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Abstract

Rising concerns over fossil fuel depletion and plastic pollution have driven research into biodegradable alternatives, such as
polylactic acid (PLA). Microbial fermentation is preferred for lactic acid production due to its ability to yield enantiomeri-
cally pure lactic acid, which is essential for PLA synthesis, unlike the racemic mixture from chemical synthesis. However,
commercial lactic acid production using first-generation feedstocks faces challenges related to cost and sustainability. Mac-
roalgae offer a promising alternative with their rapid growth rates and carbon capture capabilities. This review explores recent
technological advancements in macroalgae physicochemical characterization, optimization of fermentation conditions, and
innovative pretreatment methods to enhance sugar conversion rates for L-LA production. It also covers downstream processes
for L-LA recovery, presenting a complete macroalgal biorefinery system. Environmental impacts and economic prospects
are assessed through exergy and techno-economic analyses. By valorizing macroalgae detritus, this study underscores its

potential to support a sustainable biorefinery industry, addressing economic feasibility and environmental impact.
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Introduction

The escalating global crisis of plastic waste accumulation
and the diminishing reserves of fossil fuels are propelling
the search for renewable and biodegradable materials to
replace conventional plastics. Among the leading alterna-
tives, polylactic acid (PLA) has emerged as a bio-based
polymer derived from renewable or recycled resources. Its
versatility and biodegradability position PLA as a promising
solution to reduce dependence on petrochemical plastics,
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particularly in packaging applications. The growing produc-
tion trend of PLA underscores its potential as a valuable
material in various applications, including food packaging
and medical devices.

Lactic acid (LA) is central to PLA production, tradition-
ally obtained through microbial fermentation using first-
generation feedstocks. However, this method has become
increasingly controversial due to the “food versus fuel”
debate, which may lead to rising food prices and increased
pressure on agricultural resources. Macroalgae, as a third-
generation feedstock, presents a sustainable alternative that
avoids the food-versus-energy conflict associated with first-
generation feedstocks. Unlike terrestrial crops, macroalgae
do not depend on arable land and exhibit rapid growth rates
and high carbohydrate content, positioning it as an ideal can-
didate for LA production.

Recent investigations have underscored various innova-
tive strategies to improve the effectiveness of converting
macroalgae into LA. Scientists have examined particular
bacterial strains that are proficient in transforming macroal-
gal sugars into L-LA, concentrating on refining fermentation
conditions to enhance yield while minimizing by-products.
The diverse characteristics of macroalgae require custom-
ized pretreatment and hydrolysis techniques to optimize
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sugar extraction, which presents both hurdles and prospects
for advancement. For example, the conversion of Eucheuma
denticulatum residues into glucose through microwave-
assisted autohydrolysis followed by enzymatic hydroly-
sis has shown promise in terms of energy efficiency [1].
However, challenges such as high energy consumption and
enzyme costs remain. Similarly, using Saccharina latissima
for acid concentration via forward osmosis has achieved high
concentration factors, yet downstream purification remains
an issue [2]. Working with multiple algae species has also
highlighted downstream purification and reproducibility
difficulties, primarily due to varying polysaccharide com-
positions [3]. These studies underscore the need for more
cost-effective and energy-efficient pretreatment methods and
standardized downstream processing approaches.
Conventional techniques, such as precipitation and distil-
lation, tend to be demanding in terms of energy and result in
considerable waste. It is vital to create alternative separation
methods to reduce operational costs and lessen environmen-
tal effects, thereby improving the sustainability of LA pro-
duction. This includes pretreatment strategies and uniform
downstream processing methods. Conventional techniques,
such as precipitation and distillation, are energy intensive
and result in considerable waste. It is vital to create alter-
native separation methods to reduce operational costs and
lessen environmental effects, thereby improving the sustain-
ability of LA production. This includes pretreatment strate-
gies and uniform downstream processing methods.
Exploring a macroalgae-based biorefinery for L-LA
production represents a promising path for sustainable
biopolymer manufacturing. Despite significant progress, the
potential for L-L A production from macroalgae remains rel-
atively untapped, offering opportunities for groundbreaking
advancements in biopolymer manufacturing. Future research
should optimize pretreatment and hydrolysis methods,
develop cost-effective and energy-efficient processes, and
fully standardize downstream processing to utilize macroal-
gae as a sustainable feedstock. This review aims to explore
the potential of macroalgae detritus as a viable feedstock
for L-LA production. It delves into the characteristics and
advantages of using macroalgae in biorefineries, discusses
current research, identifies challenges, and suggests future
research directions. The structure of the review includes an
overview of L-LA and its industrial importance, an introduc-
tion to biorefineries and the transition to third-generation
feedstocks, and a detailed examination of the potential and
challenges of using macroalgae for L-LA production.

Technologies in Lactic Acid Production
Lactic acid (2-hydroxy propionic acid), commonly known

as LA, is an organic compound belonging to the family of
carboxylic acids and can normally be found in nature. The
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physicochemical properties of LA significantly influence
its chemical properties. In aqueous solutions, LA exhib-
its acidic properties and possesses an asymmetric carbon,
which results in optical activity. The presence of both car-
boxyl and hydroxyl groups endows LA with bifunctional
reactivity, enhancing its versatility in various chemical reac-
tions. L (+) lactic acid (L-LA) is one of the stereoisomers
of LA. L-LA can be produced through fermentation using
lactic acid bacteria (LAB). It is a colorless liquid, odorless,
and mild acid taste. LA is a vital chemical building block
in PLA production with widespread applications, mainly in
the food, chemical, cosmetic, and pharmaceutical industries.
The demand for LA has skyrocketed in recent years. The
global demand for LA in 2016 was around 1220 kilotons,
and it is predicted to grow by 16.2% between 2017 and 2025,
reaching a total of 9.8 billion USD by 2025 [4]. There are
two ways to produce LA: chemical synthesis and microbial
fermentation, as shown in Fig. 1. Chemical synthesis has a
racemic mixture (DL-lactic acid), and it is hard to control
the physical properties of PLA through a racemic mixture
of LA [5]. On the other hand, LA production from microbial
fermentation produces optically pure L-LA or D(-) lactic
acid (D-LA) with the appropriate microorganism [6].

Chemical Synthesis of Lactic Acid

LA production involves various chemical processes, includ-
ing hydrolysis of LA derivatives like esters or nitriles,
hydrolysis of alternative substituted propionic acids, decar-
boxylation of specific 2-methylmalonic acid derivatives, and
approaches like reduction, oxidation, rearrangement, and
disproportion [5]. Among these, the synthesis of LA from its
derivatives is the only commercially viable method. Multi-
ple studies have investigated its chemical synthesis utilizing
varying carbon sources. One of these methodologies encom-
passes the chemical synthesis from petrochemical sources,
where ethene is oxidized with palladium (II) chloride to
generate acetaldehyde. Through high-pressure liquid phase
conditions, assisted with hydrogen cyanide and a base, this
acetaldehyde is transformed into lactonitrile. Subsequently,
lactonitrile undergoes recovery and purification processes,
followed by hydrolysis using sulfuric acid to produce a race-
mic mix of L- and D-LA [7].

The transformation of glycerol into LA is feasible through
hydrothermal treatment, hydrogenolysis, or selective oxi-
dation [8]. Among these, catalytic selective oxidation is a
promising strategy because it operates under mild reaction
conditions, which aligns with green chemistry principles.
An innovative integrated process has been introduced to pro-
duce LA and formic acid (FA) simultaneously from glyc-
erol and CO, [9]. This method addresses the challenges of
low productivity and waste production associated with cur-
rent bio-based LA production technologies. The proposed
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Fig. 1 Synthetic pathway of lactic acid production [6] (Copyright License No: 5841930978822)

two-pot/two-step transfer hydrogenation process achieves
high yields, catalyst reusability, and efficient product sepa-
ration. Moreover, the developed esterification method for
lactate and formate salts using CO, significantly reduces sul-
furic acid consumption and potassium sulfate waste. Despite
the advances in chemical synthesis, microbial fermentation
remains a preferred method for LA production due to its
lower environmental impact and potential for higher optical
purity.

Microbial Fermentation of Lactic Acid

Biotechnology is currently the primary method of producing
LA, with approximately 90% of commercial LA produced
from the microbial fermentation of bio-based carbohydrates.
A triumphant fermentative LA production depends on the
temperature, pH, nutrients, substrate concentration, and end-
product concentration [10]. Both pH and temperature are
closely linked to cellular metabolism, affecting microorgan-
ism growth, substrate utilization, and LA production. The
control of pH is particularly vital, with most studies indicat-
ing an optimal range of 5-6. pH levels outside this range can
affect enzyme activity, nutrient transport, and, ultimately,
LA production [11]. An optimized pH of around 5.0 was
ideal for saccharification but not for high LA production
[12]. Stepwise pH control strategies were adopted, with a
lower pH in the early stages to mitigate the inhibition from
calcium lactate and a higher pH in the stable fermentation

phase to reduce low pH inhibition. Different pH control
methods significantly impacted LA concentration and yield,
demonstrating that the pH environment greatly influences
the efficiency of LA production.

Temperature is another crucial element influencing bac-
terial growth and substrate utilization. The performance of
LA production was evaluated at a commercial anaerobic
digestion facility using mixed food waste feedstocks [13].
Operating conditions included temperatures ranging from
24 to 35 °C and a low pH of around 3.45. These conditions
favored LA as the dominant acid, notably without process
optimization. It was observed that a higher temperature
and low pH positively influenced the LAB growth and LA
production. The results also suggest that grain processing
waste and milk paste positively influenced LA concentra-
tion, indicating that feedstock composition is crucial in LA
fermentation efficiency.

