 0.93 0.45 - [32]
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5. Fermentation Modes

Fermentation modes include non-sterilized open fermentation, sterile closed fermen-
tation, simultaneous saccharification fermentation (SSF), separate hydrolysis and fermen-
tation (SHF), batch fermentation, fed-batch fermentation, semi-continuous fermentation,
continuous fermentation, and high cell density fermentation. Their characteristics are
shown in Figure 4.

/» Simultaneous saccharification and
fermentation (SSF)

* Saccharification and fermentation at the same pace

/" > Non-sterili > Conventional sterile and
[ »Non steu'llzed open closed fermentation | | ® Shorter period than that of (SHF)
fermentation * Lower feedback inhibition by consuming

¢ simple operation ¢ complex operation cellobiose than that of SHF )

* no inoculum ® energy and water consumption| | e gaccharification and fermentation at their best

* high risk of contamination ® Maillard during sterilization conditions (ex. Temperature, pH)

* low purity of product reducing the concentration of

fermentable sugar » Separate hydrolysis and fermentation (SHF)

¢ inhibition by some furfural
substrates during sterilization |

® Saccharification first and then fermentation

¢ Saccharification and fermentation at their own
'''''''''''' \_suitable conditions

" »Batch culture
* Without inflow / outflow of media
(Constant volume)

. * high feedback inhibition by glucose and
Fermentation cellobiose during enzymatic hydrolysis

Modes

— ;
i i
i i
LI 1

* Higher product concentration than that of - 7 it .
continuous one S . ..
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Figure 4. Characteristics of different fermentation modes.

5.1. Non-Sterilized Open Fermentation and Conventional Sterile Closed Fermentation

As indigenous LA bacteria flora exist in food waste, most studies on open lactic
fermentation use food waste as a substrate for fermentation. These bacteria groups were
more competitive, and they can become dominant bacteria quickly, thereby fermenting food
waste into LA. The research indicated 21.5 g-L~! LA could be produced from food waste
within 48 h without sterilization and inoculation [45]. When an unsterilized system was
inoculated with LA bacteria, the inoculated bacteria would rapidly propagate to become
dominant bacteria, as the organic acids and LA produced can inhibit the growth of other
bacteria. Experiments showed that inoculated LA bacteria to food waste for 1-3 days would
result in a drop in pH due to high LA concentration, causing the count of Staphylococcus
aureus and E. coli to be 99.9% and 99.8% lower, respectively, than the control group without
inoculation [53].

Although the addition of LA bacteria was beneficial to the inhibition of bacterial
formation, there were still some acid-resistant hydrolytic bacteria in the fermentation
process. Liu Jianguo et al. analyzed the microbial diversity of LA fermentation of food waste
and found the non-sterilized open fermentation system contained abundant indigenous
LA and hydrolytic bacteria. These indigenous hydrolytic bacteria could coexist with
LA bacteria and degrade complex macromolecules (carbohydrates, proteins, fats) into
small molecules, and further converted them into reducing sugars, thereby promoting LA
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production [14]. Sakai et al. obtained 86 g-L’l of L-LA (carbon yield, 53%; optical purity,
97%) within 5 days by inoculating Bacillus coagulans NBRC12583 at pH 6.5 under 55 °C in
open fermentation mode [54].

In summary, compared with traditional closed fermentation processes, non-sterilized
open fermentation simplifies the production process and fermentation equipment, while
reducing energy and cooling water consumption.

5.2. Simultaneous Saccharification Fermentation and Separate Hydrolysis and Fermentation

The hydrolysates of lignocellulosic biomass are mainly mixtures of hexose (glucose and
mannose) and pentose (xylose and arabinose). According to the different time and method
of enzymolysis and fermentation, it can be divided into simultaneous saccharification
fermentation (SSF) and separate hydrolysis and fermentation (SHF).