The carbon to nitrogen (C/N) ratio significantly affects
LA production. Aligning this ratio with nitrogen sources
such as yeast extract, peptone, or meat extract can improve
LA production. However, due to the high cost associated
with some of these sources, alternative nitrogen sources
such as corn steep liquor and corn gluten—wheat bran mix-
ture (CWM) are being investigated [14, 15]. The size of the
inoculum is another factor affecting LA production, with
optimal sizes varying depending on the microorganism used.

Microbial fermentation has the advantages of low sub-
tract costs, reaction temperature, and energy consumption
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compared to chemical synthesis. Based on these advantages,
most industrial LA production uses microbial fermentation.
Using bio-sourced raw materials can increase the market
for LA-based polymers [16]. Nutrients, including minerals,
vitamins, and nitrogen in inorganic forms, are crucial for
the growth and maintenance of LAB. LAB are gram posi-
tive, catalase negative, non-sporing, and lack cytochromes.
They produce LA predominantly through sugar fermenta-
tion. LAB encompasses 20 genera, including Lactobacillus,
Lactococcus, Vagococcus, Oenococcus, Aerococcus, Strep-
tococcus, Tetragenococcus, Enterococcus, Pediococcus,
Carnobacterium, Weisella, and Leuconostoc [17]. Among
these, Lactobacillus is the most abundant, comprising 80
species with varying morphologies from short coccobacilli
to long slender rods. The most commonly used species for
industrial LA production include Lactobacillus acidophilus,
Lactobacillus rhamnosus, and Lactobacillus plantarum [3,
18-20]. These strains are commercially available and have
been extensively studied for their high LA yield. However,
high substrate concentrations and the accumulation of LA as
an end-product can inhibit the fermentation process, leading
to decreased cell growth, prolonged fermentation periods,
and reduced LA productivity.

In summary, the successful production of LA through
microbial fermentation hinges on the meticulous control of
various process parameters. The optimization of factors such
as pH, temperature, C/N ratio, and inoculum size, coupled
with cost-effective and environmentally friendly approaches
like open fermentation, are crucial to enhancing LA yield
and productivity. Exploring innovative solutions to increase
bacterial fermentation efficiency and using cheaper, bio-
sourced raw materials are crucial for advancing the field of
LA fermentation.

Lactic Acid Biorefineries Feedstock and Its
Generations

Biorefineries are state-of-the-art facilities that convert
renewable biomass into various high-value products such
as fuels, chemicals, energy, and materials through inte-
grated and sustainable processes. Biorefineries mimic the
operations of an oil refinery, using raw materials such as
agricultural waste, forest by-products, algae, and specialty
energy crops. The main processes include thermochemical
transformation processes such as pyrolysis and gasification
and biochemical processes like enzymatic hydrolysis and
fermentation and mechanical or chemical extraction tech-
niques. These processes maximize the value extracted from
biomass, ensuring the efficient utilization of all components.
By converting by-products and residues into additional valu-
able outputs or energy, biorefineries exemplify resource effi-
ciency and contribute to a circular economy. Despite facing
challenges, such as high capital investment and feedstock
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variability, biorefineries hold significant promise for reduc-
ing dependency on fossil fuels, lowering greenhouse gas
emissions, and stimulating rural economies. Ongoing
research and innovation are focused on enhancing process
efficiencies and developing novel biocatalysts to realize the
full potential of biorefineries in advancing a sustainable bio-
based economy.

Biorefineries can be classified as first generation, second
generation, or third generation, depending on the sources of
the substrate. Biomass is a composite biogenic organic sub-
stance that is renewable, non-fossilized, and created through
natural or manmade processes. The most critical factor in the
fermentation process to produce biofuels and biopolymers is
selecting biomass feedstock, which contributes the most sig-
nificant proportion of the production costs. Figure 2 depicts
biofuels and valuable chemicals synthesis routes from dif-
ferent generation feedstocks. The first-generation biomass
comprises comestible agricultural crops such as maize, sor-
ghum, sugarcane, and food grains. As shown in Fig. 2, first-
generation feedstock as L-L A substrate is the simplest and
fastest among all the renewable resources. However, the use
of first-generation feedstock as L-LA feedstock suffers from
the food versus energy dispute since food prices have risen
concurrently with the expansion of the L-LA industry. The
drawbacks in first-generation feedstock have subsequently
led to the development of second-generation feedstock.

In contrast to readily accessible carbon sources, second-
generation feedstocks comprise lignocellulosic biomass
such as forest and agricultural waste. Lignocellulose is an
abundant carbon—neutral bioenergy source. The common
raw material for LA production is lignocellulose biomass,
e.g., corncobs, bagasse, and wood-processing waste [21].
Lignocellulose biomass comprises equivalent levels of
cellulose (40-50%), hemicellulose (20-35%), and lignin
(10-25%) [22]. The chemical constituents of various types
of biomasses can differ significantly. L-LA production from
lignocellulosic biomass requires additional processing steps
such as removing lignin, size reduction, pretreatment, and
hydrolysis for monomeric sugar production [23]. Due to its
high lignin concentration, lignocellulosic biomass is diffi-
cult to hydrolyze into fermentable sugars. Owing to the fact
that lignocellulosic biomass is made of cellulose, hemicel-
lulose, and lignin, pretreatment is required to eliminate the
crosslinked hemicellulose-lignin barrier surrounding cellu-
lose. Therefore, the production of L-LA from lignocellulosic
biomass is currently not cost-viable due to many technologi-
cal hurdles that must be solved before their full potential can
be realized.

Third-generation biomass refers to macroalgae. Mac-
roalgae is a sustainable and renewable resource because
of its advantages over conventional biomass sources.
Macroalgae cultivation does not require fresh water and
arable land and thus does not compete with food crops.
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Moreover, it does not contain lignin, which is essential for
biomass processing. Macroalgae regards third-generation
biomass marine as a promising renewable feedstock for
biofuel production [24]. This marine biomass consists
of protein, lipids, and carbohydrates. Due to their nutri-
tional qualities, macroalgae proteins are a supplementary
supply of dietary proteins for humans and animals [25].
Macroalgae lipids mainly comprise triglycerides, phos-
pholipids, free fatty acids, and glycolipids, which can pro-
duce high-octane biodiesel and other liquid fuels through
extraction and transesterification [26]. These macroalgae
carbohydrates, such as furans, ethanol, and acetone, are
another potential contributor to value-added biofuels and
biomaterials generation [27]. Lignin is a critical constraint
in producing terrestrial-based LA from lignocellulosic
biomass, resisting degradation. Compared to the complex
nature of lignocellulosic biomass, the absence of the lignin
fraction in macroalgae makes it an eco-friendlier feed-
stock for L-LA production, avoiding extra processes such

Biofuels and
valuable
chemicals

as delignification and detoxification of lignin-originated
inhibiting compounds.

Macroalgae-Based Biorefinery Concept

Biorefinery is a term that refers to the process of converting
biomass into high-value chemicals and biofuels. Macroal-
gae-based biorefinery has enormous potential for developing
new bio-products and bio-energy generation, owing to mac-
roalgae’s unique chemical structures and composition. Intro-
ducing macroalgae biorefinery concepts would minimize
reliance on petroleum while having a favorable environmen-
tal impact. Macroalgae can be categorized into red, brown,
and green based on their color, morphology, and chemical
composition. The carbohydrate (25-60%), protein (5-47%),
and fat (5%) content varies across macroalgae taxonomically.
The biorefinery platform derived from macroalgae feedstock
is depicted in Fig. 3.

@ Springer



BioEnergy Research

Bioethanol

Food supplement
Anticoagulant

Agar )
Carra\g eenan Alginate
g Red algae Macroalgae Fucoidan
Galactan
Cellulose
Cellulose L
Laminarin

Gree
Cell
Sta

n algae

algse )
il

rch

ulose

Mannitol

Bioethanol

Food supplement
Thickening agents

Bioethanol

Biocomposite
Biofertilizer

Fig.3 Macroalgae biorefinery concept to produce high-valued chemicals [28] (Copyright License No: 5841930519225)

Furthermore, macroalgae have a high growth rate and
short harvesting time. From Fig. 4, the brown and red mac-
roalgae were cultivated in much larger quantities than the
green macroalgae. The trend of cultivated macroalgae has
increased in recent decades. The world production of marine
macroalgae, or seaweed, has doubled from 18.6 million tons
in 2009 to 35.1 million tons in 2020 [29]. The worldwide
macroalgae cultivation market is expected to reach USD
16.7 billion in 2020. It has forecasted a USD 30.2 billion
market capitalization by 2025 [28]. This substantial growth
in macroalgae production is primarily driven by the ris-
ing demand for its applications in agriculture and biofuel

production. Seaweed farming is practiced in relatively minor
numbers of countries, dominated by East and Southeast Asia
countries.

The typical and major green macroalgae (Chlorophyta)
genera are Ulva, Codium, and Halimeda species. Carote-
noids and chlorophylls a and b are the primary photosyn-
thetic pigments found in green macroalgae. The main con-
stituents of green macroalgae are carbohydrates (53-70%
dry weight), which comprise cellulose and hemicellulose
but are dominated by the complex sulfated heteropolysac-
charide ulvan found in the cell walls of Chlorophyta. Ulvan
is a water-soluble sulfated polysaccharide composed of
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ulvanobiouronic acid 3-sulfate that is made up of repeat-
ing units of sulfated rhamnose and glucuronic acid, iduronic
acid, or acid xylose [30].

Brown macroalgae (Phaeophyta) are rich in carbohy-
drates such as mannitol, alginate, cellulose, laminarin,
fucoidan, carotenoids, proteins, lipids, and omega-3 fatty
acids, as well as secondary metabolites such as polyphe-
nols. Mannitol is an essential component of brown mac-
roalgae, and it is a six-carbon sugar alcohol. Mannitol has
a lower calorific value than most other sugars, making it a
good sweetener for diabetic diets [31]. Fucoidans are poly-
saccharides with predominantly fucose and sulfated groups.
Numerous pharmaceutical researchers have intensively
investigated fucoidans isolated from different brown mac-
roalgae due to their biological properties such as antiviral,
antioxidant, anticancer, and anti-inflammatory [32].

Red (Rhodophyta) or red algae may be grown in temper-
ate, subtropical, and tropical climates. Eucheuma denticula-
tum, Kappaphycus alvarezii, Chondrus crispus, and Sarco-
thalia crispata are the most industrially significant red algae
species due to their main polysaccharides are carrageenan
and agar [33]. The red macroalgae Eucheuma cottonii (EC),
also known as Kappaphycus alvarezii, can be found in abun-
dance on the inner sides of coral reefs around marine of
Southeast Asia like the Philippines, Indonesia, and Malaysia.
The main EC cultivators of this species are located on the
east coast region of Sabah in the Southeast Asia Region
[34]. The extracted EC contains almost pure k-carrageenan
and less than 10% of 1-carrageenan [35]. x-Carrageenan is
used as a gelling, stabilizing, and water-binding agent in the
food industry. After extracting k-carrageenan, the remaining
residue is Eucheuma cottonii residues (ECRs). Several kinds
of research have used this biomass waste as an alternative
feedstock for biofuel and biochemical production [23, 34,
36-38]. However, there is still a lack of research on using
macroalgae as a feedstock for L-LA production. ECRs can
be further saccharified into glucose and fermented to pro-
duce L-LA with LAB. Therefore, a suitable pretreatment
tailored toward macroalgae biomass is required, especially
in biorefinery processes where L-LA generation takes center
stage.

Pretreatment and Hydrolysis of Macroalgae
Biomass

The biomass pretreatment method must avoid the genera-
tion of inhibitory products, reduce the crystallinity of cel-
lulose, and increase the porosity of the cellulosic materials,
in which cell wall-bound carbohydrates become acces-
sible for hydrolysis, preventing early degradation or loss
of sugars, and be profitable [39]. These pretreatment pro-
cesses generally influenced the cost of energy conversion.

Biomass pretreatment can be categorized into conventional
and hybrid pretreatment pathways. Traditional pretreatment
methods included physical pretreatment, chemical pretreat-
ment, and biological pretreatment.

Biological Pretreatment

Biological pretreatment is a proponent of ecological sustain-
ability development and maintenance [40]. These techniques
use microbes and enzymes or enzymatic systems derived
from entire microbes (mainly fungi and bacteria). Biological
pretreatment is a more intentional process that requires more
time and carefully managed environmental conditions for
microbial development. Biological pretreatment of macroal-
gae isolated from the Mexican Caribbean obtained a higher
20% methane yield using a Bm-2 strain (Trametes hirsuta)
[41]. However, most enzymes are relatively unstable, costly,
and challenging to recover after the industrial process.

Physical Pretreatment

The fundamental goal of physical pretreatment is to increase
the biomass interact surface area and degree of polymeriza-
tion by decreasing biomass particle size, cellulose crystallin-
ity, and polymerization. Chemical-free physical treatments
include various forms such as thermal, freezing and thawing,
milling, grinding, chipping, gamma- or microwave irradia-
tion, and ultrasonic therapy. Physical pretreatment reduced
algae particle size and then boosted the effectiveness of the
subsequent reaction. Physical techniques have a signifi-
cant, energy-consuming drawback, mainly when applied to
scale-up.

Chopping or milling biomass is frequently used to
enhance the surface area-to-volume ratio and diminish the
particle size and crystallinity of the biomass. Hence, bio-
mass size reduction using milling improves the hydrolysis
of complex polysaccharides to sugars for fermentation. The
effect of combining two milling modes (vibro-ball and cen-
trifugal milling) toward the enzymatic saccharification of
Ulva lactuca (green macroalgae) and Gelidium sesquipedale
(red macroalgae) was studied [42]. The results showed that
the total sugars released from both species increased by up
to 126 and 129% after vibro-ball milling and centrifugal
milling pretreatment, respectively.

Microwaves (MW) are low-frequency non-ionizing elec-
tromagnetic radiation that generates heat by utilizing the
dipole rotation of materials [43]. MW heating can start and
stop the process instantly compared to traditional heating.
MW is highly energy efficient due to rapid and selective
heating, resulting in a fast reaction rate at a low reaction
time. Thus, the hydrogen bonds of biomass are interrupted,
and dissolved ions are moved to promote their diffusion into
the matrix using this technique.
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Ultrasonic waves create differential pressure in a solu-
tion to boost physical (mechanoacoustic) and chemical
(sonochemical) processes [44]. Ultrasonic pretreatment
performance is highly dependent on the kind of biomass,
the ultrasonic frequency, intensity, and time. Physical fac-
tors such as turbulence, micro jets, micro-level mixing, and
shock waves are responsible for the effectiveness of ultra-
sonic pretreatments, which make the biomass more suited
for future process stages. Typically, the ultrasonic frequency
and time are directly proportional to pretreatment efficiency,
where increasing the ultrasonic frequency and time increases
the pretreatment efficiency. However, pretreatment efficiency
has been observed to plateau at 100 kHz [44]. Ultrasound
pretreatment is frequently used in conjunction with chemi-
cal treatments.

Chemical Pretreatment

The alkaline pretreatment mechanism is based on dissolution
and saponification, which results in the breakdown of the
crystallinity of the cell membrane [45]. The common alkali
used in alkali pretreatment are Ca(OH),, NaOH, KOH, CaO,
and NH,OH. The three primary parameters affecting alkali
pretreatment are alkali concentration, pretreatment tempera-
ture, and residence duration.

Ozonolysis employs ozone to predominantly degrade
lignin, with minimal impact on hemicellulose and negligi-
ble effect on cellulose. A study showed that applying ozone
for 90 min at pH 3.0 led to significant delignification of
sugarcane bagasse, resulting in production rates of 59% cel-
lulose, 22% hemicellulose, and 6% lignin, with lignin being
reduced by up to 217% [46]. Ozonolysis has multiple ben-
efits, including efficient lignin removal, the absence of harm-
ful byproducts, and the capability to implement the reaction
under ambient pressure and temperature [7]. Comparisons
between ozonolysis and acid pretreatment reveal that while
acid pretreatment initially yields more sugar, it also produces
inhibitory compounds such as 5-hydroxymethyl furfural
(5-HMF) and levulinic acid, which hinder fermentation effi-
ciency [47]. In contrast, ozonolysis avoids generating these
inhibitors, leading to higher ethanol production efficiency
despite lower sugar yields. The absence of inhibitors and
operation at ambient temperatures make ozonolysis a poten-
tially more viable and cost-effective alternative for bioetha-
nol production from marine algae [48]. Nonetheless, the
process incurs high costs due to the considerable volume
of ozone required.

Acid pretreatment (sulfuric acid) has been successfully
developed for the pretreatment of macroalgae biomass.
Although sulfuric acid is a powerful agent for cellulose pre-
treatment, it is toxic, corrosive, and hazardous. Concentrated
acid pretreatment with high temperature will also lead to
the formation of inhibiting by-productions such as furfural,
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5-hydroxymethylfurfural (5-HMF), levulinic acid, and caf-
feic acid, which can affect the growth of the microorganisms
during fermentation [49]. This emphasizes the significance
of decreasing the temperature during dilute sulfuric acid
pretreatment. For instance, a study achieved a 55.2% glu-
cose yield in Enteromorpha intestinalis by lowering the acid
concentration to 0.27MH,SO, [50]. Similarly, Kappaphycus
alvarezii was pretreated with dilute acid followed by enzy-
matic hydrolysis, resulting in a glucose yield of nearly 66.7%
using 0.18 M H,SO, [51].

In addition, combining mild dilute acid treatment with
other treatments may be a beneficial strategy for increas-
ing cellulose degradability and enzymolysis efficiency. The
microwave-chemical pretreatment is a hybrid pretreatment
in which the treatments are delivered in a particular order
to reduce the external cost. Reducing sugar production effi-
ciency from macroalgae with different pretreatment and
hydrolysis methods is described in Table 1. A study reported
that the maximum total reducing sugar was 74.84% from
Eucheuma denticulatum (ED) using dilute acid hydrolysis
with microwave-assisted heating [52]. The optimum galac-
tose yield of 50.7% was achieved under microwave-assisted
dilute acid hydrolysis with 0.1 M H,SO, at 120 °C for 25
min [53].