Liu et al. inoculated Bacillus subtilis 1.420, a starch hydrolytic bacterium, into food
waste to promote the degradation of starch into reducing sugars. Afterward, L. plantarum
TD175 was inoculated into food waste for SHFE. The maximum LA concentration was
50.77 g-L~1, and the amylase activity was 4425.92 U/g [55]. Meanwhile, 1% B. subtilis
and 10% LA bacteria were simultaneously inoculated into food waste for SSF. The LA
concentration reached 40.02 g-L.~! at a solid-liquid ratio of 1:1.5 at 40 °C—45 °C for 36 h.
Finding glycogen- and LA-producing bacteria with optimal culture conditions was the
key to improving the efficiency of SSE. Lactobacillus rhamnosus was used to ferment cassava
powder for LA production in SSF mode, which produced 175 g-L~! LA with high yield
(0.71 g-g~1) and productivity (1.8 g-(L-h)~1) [56]. If SSF and SHF can be combined and then
applied to practical applications, their respective advantages will create greater economic
value.

5.3. Batch, Fed-Batch, Semi-Continuous, and Continuous Fermentation

According to the different feeding and discharging modes, fermentation modes can
be divided into batch, fed-batch, semi-continuous, and continuous fermentation modes.
In batch fermentation, without the addition and output of substrates and products, the
bacterial cell, substrates, and product concentrations only changed with reaction time. This
process is the simplest and most used fermentation mode at present. Liang et al. used
potato peel waste to produce LA by batch fermentation and got a production yield of
0.25 g-g~! and productivity of 125 mg-(g-d)~! [57]. However, as fermentation progresses,
almost all systems would be inhibited by the lack of substrate or high LA concentration. To
alleviate product inhibition, CaCOs, NaOH, or NH4OH were added to conventional batch
fermentation for acidification to ensure system stability.

Fed-batch fermentation was conducted based on the characteristics of cell growth and
initial culture medium, during which one or more specific restricted substrates were inter-
mittently or continuously added to the bioreactor without output of products. Ding et al.
added glucose and yeast extracts in an exponential manner and achieved LA concentration
and production rate of 180 g-L~! and 2.14 g-(L-h) !, respectively. Compared with batch
fermentation the two values were increased by 56.5% and 59.7%, respectively [58].

In the semi-continuous fermentation system, part of the fermentation broth containing
product were periodically released and then the same volume of fresh medium was added
in. This process can not only supplement nutrients and substrates but dilute metabolic
harmful substances, which plays an important role in alleviating product inhibition. This
system improved the culture environment of the microorganisms and helped to maintain
stability of bacterial vitality, thereby contributing to the continuous synthesis of product.

Continuous fermentation involves a constant feeding, and discharge of the fermented
broth at the same rate simultaneously, so that the working volume in the system is constant.
This method can reduce the product inhibition of LA and keep cell, product, and substrate
concentrations relatively stable. In addition, continuous fermentation does not cause system
suspension due to emptying, cleaning, and sterilization of the fermenter compared with
batch fermentation. However, the system is limited in its large-scale application due to
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the inability to make full use of the carbon source, cell loss caused by discharging, and
expensive equipment.

At present, due to the high LA yield and simple transformation route, continuous
fermentation is the most widely used fermentation method.

5.4. High-Cell Density Cultivation

High-cell density cultivation generally refers to the fact that the cell density in the
liquid culture exceeds that of conventional culture by more than 10 times, and it includes
cell recycle fermentation and immobilized fermentation, etc.

A membrane-integrated repeated batch fermentation has been developed to produce
L-LA from sweet sorghum juice. To overcome the carbon catabolite repression effect,
high-cell-density fermentation with the use of sugars was utilized. The results showed
that a L-LA productivity of 17.55 g-(L-h) ! was obtained [59]. The immobilized strain
QU 50 could produce stable L-LA with yield of 1.01-1.02 g-g~! in an open repeated batch
fermentation using mixed sugars derived from lignocellulosic biomass [60]. The mycelium
of Rhizopus oryzae NBRC 5384 was fixed in situ in sponge-like cubic particles, and CaCOs
was added to control the pH of the culture solution. After batch and fed-batch fermentation,
the yields and productivities of LA were 95.0%, 92.5%, and 1.83 g-(L-h) !, respectively.
This experiment prevented the inhibition of LA products by crystallization [61]. However,
some studies have showed that the production of LA using immobilized cells was lower
than that of free cell fermentation, whereas the application of cell recycle technology in
fermentation can usually achieve higher LA yield.