Catalytic Conversion of Pretreated Cellulosic
Biomass

Hydrolysis of processed cellulosic biomass is a critical step
in the valorization of renewable resources for the sustain-
able production of biofuels and biochemicals. This process
is fundamental to the biorefinery concept, entailing the
degradation of the intricate cellulosic structures into fer-
mentable sugars, unlocking the potential for a wide range
of value-added applications. The intrinsic recalcitrance of
cellulose, characterized by its robust and intricate cellulose
matrix, poses a significant challenge to effective hydrolysis.
However, recent advancements in pretreatment technologies
have substantially enhanced the accessibility of these poly-
saccharides, thereby improving hydrolysis efficiency.
Innovative techniques incorporating chemical and enzy-
matic methods have been developed, with each approach
contributing distinctively to the breakdown of cellulosic
fibers. These strategies effectively raise the quantity of fer-
mentable sugars and reduce the production of inhibitory
by-products, thereby advancing the efficacy of downstream
processes. Moreover, exploring novel catalysts and engi-
neered enzymes offers an auspicious avenue for optimizing
hydrolysis conditions, further augmenting the conversion
rates. As the quest for sustainable alternatives to fossil fuels
intensifies, the hydrolysis of pretreated cellulosic biomass
stands at the forefront of research, promising a future where
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Table 1 Reducing sugar production efficiency with different pretreatment and hydrolysis methods

Biomass sp. Pretreatment Pretreatment condi- Hydrolysis Product conversion Product References
method tion
Eucheuma denticu-  Hybrid Microwave-assisted Enzymatic 96.5% Glucose [1]
latum autohydrolysis at
120°C for 50 min
- Microwave-assisted  74.8% Glucose [52]
dilute acid
hydrolysis
- Microwave-assisted  50.7% Galactose [53]
dilute acid
hydrolysis
Microwave-assisted  47.8% [53]
hydrothermal
hydrolysis
Eucheuma cottonii Hybrid Ultrasonicate- Acid 97.75% Glucose [18]
assisted molten
salt hydrates at
80°C for 120 min
Enteromorpha intes- Chemical 0.27 M H,SO, at Enzymatic 55.2% Glucose [50]
tinalis 121°C for 60 min
Kappaphycus 0.18 M H,SO, at Enzymatic 66.7% Glucose [51]
alvarezii 140°C for 5 min
0.1 M H,SO, at Enzymatic 53.4% Glucose and galac-  [54]
121°C for 90 min tose
Gracilaria ver- - Acid 51.9% Glucose and galac-  [55]
rucosa tose
Gracilaria - Acid 42.3% Glucose and galac-  [56]
manilaensis tose
Gelidium elegans - Acid 39.4% Glucose and galac-  [57]

tose

renewable biomass can effectively supplant non-renewable
resources in energy and material production.

Enzymatic Hydrolysis

The enzymatic hydrolysis of cellulose and hemicellulose
into sugars is a promising and efficient process catalyzed
by cellulase enzymes. This approach is preferred owing to
its mild reaction conditions and minimal processing equip-
ment demands. Cellulase typically comprises three enzyme
types that work together to transform cellulose into glucose
methodically. Initially, the pB-1,4-glycosidic bonds found
in glucan chains are cleaved by endoglucanase [58]. This
results in the production of shorter chains that have reduc-
ing and non-reducing ends. Subsequently, exoglucanase acts
on these chains, releasing cellobiose from both chain ends.
Finally, p-glucosidase splits the cellobiose into individual
glucose molecules. Although enzymatic hydrolysis of cellu-
lose can yield between 75 and 95% monosaccharides at 50°C
over several days, the costs and challenges of recycling these
enzymes pose significant obstacles to their commercial-scale
application [59].

Dilute Acid Hydrolysis

The incorporation of dilute acid catalysts markedly enhances
the hydrolysis rate of polysaccharides. The complex and
macromolecular crystalline structure of cellulose is a pivotal
contributor to the chemical resilience of biomass. Conse-
quently, selecting appropriate cellulose types as raw mate-
rials and the judicious use of diluted acid plays a vital role
in the degree of cellulose breakdown. The method of dilute
acid hydrolysis is frequently employed to extract fermentable
sugars from carrageenan-rich biomass owing to its straight-
forward approach, cost-efficiency, and scalability [52, 57].
Nonetheless, applying acid and heat during algae biomass
hydrolysis can lead to monosaccharides and sugar degra-
dation by-products. Notably, dehydrated forms of glucose
and galactose derived from the cellulose and carrageenan
of macroalgae are more susceptible to degradation than the
hydrated D-glucose and D-galactose. This leads to the for-
mation of a fermentation inhibitor named 5-hydroxymethyl-
furfural (5-HMF) [60]. It is essential to recognize that using
diluted acid for the random cleavage of polysaccharides
often leads to suboptimal fermentation processes.
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Consequently, integrating acidolysis with complemen-
tary physical or biological methods has been employed to
release a tremendous amount of fermentable sugars, thereby
enhancing microbial fermentation conversion. Adjusting the
sulfuric acid concentration for optimal hydrolysis is critical
in this context. Previous research studied on the hydroly-
sis of Spirogyra peipingensis (a type of green algae) using
boiling water (100°C) showed that increasing the acid con-
centration from 4 to 10% substantially boosted the yield of
reducing sugar from 0.4 to 0.55 g/g [61]. Hence, opting for
milder acid hydrolysis conditions is recommended for the
saccharification of algae biomass, setting the stage for effi-
cient fermentation [53].

Microorganisms and Fermentation
Strategies for Lactic Acid Production

LA fermentation involves various microbes such as bacilli,
fungi, LAB, and metabolically engineered strains. LAB
are micro-aerophilic or anaerobic, thriving in temperatures
between 5 and 45°C with an optimal pH range of 5.5-6.5.
They require nutrients like vitamins, minerals, fatty acids,
carbohydrates, amino acids, peptides, and nucleotide bases.
The presence of the L-lactate dehydrogenase (IdhL) gene
in specific microbes encodes the L-LDHL enzyme, which
is responsible for the exclusive conversion of pyruvate to
L-LA. LAB, a group of low guanine-cytosine content gram-
positive bacteria within the Lactobacillaceae family, are
commonly employed for L-LA production [62]. Renowned
for their ability to generate L-LA through carbohydrate
metabolism, LAB is particularly efficient when processing
macroalgal hydrolysate, which contains mixed rare sugars
requiring complete metabolization for optimal L-LA yield.

A critical factor in LAB’s metabolic proficiency is the
carbon catabolite repression (CCR) regulatory mecha-
nism [63]. CCR adeptly manages the uptake and metabo-
lism of carbohydrates, ensuring the efficient use of cellular
resources. It prioritizes the assimilation and metabolic path-
ways of preferred carbon sources over less favorable ones,
thus facilitating the metabolism of multiple carbohydrates
at varying rates [64]. CCR in LAB involves several critical
components for transporting and metabolizing rare sugars.
These include the sugar phosphotransferase system (PTS),
enzyme I (EI), phosphocarrier histidine protein (HPr), and
the catabolite control protein A (CcpA) [65]. The PTS is
integral to sugar uptake and phosphorylation, utilizing
energy from phosphoenolpyruvate (PEP) to phosphoryl-
ate sugars and aid in their transport and metabolism. This
process involves a phosphoryl transfer from PEP to various
proteins, ultimately facilitating the absorption and metab-
olism of sugars by LAB cells. CcpA, a critical transcrip-
tional regulator in CCR, influences gene expression related
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to non-preferred carbon sources when preferred sources are
available. By binding to catabolite-responsive elements in
gene promoter regions, CcpA modulates gene expression,
thereby optimizing carbohydrate metabolism [65]. Inter-
estingly, certain strains, such as Bacillus coagulans, can
metabolize sugars like xylose alongside glucose for L-LA
production [66].

Operational Modes and Fermentation Approaches

LA fermentation can be conducted using various opera-
tional modes, including batch, fed-batch, semi-continuous
(repeated batch), and continuous modes. Batch fermenta-
tion typically results in higher LA concentration, whereas
continuous fermentation achieves greater productivity
[67]. During batch fermentation, a substrate, inoculum, and
neutralizing agent are used to control pH levels [68]. This
method is advantageous for producing a concentrated prod-
uct with minimal contamination risk [69]. However, it faces
challenges such as reduced productivity due to end-product
inhibition and limited cell concentration from nutrient avail-
ability. Excess sugar concentration can cause substrate inhi-
bition, leading to prolonged lag phases and cell lysis, thereby
decreasing sugar utilization and fermentation rates [70].

In contrast, fed-batch fermentation is preferred for miti-
gating substrate inhibition by maintaining low substrate
concentrations throughout the process [71]. High substrate
levels can inhibit cell growth and LA productivity, caus-
ing product inhibition [72]. Optimizing substrate feeding,
controlling substrate levels, and selecting appropriate feed-
ing strategies such as constant, exponential, or intermit-
tent feeding techniques are essential to maximize product
concentration.

Separate hydrolysis and fermentation (SHF) is a
process that carries out biomass hydrolysis and microbial
fermentation sequentially. The hydrolysis of polysaccharides
from pretreated biomass was first investigated for optimal
conditions and followed by microbial fermentation. The
first stage of SHF involves the hydrolysis of the substrate.
This can be achieved through various pretreatment methods,
which aim to break down the rigid and crystalline structures
of lignocellulosic waste, such as wheat straw. A combination
of physical methods (like milling and steam treatment)
and chemical methods (such as NaOH treatment) can be
employed to enhance the efficiency of this process [73].
The hydrolysis stage releases fermentable sugars, which
are then utilized in the subsequent fermentation process.
The second stage, fermentation, typically involves the
use of microorganisms like Saccharomyces cerevisiae to
convert the hydrolyzed sugars into ethanol. The separation
of hydrolysis and fermentation stages in SHF allows for the
use of specialized organisms and conditions tailored for
each step. This can lead to higher ethanol yields and more
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efficient substrate processing. High LA productivity (0.85
g/g) was achieved through SHF using enzymatic hydrolysis
at 100 rpm, 52°C for 14 h, followed by fermentation using
Bacillus coagulans A534 [67]. However, the disadvantages
of SHF are that it is time consuming and requires higher
enzyme loads [74].

Simultaneous saccharification and fermentation (SSF) is a
one-stage process that simultaneously undergoes enzymatic
hydrolysis with fermentation to obtain value-added products
from biomass. SSF has several advantages over other
fermentative methods, including shortening production
time and reducing inhibitory compounds. The challenge of
SSF is finding equilibrium conditions between enzymatic
hydrolysis and microbial fermentation. The optimum pH
(pH 4.5-5.5) and temperature (50-55°C) for enzymatic
hydrolysis are usually incompatible with fermentation [75].

Bacteria selection for LA microbial fermentation is vital
to produce the desired product L-LA. There are four pri-
mary producers of lactic acid type—producing bacteria: LAB,
Bacillus strains, Escherichia coli, and Corynebacterium glu-
tamicum. LAB is a gram-positive, acid-tolerant group, either
rod-shaped (bacilli) or spherical (cocco), which is generally
found in plants, meats, and dairy products. There are two
types of fermentation for LA production using LAB: homo-
fermentative (only produced LA) and heterofermentative
(produced LA and other by-products). Lactobacilli strains
are commonly used in industrial LA production because
of their long history of industrial-scale production without
adverse health effects on consumers or production workers.
Bacillus spp., also known as the hay bacillus or grass bacil-
lus, is a gram-positive, catalase-positive bacterium found in
soil and the gastrointestinal tract of ruminants and humans.

The selection of appropriate bacteria for LA production
is crucial for optimizing yield and efficiency. Lactobacillus

Table 2 Different LA yields by using different fermentative substrates

and Bacillus sp. are commonly utilized due to their robust
fermentation capabilities and high LA yields under vari-
ous conditions. Lactobacillus rhamnosus has demonstrated
significant potential for LA production. For instance, uti-
lizing cassava bagasse as a substrate, this strain yielded
0.88 g/g under SSF at 50°C and a pH range of 5.0 to 6.4
[12]. Similarly, utilizing paddy rice hydrolysate yielded
0.89 g/g under batch SSF conditions at 50°C and pH 6.0,
demonstrating its adaptability to various substrates and
fermentation conditions [76]. Lactobacillus paracaseli,
though less commonly highlighted, also shows promise,
achieving a yield of 0.96 g/g from an unspecified substrate
under batch fermentation at 37°C and pH 6.0, indicating
its efficiency in LA production [77]. Bacillus coagulans,
renowned for their thermotolerant properties, stand out
in high-temperature fermentations. This strain produced a
yield of 0.87 g/g from sugarcane bagasse hemicellulosic
hydrolysate under batch SHF at 52°C and pH 6.0 [78]. It
also demonstrated high efficiency with Eucheuma denticu-
latum extract and residues, achieving yields of 0.87 and
0.97 g/g, respectively, under various fermentation condi-
tions [1, 53]. Macroalgae, particularly Eucheuma sp., are
rich in polysaccharides and have fast growth rates, making
them ideal for sustainable biorefinery processes. The use
of macroalgae not only supports high LA yields but also
contributes to environmental sustainability by utilizing
marine resources [1, 18, 53]. Selecting specific bacterial
strains and optimizing fermentation conditions, including
temperature, pH, and substrate type, are critical for maxi-
mizing LA yields and enhancing production efficiency.
Table 2 presents a detailed comparison of LA production
using different substrates and bacteria, highlighting the
superior performance of Bacillus coagulans and Lactoba-
cillus sp. under tailored fermentation processes.

Microorganism Fermentative substrates Pretreatment Fermentative operation condition Yield (g/g) References
or hydrolysis
Lactobacillus rhamnosus Cassava bagasse Y Batch, SSF at 50°C and pH from 5.0 to 0.88 [12]
6.4
Paddy rice hydrolysate Y Batch, SSF at 50°C and pH 6.0 0.89 [76]
Carob waste Y Batch, SHF at 37°C and pH from 5.0 to 0.77 [79]
6.4
Lactobacillus paracasei  — - Batch at 37°C and pH 6 0.96 [77]
Bacillus coagulans Sugarcane bagasse hemicellu- Y Batch, SHF at 52°C and pH 6 0.87 [78]
losic hydrolysate
Eucheuma denticulatum extract Y Batch, SHF at 37°C and pH 6 0.87 [53]
Eucheuma denticulatum residues Y Batch, SSF at 37°C and pH 6 0.97 [1]
Eucheuma cottonii residues Y Batch, SHF at 37°C and pH 6 0.89 [18]
Gardening residues Y Batch, SSF at 32°C and pH 7 0.95 [80]
Corncob residue Y Fed-batch, SSF at 50°C and pH 6 0.80 [81]

*Y is yes required pretreatment or hydrolysis; N is no, which refers to not requiring pretreatment or hydrolysis; — is not applicable
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Recovery and Purification of Lactic Acid

The extraction of LA, an essential organic compound in vari-
ous industrial sectors, has become increasingly important.
Its applications range from food preservation and pharma-
ceutical formulations to biodegradable polymer precursors.
The quality and utility of LA are significantly influenced
by impurities in the fermentation broth, such as proteins,
salts, and other organic acids. Consequently, understanding
the impact of these impurities is essential for maintaining
the optimal quality and effectiveness of LA. This necessity
has spurred demand for more efficient extraction methods.
Many techniques for LA recovery from the fermentation
broth, including distillation, precipitation, ion exchange,
membrane technology, and reactive solvent extraction, have
been explored [87]. The current state of LA production and
purification combines traditional and innovative approaches,
emphasizing the integration of sustainable raw materials,
advanced microbial production methods, and enhanced puri-
fication techniques. This integration is pivotal for industry
growth while adhering to environmental standards. Table 3
presents the advantages and disadvantages of various recent
LA recovery techniques.

The separation and purification of LA from fermentation
broths have traditionally relied on methods like distillation
and precipitation. These techniques have been established
over decades and form the backbone of industrial LA pro-
duction. However, they have their challenges and limitations.

Distillation is a widely used technique for separating
components based on differences in their volatilities. In the
context of LA separation, distillation is often employed to
separate it from aqueous solutions. Reactive distillation, a
process intensification technique for reversible liquid-phase

chemical reactions, is pivotal in the recovery of LA. It over-
comes the limitations of reaction equilibrium, enhancing the
conversion of reactants. This process is particularly effective
for the esterification of LA, represented by the reversible
reaction of LA with ethanol to form ethyl lactate and water.
Homogeneous catalysts like sulfuric acid, anhydrous hydro-
gen chloride, or ion-exchange resins are commonly used.
The latter offers advantages like low corrosion, ease of sepa-
ration, and reusability. Alcohols such as methanol, ethanol,
2-propanol, and butanol can be employed in esterification,
with ethanol being a renewable option, though butanol and
methanol are economically attractive.

The study concentrates on managing highly intercon-
nected reactive distillation processes for purifying raw lac-
tic acid through esterification followed by hydrolysis [88].
It compares methanol and butanol methods with different
recycling stream configurations and control structures. The
study reveals that processes with a single recycling stream
are easier to control. A temperature control structure with
a single composition controller proves adequate for the
butanol process, while the methanol process requires addi-
tional composition measurements. The research underscores
the significance of choosing appropriate control structures
to optimize the efficiency and effectiveness of the reactive
distillation process in LA purification.

Molecular distillation, or short-path distillation, sepa-
rates homogeneous liquid mixtures with low volatility, high
molecular mass, and high thermosensitivity. It differs from
conventional evaporation as it eliminates vapor—liquid equi-
librium by placing the hot evaporation surface and the cold
condensation surface within the mean free path of evapo-
rated molecules. This setup ensures unobstructed travel of
molecules to the condenser. Without a solvent, molecular

Table 3 Advanced comparative

. . Separation method
review of lactic acid recovery

Advantages

Disadvantages Reference

processes Distillation

Precipitation

Simple and easy operation

Ion exchange

Membrane separation

High level of purity

Mature technology

Highly selective to LA
Lower running costs

Low energy consumption

High equipment cost and running cost ~ [82]

LA cannot be directly extracted from
fermentation broth

High chemical consumption [83]

Produce large amounts of gypsum

Easy to scale up
Highly selective to LA

Solvent extraction Simple

Continuous operation

Low purity of LA

Massive acid usage and base [83, 84]
Produce large volumes of waste liquor
Membrane fouling [85]
Back extraction needed [86]

Easy to scale up

Mild reaction conditions

@ Springer



BioEnergy Research

distillation prevents product contamination, obviating the
need for further purification.

In summary, reactive and molecular distillation are criti-
cal in the recovery and purification of LA, each offering
specific advantages. Reactive distillation facilitates efficient
esterification and hydrolysis of LA, while molecular distilla-
tion provides a solvent-free, thermally gentle method suita-
ble for high molecular mass and thermosensitive substances.
Through their distinct mechanisms, both processes contrib-
ute significantly to the sustainable and efficient production
of high-purity LA. While distillation is advantageous due to
its simplicity and effectiveness for certain mixtures, it can be
energy intensive and less effective for azeotropic or close-
boiling mixtures. The high energy requirement for vaporiza-
tion, especially when dealing with large volumes, can be a
significant cost and environmental impact drawback.

The calcium precipitation process, involving calcium
lactate production and subsequent LA recovery, is known
for its cost-effectiveness and simplicity, which is especially
beneficial for processing impure or low-concentration LA
solutions. However, significant downsides include the gen-
eration of substantial gypsum amounts, posing disposal and
environmental challenges. The classical calcium lactate
process, typically carried out in non-corrosive reactors to
prevent fermentation fluid contamination, involves batch fer-
mentation with a mixture of fermentable sugars and complex
nitrogen sources, maintaining a pH between 5.5 and 6.0.
Active fermentation completes in 2—6 days, after which cal-
cium lactate is filtered, decomposed with sulfuric acid, and
further processed through steps like reactive distillation and
esterification to produce high-purity LA.