Table 4 compares the effect of different fermentation processes on LA fermentation.
Fed-batch alone is superior to the batch in terms of final LA concentration. However,
the feeding process may cause problems such as incomplete hydrolysis of substrate, as
well as lower LA production rate and yield than those of batch fermentation. As the
process continues to be optimized, combining fed-batch and batch fermentation with other
processes such as cell immobilization has significantly improved LA production yield.
Moreover, high-cell density cultivation has a very considerable advantage in the final yield.

Table 4. Effects of different fermentation modes on lactic acid fermentation.

Concentration Productivity

Fermentation Mode Microorganism Substrate (g/L) Yield (g/g) (@/(L-h) Optical Purity Reference
fed-batch Enterococcus mundtii mixed glucose 129 0.785 0.768 - [62]
batch QU 25 and xylose 67.2 0.909 112 99.5%
Batch with cell .
immobilization Rhizopus oryzae glucose 145 0.950 142 B [61]
Fed-batch with cell NBRC 5384
- e 231 0.925 1.83 -
immobilization
batch Enterococcus mundtii 824 0.858 20 299%
open repeated batch or QU 25 glucose 81.6-845 0.761-0.83 13.6-14.08 >99% [631
open repeated fed-batch 132 0.853 6.99 >99%
Bacillus coagulans y
Batch strain 36D1 Glucose 103.6 0.93 0.71 - [64]
Open Batch Bacillus sp. Na-2 Glucose 118 0.97 4.37 97.3% [65]
Fed-batch B. Co“ggé’gls strain Glucose 1823 0.92 0.84 - [64]
Open Fed-batch Bacillus sp. Na-2 Glucose 182 0.96 2.88 99.4% [65]
High-cell-density Lacticaseibacillus sweet sorghum B
fermentation rhamnosus LA-04-1 juice 60.25 0-954 1755 (>

6. Extractive Fermentation of Lactic Acid

The suitable pH for LA fermentation is 5.5 to 6. When the pH is <5, the LA produced
by fermentation will hinder the growth of LA bacteria and further production of LA.
Combining the fermentation process with in situ product removal technology (ISPR) will
greatly increase the yield and efficiency of LA. The ISPR technology currently used for
LA fermentation mainly includes solvent extraction, adsorption, membrane (including
dialysis, electrodialysis, hollow fiber ultrafiltration membrane, reverse osmosis membrane),
adsorption, and solvent extraction.
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6.1. Combination of Lactic Acid Fermentation and Electrodialysis

Compared with traditional electrodialysis, bipolar membrane electrodialysis can con-
vert salt in fermentation broth into corresponding acid and alkali, and the generated alkali
can be reused in the fermentation process to adjust the pH [66]. Min-tian et al. coupled
continuous fermentation with bipolar membrane electrodialysis and obtained 2637 g of LA
from 4000 g glucose with a yield of 0.69 g-g~! and a production rate of 8.18 g-(L-h) ! [67].
Hébova et al. used a two-stage electrodialysis with bipolar membranes to separate lactate
ions from fermentation broth and achieved 175 and 151 g-L~! lactate in the first and second
ED steps, respectively. In terms of the complex characteristics of LA fermentation broth
that can easily contaminate electrodialysis membranes [68], Wang et al. used a pretreat-
ment method of flocculation-ultrafiltration before electrodialysis. They added 0.3 g-L~! of
gelatin to the fermentation broth and then stirred the broth at 50 °C for 7 min and obtained
flocculation and suspended solid removal rates of 94.21% and 91.44%, respectively [69].

6.2. Combination of Lactic Acid Fermentation and Absorption

Activated carbon and ion exchange resins are commonly used as adsorbents in the
adsorption and fermentation processes, respectively. Song et al. used a hyper-cross-linked
meso-microporous resin HD-06 with phenolic hydroxyl functional groups to separate
LA and fermentation broth with an adsorption mechanism of hydrophobic effect and
size exclusion. Based on the results of model simulation, the novel HD-06 resin could
be a potential adsorbent in the following continuous separation process [70]. Wang et al.
integrated fermentation and separation with the use of a microfiltration membrane and
then used resin adsorption to separate LA from clarified broth. The fermentation broth
containing residual sugar and nutrients was then recycled back into the fermenter after
LA adsorption, extending the cell growth period from 41 h to 120 h. In this integrated
system, the LA concentration was 183.4 g-L~!, which is 26.1% higher than that of the
control group [71]. Aljundi et al. used a zeolitic membrane as the adsorbent to separate LA
from the fermentation broth in situ and the recovery rate reached 65% [72].

6.3. Combination of Lactic Acid Fermentation and Extraction

Extraction fermentation is a coupled fermentation technique that uses organic solvents
to continuously extract fermentation products during fermentation process to eliminate
product inhibition. Honda et al. used 40% alamine 336 diluted with oleyl alcohol and oleyl
alcohol as the extractant and back-extractant to conduct continuous extractive fermentation.
After 24 h, the cell concentration and LA yield were 1.25- and 1.4-fold higher than those of
the control group, respectively [73]. A novel method of LA recovery from the fermentation
broth via continuous ultrasonic solvent extraction was presented. The LA was successfully
recovered with an overall yield of 82-84% and purity of over 98%. To remove residual
amounts of ethyl acetate, the recovered LA was purified by freeze drying at —20 °C for
30 min [74].

The above-mentioned novel LA separation—-extraction technology gradually replaced
the traditional extraction process with its unique advantages. Although the efficiency
was high, the process was relatively complicated and needed to be combined with other
technologies to function better. Improving the extraction and purification technology has
been the focus of LA fermentation industry.

7. Perspectives

With the continuous expansion of LA applications, researchers have begun to de-
velop LA and its derivatives. The following aspects could be considered to improve the
bioconversion efficiency and added value and reduce costs of biomass waste.

7.1. Screen for Excellent Strains and Development of New Fermentation Processes

For traditional LA fermentation, Ca(OH); is often used as a neutralizer. However, large
amounts of byproduct gypsum are produced. To avoid or minimize the use of neutralizers,
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strains could be genetically engineered to make them resistant to the acidic environment
and produce LA at low pH. The development of abundant microbial resources in the natural
world, screening of excellent strains on the basis of metabolic and genetic engineering
techniques and using various fermentation to select high-quality and high-purity LA strains
were the key to future industrial fermentation [75].

Using some cellulase-producing and LA-producing bacteria to culture and directly
convert cellulose into LA is an interesting research topic. Enzyme-producing bacteria
instead of enzyme preparation could significantly reduce the pretreatment cost of fiber raw
materials. In particular, if the production of glucoamylase, enzymatic saccharification, and
LA fermentation were performed in the same reactor, it could further reduce the reactor
and cost of enzyme purchase. However, developing enzyme- and LA-producing bacteria
with symbiotic action and synergy is necessary. Aspergillus niger (an enzyme-producing
glucoamylase) and Rhizopus oryzae (a LA-producing bacteria) are both aerobic bacteria, and
they could be mixed and cultured to produce LA in the same reactor.