Despite its maturity and widespread use, the calcium
lactate crystallization—acidolysis process has limitations,
including long filtration steps, labor intensity, and the pro-
duction of environmentally harmful by-products like gyp-
sum, with roughly 1 ton of gypsum generated per ton of
LA produced. This has led to the exploration of alternative
methods, such as the magnesium lactate production pro-
cess [89]. This process uses MgO as a neutralizer to react
with LA, forming easily crystallizable magnesium lactate.
The subsequent steps involve acidification, extraction, and
re-extraction, leading to a more environmentally friendly
process with no solid or liquid waste discharge and lower
energy consumption.

In industrial settings, the purification of LA mainly
relies on precipitation methods. Excess base, like calcium
carbonate or hydroxide, is added to the fermentation broth
to neutralize LA and maintain a pH conducive to LA pro-
ducers. Calcium lactates are then recovered by distillation,
re-acidification using sulfuric acid, LA release, and gypsum
generation. Technical-grade LA undergoes esterification for
high-purity products, followed by sequential recovery pro-
cesses. Although this method is established, it requires large

amounts of sulfuric acid and generates gypsum waste, pos-
ing environmental issues.

Recent research has focused on alternative recovery meth-
ods, such as solvent extraction, membrane separation, and
emulsion liquid membrane, to address the environmental and
cost concerns associated with traditional calcium precipita-
tion methods. These emerging technologies offer the poten-
tial for more sustainable and efficient LA recovery, aligning
with the increasing focus on green and cost-effective pro-
cesses in the industry. Overall, despite the significant role
of traditional methods in advancing the LA industry, their
limitations in energy efficiency, environmental impact, and
scalability have spurred interest in more sustainable and effi-
cient separation techniques.

lon Exchange

Ton exchange and affinity chromatography have become
increasingly prevalent in LA purification. Ion exchange chro-
matography, leveraging resins that selectively bind LA, is
highly effective in achieving purity and specificity. It extracts
LA from fermentation broths by selectively capturing and
releasing it in a more concentrated form. Affinity chromatog-
raphy, though less widely used, offers exceptional selectiv-
ity, particularly with specific ligands designed to bind LA
under designated conditions. These methods excel in pre-
cision and handling complex mixtures yet are constrained
by resin capacity and the necessity for meticulous control
of operating conditions. A significant advancement in this
field is demonstrated by using Amberlite IR120 and IRA-67
resins in a stirred tank, effectively purifying LA from sugar-
cane juice, resulting in high concentration and mass recovery
[84]. This method simplifies the purification process and
exhibits potential for industrial scalability, underscoring its
viability for large-scale applications.

Membrane Filtration

Membrane-based separation technologies, including elec-
trodialysis, ultrafiltration, and nanofiltration, have become
crucial techniques in the separation and recovery of LA.
Membrane separation has also gained prominence, valued
for its low energy requirements and suitability for large-scale
operations. Significant advancements have been made in the
recovery of L-LA from the organic fraction of municipal
solid waste, where a series of filtration processes followed by
electrodialysis achieved a recovery rate of 51.5% with 98.7%
purity [90]. This method surpassed the efficiency reported
in a previous study, significantly reducing impurity content
to about 0.3 g/L [91]. In addition, integrating ultrafiltration
and nanofiltration for component separation in fermentation
broths, combined with ion exchange and vacuum-assisted
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evaporation, has resulted in LA with a purity exceeding
99.5% [83].

Despite the high purity achieved through membrane
technologies, L-L A extraction faces challenges such as high
costs, membrane fouling, and polarization issues. Emulsion
liquid membrane (ELM) technology has emerged as a prom-
ising breakthrough, driven by kinetics rather than solvent
affinity, and has achieved an impressive extraction efficiency
of 96.59% for L-LA [92]. However, using non-renewable
resources as organic solvents in ELM raises sustainability
concerns, prompting a shift toward vegetable oils as greener
alternatives [92-94].

Membrane fouling, caused by particle adsorption or depo-
sition, is a fundamental issue in membrane technology, lead-
ing to concentration polarization, reduced membrane flux,
and decreased separation efficiency [95]. Addressing this
challenge requires strategies like pretreatment and physi-
cal or chemical regeneration of membranes. With ongoing
development, integrating LA production and purification
processes offers a promising route to enhance productivity
and quality under more sustainable and practical conditions.
Central to recent advancements in LA purification is the
selective permeability of novel membrane materials, includ-
ing composite and mixed-matrix membranes.

Reactive Solvent Extraction

There has been a paradigm shift from conventional par-
titioning to reactive solvent extraction. This process goes
beyond differential solubility and embraces a chemical reac-
tion as its cornerstone. The central aspect of this innovative
approach is the formation of a transient complex between the
target solute and a reactive agent within the solvent phase.
This leads to a notable enhancement in the extractability
of solute. This interaction is typically a reversible reaction,
which significantly improves both the selectivity and effi-
ciency of the extraction process. The complex decomposes
after successfully transferring to the organic phase, releasing
the purified solute. The ingenuity of this method lies in its
ability to finesse the extraction of solutes that are otherwise
resistant to traditional liquid-liquid separation techniques.
The separation of LA through reactive solvent extraction
has seen significant advancements, particularly in develop-
ing hybrid processes incorporating reactive extraction tech-
niques. A notable example is a two-stage extraction process
that combines salting-out and reactive extraction, effectively
recovering LA from corn stover hemicellulose-derived lig-
uor [96]. This method achieved an extraction efficiency of
89.4% after five successive cycles with back-extraction, dem-
onstrating an improvement over the 83% efficiency obtained
with a one-step extraction under optimized conditions [96].
Notably, this method is energy-efficient and avoids gyp-
sum waste production, as it does not involve calcium salts.
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However, the requirement for expensive equipment for effi-
cient high mass transfer rate separation and large quantities
of toxic extractants add to the operational costs and may
limit the scalability of LA production.

Critical factors in extractant selection for LA separation
include selectivity, chemical stability, corrosivity, toxicity,
and viscosity. High-viscosity extractants often require dilu-
ents to enhance extraction capability [97]. Reactive solvent
extraction has been effective in purifying LA, which is char-
acterized by low distribution coefficients of impurities and
high coefficients for LA. Previous research investigated the
extraction efficiency of rice bran oil for LA extraction, using
ionic liquid (Aliquat 336) as a stabilizer [92]. They achieved
an LA extraction efficiency of about 90% through process
parameter adjustment and optimization, indicating strong
application potential [92, 98, 99]. Further statistical optimi-
zation using response surface methodology (RSM) led to an
additional 3% increase in extraction efficiency.

Another study employed RSM, utilizing a mixture of ter-
tiary amines like trioctylamine (TOA) and trindecylamine
(TDA) for their high basicity and superior extraction power
[100]. After optimization, they achieved an LA extraction
efficiency of up to 98.5% with a high rate (9.36 x 10~ mol/
(cm?.s)). These results demonstrated the effectiveness of
tertiary amine mixtures as extractants and the exceptional
performance of emulsion liquid membrane technology in
LA extraction. TOA can form stable complexes with LA,
enhancing its efficiency in the separation process. This
chelating effect facilitates the selective extraction of LA,
reducing interference from other components in the mixture.

Furthermore, the compatibility of TOA with various
organic solvents makes it adaptable to different extraction
conditions, contributing to its versatility and applicability.
This chelating effect allows selective LA extraction with
minimal interference from other mixture components. The
adaptability of TOA in various organic solvents increases the
versatility of the extraction process. Studies have shown that
TOA-based extraction has achieved high yields and purity
levels in LA recovery with minimal environmental impact,
highlighting its sustainable potential [101].

Cell Immobilization

Biomass materials, including microorganisms and enzymes,
are increasingly utilized in environmental protection due to
their ease of production, eco-friendliness, and high eco-
nomic efficiency in environmental applications. However,
challenges arise with certain biomass materials, such as
saccharomycetes, which can be difficult to recycle and lack
practicality. Furthermore, many biomass materials demand
specific external environmental conditions, limiting their
widespread use. Cell immobilization offers a solution for
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the problems mentioned because it improves cell density
and maintains catalytic activity in repeated use by physical
or chemical means to position or limit free cells to a specific
region of space [102]. The most common immobilization
methods are cell adsorption (attachment) on a solid carrier
and entrapment in a membrane. Immobilized cell technology
has significantly impacted LA production, providing better
yields, improved process control, and the capability to use
waste substrates effectively. The combination of this tech-
nology with advanced bioprocessing tactics offers excellent
potential for sustainable and efficient LA production in the
future.

Entrapment

Entrapment as a technique for immobilizing LAB involves
encasing cells within a gel matrix within a polymeric net-
work. This network, composed of natural or synthetic poly-
mers, is constructed to be both porous and robust, ensuring
efficient diffusion of substrates and products while pro-
tecting the microorganisms from adverse reaction condi-
tions. Polymers such as alginate, agarose, carrageenan, and
polyacrylamide are commonly employed in this process,
especially in the biosynthesis of high-value products like
pharmaceuticals.

Entrapment techniques use spherical particles contain-
ing cells obtained by dripping a polymer-cell suspension
into a solution containing precipitate-forming counter ions
or thermal polymerization. The common materials used
in cell entrapment or encapsulation are calcium alginate,
sodium alginate, polyvinyl alcohol, k-carrageenan, and chi-
tosan [103-105]. k-Carrageenan has been widely used to
immobilize cells [106]. Research has shown that the addi-
tion of k-carrageenan to enzyme encapsulation can enhance
enzymatic activity by utilizing low molecular weight sub-
strates [107]. To overcome the disadvantages of the common
immobilized carriers, immobilized Bacillus coagulans in
K-carrageenan as support, forming a microcapsule with the
assistance of glutaraldehyde will provide cell-free products
and minimize the mass transfer limitation of the substrate to
Bacillus coagulans for LA production. Glutaraldehyde acts
as a crosslinking with bi-functional reagents in the entrap-
ment in K-carrageenan microcapsule and was found to be
effective in reducing leakage [108].