Using the advantage of low solubility of magnesium lactate in aqueous solution, MgO
is used as a fermentation neutralizer to achieve in situ separation of magnesium lactate
crystals and reduce product inhibition effects. Then, follows HCl acidification, isoamyl
alcohol extraction, concentration of raffinate solution to obtain MgCl, precipitation, and
then pyrolysis to obtain MgO, to achieve reuse of MgO. The LA-containing extract was
back-extracted with water, and then an aqueous solution containing LA was concentrated
to obtain LA product. The back-extracted isoamyl alcohol was reused [76]. The process did
not have any solid or liquid waste discharges and was simple to operate. Consequently, this
method is a new in situ fermentation-separation coupled continuous batch fermentation
process, with prospects for industrial applications.

7.2. Extension of High Value-Added Products

To obtain a more valuable product, the research trend of LA fermentation as an
intermediate product to other products has become remarkable. Zhu et al. reported caproic
acid fermentation by the Ruminococcaceae bacterium CPB6 with LA as substrate [77]. The
experiments were carried out in batches, with 20 g-L~! of LA maintained as substrate. A
total of 23.4 g-L~! of caproic acid was finally produced at pH of 6.0-6.5 and temperature
of 30 = 1 °C. At a pH of 5.5 and temperature of 30 °C, 16.6 g-L~! of caproic acid could be
produced from wastewater containing 45.1 g-L~! of lactate [78]. Hexanoic acid is widely
used in food, medicine, and chemical industry and is the main raw material for food
additives, perfumes, and anticancer drugs, such as retrazin. It can also be used as an
additive in surfactant productions. Therefore, studies on caproic acid converted by LA
should be increasingly focused on in the future.

Some LA bacteria can also produce a new type of natural antibacterial substance:
phenyl LA. Compared with bacteriocins produced by LA bacteria, phenyl LA is a small
molecule substance that has a broad spectrum of inhibition and high stability and has
become an effective symbol of bacteriostatic capacity of LA bacteria [79]. As a new biological
preservative, phenyl LA has a broad application prospect in the dairy industry.

7.3. Multiproduct Cogeneration based on Biorefinery Model

Biorefinery is considered to be an alternative to chemical refining. It uses biomass as
raw material; combines biomass conversion processes and equipment; and produces fuel,
electric energy, and chemical products. Future biorefinery would utilize a combination
of bioconversion and chemical cracking technologies, including improved lignocellulosic
grading and pretreatment methods, optimal reactor design for renewable feedstock conver-
sion, synthesis, biocatalyst, and catalytic process improvements. Tang et al. used furfural
residue, cassava residue, corn, and other mixed materials to biologically convert ethanol
to LA [80]. On one hand, the joint production can reduce the nutrient input during the
fermentation process and use the ethanol fermentation residue as a nitrogen source for LA
fermentation. On the other hand, LA as a product can speed up the recovery of ethanol



Sustainability 2022, 14, 14434 13 of 16

process investment. Therefore, the process efficiency and economy were improved through
the joint production strategy.

In recent years, studies on the production of LA and polyglucose with xylose slag, pro-
duction of L-LA and L-lysine by biological fermentation, coproduction of 1,3-propanediol
and LA by crude glycerol, and coproduction of oligomers by corn cob has been conducted.
Feasibility studies on xylose and LA has also been reported, realizing the biorefinery pro-
cess of high value-added products. In addition, coproducing LA and protein feed from
agricultural straw and LA and organic fertilizer from biomass waste fermentation has good
economic and environmental benefits as it can maximize waste reduction and resource
utilization.

8. Conclusions

This study not only introduced lactic acid fermentation of different biomass wastes
such as starches, celluloses, and food wastes but compared the production effects of differ-
ent substrates, microorganisms, and fermentation modes. Moreover, some new research
directions for lactic acid fermentation in the future are introduced, including co-digestion
of enzyme-producing bacterium (cellulase and glucoamylase) and lactobacillus-producing
bacterium; development of strains capable of utilizing xylose or multiple substrates; in
situ fermentation-separation coupling technology based on magnesium lactate crystals;
extension to higher value products (hexanoic acid), and multiproduct coproduction on the
basis of biorefinery (lactic acid and ethanol).
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