Another notable benefit of immobilization cell technol-
ogy is its application in valorizing waste substrates. A recent
study produced LA from saline cheese whey using isolated
lactobacilli, which can endure high salt concentrations,
employed immobilization techniques in repeated batch fer-
mentation [109]. This method confirmed the possibility of
utilizing waste substrates to produce LA and emphasized
immobilized cells’ durability under strenuous circumstances.
This approach demonstrated the feasibility of using waste

substrates for LA production and highlighted the robustness
of immobilized cells in challenging conditions. This method
allows for high cell density immobilization and protects the
cells against harsh environmental factors. However, it pre-
sents specific challenges, including limited diffusion of sub-
strates and products and potential reduction in cell activity
due to the constrained mobility of the entrapped cells. The
use of these materials, particularly in the encapsulation of
LAB, represents a balance between providing a conducive
environment for cellular processes and mitigating the limita-
tions inherent in the entrapment technique.

Encapsulation

Encapsulation involves enclosing LAB cells within protec-
tive coatings, preventing cell leakage and contamination.
Alginate and chitosan-based matrices are frequently used
for encapsulation, providing a controlled microenvironment
for fermentation. Encapsulation is a sophisticated technique
employed in microbial fermentation, allowing for the con-
finement and protection of LAB within a matrix. This pro-
cess enhances fermentation efficiency, stability, and overall
bioprocess performance. Encapsulation methods involve the
creation of protective coatings around individual bacterial
cells or cell aggregates, creating a controlled microenviron-
ment that supports optimal growth and LA production. The
use of immobilized cell technology in LA production has
been shown to improve product yield and productivity. Pre-
vious studies demonstrated that optimizing the conditions
for immobilized Lactobacillus pentosus cell fermentation
resulted in a maximum LA yield of 0.938 g/g glucose with
productivity of 2.213 g/(L xh) [110]. This optimization
was achieved by applying response surface methodology,
highlighting the potential of immobilized cell technology
in enhancing the efficiency of LA production processes.
Another research recently observed a 97% L-LA yield when
encapsulating Lactobacillus rhamnosus in polyvinyl alcohol
[111]. However, this technology faces challenges, including
higher costs, potential cell damage during immobilization,
carrier softening, and gradual cell leakage during prolonged
continuous operation.

Alginate and chitosan, naturally derived, are commonly
used matrices for encapsulating LAB cells. The encapsula-
tion process entails the suspension of LAB cells in either
alginate or chitosan solution, followed by droplet formation
utilizing techniques such as extrusion or emulsification.
These droplets subsequently solidify into beads or particles
via ionic crosslinking or gelation. The encapsulating matrix
acts as a barrier, shielding LAB cells from harsh environ-
mental factors, mechanical stresses, and potential contami-
nants in the fermentation broth. This protection enhances
cell viability and overall fermentation efficiency. Besides
that, encapsulation provides a controlled microenvironment
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where nutrient availability, pH, and oxygen levels can be
tailored to support optimal microbial growth and LA produc-
tion. This climate-controlled setting reduces discrepancies
within fermentation conditions, resulting in dependable and
duplicable outcomes.

Alginate, a polysaccharide derived from brown seaweed,
forms a hydrogel matrix by reacting with divalent cations
such as calcium ions [112]. The resulting gel structure offers
mechanical stability while allowing for nutrient exchange
and metabolic activity. Alginate encapsulation protects LAB
cells from external stressors, such as shear forces during
agitation, pH variations, and the presence of inhibitory com-
pounds [110]. The encapsulated LAB cells remain viable
within the gel matrix, maintaining their functionality over
extended fermentation periods.

Chitosan, derived from chitin, is another popular matrix
for encapsulation due to its biocompatibility and antimicro-
bial properties [113]. Similar to alginate, chitosan forms
gel-like structures in the presence of polycations, providing
a protective shield around LAB cells. Chitosan encapsula-
tion safeguards the cells and enhances their survival under
adverse conditions. The electrostatic interactions between
chitosan and bacterial surfaces promote cell adhesion within
the matrix, enhancing cell retention and stability.

Physiochemical Adsorption

Physiochemical adsorption is an immobilization technique
that involves the attachment of LAB cells onto solid surfaces
through non-covalent interactions, including electrostatic
forces and hydrophobic interactions [114]. It involves the
physical adhesion of bacterial cells onto a carrier surface.
This method is favored for its simplicity and cost-effective-
ness. Materials commonly used for adsorption include acti-
vated carbon, ceramics, and various polysaccharides like
chitosan. The primary advantage of adsorption is its minimal
impact on cell viability, allowing the bacteria to retain their
metabolic activity. The process of physiochemical adsorp-
tion commences with the selection of a suitable matrix, typi-
cally composed of materials like alginate, chitosan, or other
biopolymers. These matrices possess surface properties that
facilitate the adhesion of LAB cells. The non-covalent nature
of the adsorption process ensures minimal disturbance to
LAB cells, preserving their viability and metabolic activ-
ity. The immobilization matrices can be adapted to different
scales, allowing for a seamless transition from laboratory-
scale experiments to industrial applications. Continuous fer-
mentation setups benefit from the stability of immobilized
cells, reducing the need for frequent inoculations. However,
one of the limitations of this method is the potential for
desorption, where cells may detach from the carrier under
certain conditions, such as changes in pH or ionic strength.
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Crosslinking

Crosslinking immobilization is a pivotal technique in bio-
technology, particularly in enhancing the stability and func-
tionality of probiotic microorganisms. This method involves
creating networks of covalent or ionic bonds to stabilize
the structure of biomolecules or cells within a matrix. The
crosslinked structure protects the encapsulated entities and
allows controlled release and targeted delivery, which is cru-
cial in the pharmaceutical and food industries.

The crosslinked cryostructured monoliths were prepared
using Lactobacillus reuteri for biocatalysis in the biobased
industry, specifically for converting glycerol to valuable
chemicals [115]. Polyethyleneimine/modified polyvinyl
alcohol (PEI/PVA) was used as a crosslinker, yielding highly
stable monoliths with maintained viability and biocatalytic
activity. The optimal conditions in a continuous plug flow
reactor produced 19.7 g/L of 3-hydroxypropionaldehyde
(BHPA), highlighting the efficiency of the immobilization
technique.

Another study explored the microencapsulation of Lac-
tobacillus plantarum in alginate-chitosan beads using dual
crosslinking by Na-tripolyphosphate (Na-TPP) [116]. The
study demonstrated that dual crosslinked beads exhibited
higher viability under simulated gastrointestinal conditions
than single crosslinked beads. The enhanced stability of
these microcapsules indicates their potential in site-spe-
cific delivery applications, showcasing the efficacy of the
crosslinking immobilization technique in preserving probi-
otic survivability and facilitating controlled release.

Both studies emphasize the significance of crosslinking
immobilization in enhancing the stability and functional
efficiency of biocatalysts and probiotics. The choice of
crosslinkers and the crosslinking method are critical in deter-
mining the final properties of the immobilized cells, such as
stability, activity, and release behavior. These advancements
in immobilization technology hold promise for diverse appli-
cations in biotechnology and healthcare.

Exergy and Techno-Economic Analyses
of Third-Generation L-Lactic Acid Biorefinery
Systems

Deciphering the Role of Exergy Analysis in Process
Refinement

Exergy analysis, deeply rooted in the second law of ther-
modynamics, emphasizes that energy quality inevitably
degrades through each transformation. This analytical
method transcends mere energy content evaluation, extend-
ing to the potential of energy to perform practical work. It
offers a nuanced perspective on the quality and degradation
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of energy during various transformation processes. By quan-
tifying the maximum useful work possible when an energy
or material flow equilibrates with a reference state through
reversible processes, exergy analysis emerges as a critical
tool for assessing the feasibility and sustainability of bioen-
ergy systems [117].

This approach evaluates energy quality by examining fac-
tors like temperature, pressure, and composition. It meas-
ures the effectiveness of energy conversion by contrasting
actual work output against the maximal work potential of
the energy input. A pivotal aspect of exergy analysis is its
ability to identify areas where energy is dissipated or wasted
within a system, thereby offering pathways to enhance
energy efficiency [118]. Exergy analysis is a valuable tool
for improving the thermodynamic efficiency of individual
components and entire systems. It optimizes processes by
reducing energy losses, thereby increasing operational effi-
ciency. In addition, it facilitates the comparison of various
energy sources and technologies, aiding in selecting efficient
and environmentally sustainable ones.

By integrating energy quantity and quality considera-
tions, exergy analysis provides a comprehensive energy
efficiency assessment, contributing to the overall sustain-
ability of processes and systems. This approach is beneficial
in pinpointing inefficiencies and areas for improvement, pro-
moting enhanced energy efficiency, and supporting sustain-
able, eco-friendly industrial practices. Such comprehensive
energy analysis is crucial in achieving higher efficiency and
sustainability in industrial systems, as highlighted in various
studies on biorefineries. These studies demonstrate signifi-
cant exergy losses in processes, underscoring the need for
optimization to improve sustainability and reduce environ-
mental impacts.

Building on the principles of exergy analysis, a study has
been conducted on an exergy analysis of a biorefinery pro-
cess aimed at co-producing third-generation L-LA and elec-
tricity from Eucheuma denticulatum residues (EDRs) [119].
The study evaluates the thermodynamic performance of
three distinct biorefinery scenarios using process simulation
in Aspen Plus V10. The scenarios include (I) L-LA produc-
tion without a pretreatment unit, (II) L-LA production with
microwave-assisted autohydrolysis (MAA) pretreatment,
and (IIT) L-LA production integrated with electricity gen-
eration and waste management systems. The exergy analysis
revealed that the MAA pretreatment was highly effective,
reducing the biomass requirement by 70.2% to produce 1000
kg/h of L-LA. The fermentation unit, wastewater treatment
(WWT) unit, and combined heat and power (CHP) unit were
identified as the primary contributors to exergy destruction
across all scenarios. The L-LA recovery and MAA pretreat-
ment units demonstrated high exergy efficiency, with 99.37
and 99.68%, respectively. Scenario III, which incorporated
power generation and waste management, achieved the

highest functional exergy efficiency at 22.12% and a nor-
malized exergy destruction of 0.73, highlighting its superior
performance in converting waste streams into value-added
products and reducing reliance on fossil fuel-derived energy.

Another study expanded upon this analysis by conduct-
ing a comprehensive sustainability assessment of converting
red macroalgae waste, specifically Eucheuma cottonii (ECR)
residue, into PLA through a biorefinery approach [120]. The
study examines three distinct scenarios: (1) a biorefinery
process for the production of L-LA, (2) L-LA production
integrated with fertilizer production and wastewater treat-
ment, and (3) PLA production combined with fertilizer
production and wastewater treatment. Utilizing Aspen Plus
V12.1 for simulation, the study offers a detailed exergetic
and exergoeconomic analysis to evaluate and compare the
performance of each scenario. In scenario 1, the biorefinery
process solely produces L-LA at an output rate of 5194 kg/h,
consuming 12,079 kg/h of ECR. Scenario 2 incorporates
additional fertilizer production and wastewater treatment
units, yielding 1609 kg/h of organic fertilizer and 1233 kg/h
of reusable water alongside L-LA. Scenario 3 extends the
process to produce PLA, resulting in an output of 4142 kg/h
of PLA and an increased production of reusable water at
1443 kg/h, accompanied by a rise in energy consumption
from 28,272.53 kW in scenario 1 to 30,296.15 kW in sce-
nario 3. The exergy analysis indicates that the simultaneous
saccharification and fermentation (SSF) unit is the largest
contributor to exergy loss across all scenarios, primarily
due to heat lost to the surroundings and the irreversible bio-
chemical reactions involved. Scenario 3 demonstrates the
highest functional exergy efficiency at 19.54%, reflecting a
more effective utilization of input exergy for valuable prod-
uct formation, in contrast to 10.74 and 14.15% for scenarios
1 and 2, respectively.

These analyses emphasize the importance of selecting
efficient drying and pretreatment techniques based on ther-
modynamic performance, thereby contributing to the evo-
lution of "zero-waste" designs and reducing non-renewable
energy consumption. Through methodical exergy analysis,
this body of work advances our understanding of bioenergy
systems and paves the way for future research to elevate the
sustainability of energy production processes.

Techno-economic Analysis of Third-Generation L-LA
Biorefinery System

Techno-economic analysis (TEA) evaluates the economic
performance of industrial processes to achieve cost-effec-
tive and sustainable plant development. This assessment is
crucial for understanding the market value of L-LA, which
is influenced by factors such as feedstock cost, cultivation
techniques, transportation, and technology costs. The TEA
of L-LA production from renewable resources has been
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extensively investigated, mainly focusing on economic fea-
sibility at an industrial scale. However, studies on L-LA pro-
duction costs from macroalgae are limited in the literature.
Comparative TEA studies reveal significant differences in
economic feasibility between macroalgae and traditional
lignocellulosic biorefineries, with the latter often being less
economically viable due to higher pretreatment and delig-
nification costs [121].

The recent study investigates an innovative integrated
biorefinery approach for the co-production of third-gener-
ation (3G) bioethanol and L-LA from red macroalgae cel-
lulosic residues (MCR) [122]. This study used Aspen Plus
V10 to simulate a biorefinery converting 15,883.3 kg/h of
red macroalgae cellulosic residues into 3856.8 kg/h of anhy-
drous bioethanol, 6488.04 kg/h of L-LA, and 4479.48 kg/h
of fertilizer while generating 5233.79 kWh of electricity.
The study highlighted product yields of 0.24 kg of anhy-
drous ethanol, 0.41 kg of L-LA, and 0.28 kg of fertilizer per
kilogram of MCR, with high purity levels of 99.7 wt.% for
bioethanol and 92.8 wt.% for L-LA. The economic analy-
sis revealed a payback period of 6.25 years and an ROI of
30.8%, indicating substantial economic potential. Integrating
Industry 5.0 principles, including human—robot interaction,
enhanced operational efficiency and productivity.

Another research has conducted a techno-economic anal-
ysis to produce LA from Laminaria sp. in a facility with an
11-ton capacity for LA per hour [123]. The carbohydrate
composition of Laminaria sp. was determined to be 81.3%
by weight, with Lactobacillus casei capable of fermenting
61.6% of it. The optimal production setup included pretreat-
ment with a hot water wash, followed by enzymatic hydroly-
sis, fermentation, and subsequent purification of LA from
the fermentation medium. This method achieved an LA yield
of 45.1% from fermentable sugars. Including the potential
for alginate fermentation, which accounts for 31.3% by
weight, increased the yield to 47.6%. The minimum viable
selling price for LA was $3.83/kg, reflecting a 34% differ-
ence from the current market price. Using Laminaria latis-
simi biomass, which has higher levels of laminarin and man-
nitol, can improve LA yield and reduce the price differential
to 28%. With successful alginate fermentation, a payback
period of approximately 11 years may be achievable.

The combined exergy and techno-economic analyses
of L-LA production from macroalgae biorefineries under-
score the importance of optimizing process efficiency and
economic viability. Key considerations include minimizing
environmental impacts through efficient biomass utilization
and integrating advanced waste management and energy
recovery systems. The most significant environmental
impact of acquiring macroalgal biomass is primarily due
to the energy-demanding cultivation methods in tanks and
preprocessing techniques like drying. It is vital to optimize
this initial phase to improve overall performance. Achieving
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a high yield of LA per biomass unit is critical for minimizing
environmental impacts and facilitating cost-effective produc-
tion. This can be done by either refining the pretreatment-
hydrolysis process to improve reducing sugar recovery or by
engineering the fermentation process to effectively utilize
most of the extracted sugars. These comprehensive assess-
ments pave the way for future research to enhance the sus-
tainability and efficiency of bioenergy production processes.

Challenge and Future Perspectives

Advancements in third generation L-LA production from
macroalgae signify a sustainable leap in biorefinery technol-
ogies, yet face hurdles that impede their full-scale industrial
application. Among these are refining biorefinery operations
for effectively breaking macroalgae into fermentable sugars
and enhancing fermentation efficiency. Scalability and eco-
nomic viability demand rigorous optimization of these steps
[121]. Furthermore, the development of microbial strains
capable of resisting hydrolysate inhibitors and maintaining
high performance in large-scale fermentation processes is
crucial. The composition of macroalgae, which can vary sig-
nificantly due to environmental factors, requires adopting
flexible and adaptive processing strategies. Addressing these
issues is crucial for fully leveraging macroalgae’s potential
in sustainable biomanufacturing.

Exploring integrated biorefinery models that aim to
co-produce high-value compounds such as proteins, lipids,
and pigments in conjunction with L-LA could significantly
enhance the economic appeal of using macroalgae as a
feedstock [124]. Achieving this goal necessitates a deepened
understanding and enhancement of downstream processes to
ensure efficient separation and purification of these valuable
co-products.

As a tool to assess the efficiency and sustainability of
biorefinery systems, exergy analysis plays a crucial role
in identifying areas where energy use can be minimized,
thereby enhancing the overall process sustainability
[119]. Incorporating exergy analysis in the evaluation of
macroalgae-based L-LA production can provide insights
into optimizing process conditions, reducing energy
consumption, and minimizing waste. Future perspectives
entail addressing these technological and economic
challenges through advanced research and development.
Emphasis should be placed on developing transgenic
macroalgae strains with improved biomass conversion
traits and resilience to variable cultivation conditions.
Furthermore, addressing the significant water demand for
macroalgae cultivation necessitates innovative approaches
to water management, including the implementation of
recycled streams and evaporation control in system designs
to curtail utility costs and conserve resources.
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Conclusions

The escalating concerns over plastic pollution have spurred
a notable shift toward biodegradable plastics, with polylactic
acid (PLA) emerging as a key player due to its reliance
on lactic acid (LA) as a primary precursor. This trend
underscores the pressing need for sustainable LA production
methods that pivot from fossil fuels to renewable resources,
with fermentation-based approaches gaining commercial
traction. However, the viability of these methods often
stumbles upon the high costs associated with substrates and
downstream processing, alongside the demand for LA of high
optical purity. This review positions macroalgae detritus as a
promising substrate for LA production, attributing its potential
to rapid growth rates and a rich polysaccharide composition.
Through examining third-generation LA biorefinery
approaches, this study evaluates the viability of macroalgae
detritus from exergy, economic, and environmental
standpoints, integrating exergy analysis and life cycle
assessments to map out the feasibility landscape. Despite the
promise, achieving commercial-scale production with high
yields, productivity, and optical purity of LA requires further
technological advancements in macroalgae processing. The
successful optimization of these technologies could herald
a new era for macroalgae as a cornerstone feedstock in the
biofuel and biochemical industries, marking a significant step
toward sustainable biopolymer manufacturing.
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