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Abstract: With the rising demands for renewable fuels, there is growing interest in utilizing abundant
and sustainable non-edible biomass as a feedstock for bioethanol production. Macroalgal biomass
contains a high content of carbohydrates in the form of special polysaccharides like alginate, agar, and
carrageenan that can be converted to fermentable sugars. In addition, using seagrass as a feedstock
for bioethanol production can provide a sustainable and renewable energy source while addressing
environmental concerns. It is a resource-rich plant that offers several advantages for bioethanol
production, including its high cellulose content, rapid growth rates, and abundance in coastal regions.
To reduce sugar content and support efficient microbial fermentation, co-fermentation of macroalgae
with seagrass (marine biomass) can provide complementary sugars and nutrients to improve process
yields and economics. This review comprehensively covers the current status and future potential
of fermenting macroalgal biomass and seagrass, as well as possible combinations for maximizing
bioethanol production from non-edible energy crops. An overview is provided on the biochemi-
cal composition of macroalgae and seagrass, pretreatment methods, hydrolysis, and fermentation
processes. Key technical challenges and strategies to achieve balanced co-substrate fermentation
are discussed. The feasibility of consolidated bioprocessing to directly convert mixed feedstocks to
ethanol is also evaluated. Based on current research, macroalgae-seagrass co-fermentation shows
good potential to improve the bioethanol yields, lower the cost, and enable more optimal utilization

of diverse marine biomass resources compared to individual substrates.
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1. Introduction

The growing concerns regarding climate change, energy security risks, fossil fuel
prices, environmental degradation, and resource depletion have collectively fostered re-
search on environmentally friendly and sustainable energy alternatives. Among other
renewable energy sources, ethanol revenue from 2023 to 2029 is estimated to grow at 5.5%,
reaching nearly US $152.24 Billion [1]. The traditional feedstocks for ethanol production
include starchy/sugary biomass, including mainly corn, sugarcane, and sugar beet. These
feedstocks are referred to as first-generation, which compete strongly with edible food and
raise the food-versus-fuel paradigm. The second-generation ethanol feedstocks include ligno-
cellulosic biomass/waste, potentially replacing first-generation feedstocks [2,3]. However,
issues still need to be resolved, such as the high costs of the complicated methods required
to convert lignocelluloses into fermentable sugars and the ineffective microbial technology
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for fully fermenting these sugars into ethanol [4,5]. Alternatively, algae (including macroal-
gae and microalgae) have been extensively investigated as highly promising candidates
for third-generation biofuels, boasting numerous advantages over their first- and second-
generation counterparts [6-8]. However, their inherent limitations in natural productivity
and efficiency have prompted researchers to explore metabolic engineering, aiming to
position engineered algae as fourth-generation biofuels. This new generation seeks to
harness the capabilities of oxygenic photosynthetic microorganisms for eco-friendly and
economically viable biofuel production. Metabolic engineering has been used to enhance
growth, stress tolerance, lipid accumulation, and biofuel synthesis [9,10]. In addition, the
use of molecular techniques such as transformation, gene editing, and RNA interference
for environmentally friendly and economically viable biofuel production, combined with
enhanced CO; sequestration, has been gaining significant attention [11-13]. Genetically
modified algae, like Chlamydomonas reinhardtii optimized for hydrogen production [9] and
mutated Parachlorella kessleri for biodiesel production [14], present several benefits, includ-
ing higher biomass yield, decreased land usage, reduced water demands, efficient carbon
dioxide capture, and effective wastewater purification. However, several challenges need to
be overcome, encompassing concerns related to biosafety, cost-effectiveness, scalability, reg-
ulatory compliance, and social acceptance. Continuous research and development efforts
are imperative to fine-tune the metabolic engineering of algae, paving the way for the pro-
duction of fourth-generation biofuels that contribute to a sustainable and environmentally
responsible green future.

Macroalgae and seagrass (marine biomass) are two types of aquatic plants that grow
in a wide variety of marine habitats. The term “macroalgae or seaweeds” encompasses
multicellular algae that can be categorized into three primary groups based on their pigment
composition: red, brown, and green. These distinctive pigment groups indicate the diverse
and fascinating array of marine macroalgae species found in aquatic ecosystems worldwide.
They can be found in various depths of seawater, ranging from the intertidal zone to
depths as deep as approximately 200 m, where sufficient light sustains their growth [15,16].
Conversely, the term “seagrass” pertains to flowering aquatic plants. Seagrasses are
specifically adapted to thrive in shallow and transparent seawater environments to access
ample sunlight for their photosynthetic processes. This unique botanical group plays
a crucial ecological role in coastal ecosystems and is distinguishable from macroalgae
due to its vascular plant characteristics and its capacity to form underwater meadows in
coastal waters.

Despite the optimistic outlook for the environmental benefits and commercial feasibil-
ity of cellulosic ethanol [17,18], its large-scale implementation has remained elusive. The
processes associated with breaking down sugars from resilient renewable biomass and
converting these mixed sugars into ethanol have proven to be intricate and formidable,
presenting technical barriers and fundamental constraints that pose significant challenges.
In addition, bioethanol production from marine plant biowaste remains relatively unex-
plored, with limited studies conducted on utilizing seagrass wrack as a potential feedstock
for bioethanol production [19-21]. This underexplored area of research presents an exciting
opportunity to tap into a largely untapped resource, potentially opening new avenues
for sustainable and eco-friendly bioethanol production processes. Thus, co-fermentation
of seagrass and seaweed may be successful, even though implementing individual cellu-
losic ethanol production is difficult. It could also provide a nutrient balance for enhanced
microbial growth, enhancing conversion efficiency and bioethanol yield. Furthermore,
incorporating macroalgae and seagrass into bioethanol production processes could poten-
tially streamline the post-harvest sorting process, reducing time and energy expenditure.
Therefore, this review evaluates various strategies of individual fermentation as well
as simultaneous co-fermentation of marine biomass, including seaweeds and seagrass.
Different methods of macroalgae farming, as well as harvest, are discussed. In addition, co-
fermentation could have potential applications for bioethanol production from macroalgae
and seagrass, which is further evaluated.
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2. Chemical Composition of Different Feedstocks Hydrolysates

The composition of hydrolysate from lignocelluloses, seagrass, and different macroal-
gal species depends on the type and source of the biomass, pretreatment method, and
hydrolysis conditions [22]. Generally, most lignocellulosic hydrolysates, such as maize cobs
sawdust, and sugar cane bagasse, contain mainly glucose and xylose, in addition to other
sugars such as arabinose, galactose, and mannose (Figure 1). In addition, the substantial
presence of lignin in most land plant biomass plays a pivotal role in conferring resistance of
biomass to hydrolysis. Macroalgal hydrolysates contain mainly glucose and mannitol, as
well as other sugars such as galactose, fucose, and rhamnose. They also have some benefi-
cial compounds, such as alginic acid, laminarin, fucoidan, and iodine, that can enhance the
growth and metabolism of microorganisms [23]. Whereas a hydrolyzate of maize stover
has around 40% glucose and 30% xylose, the hydrolysates of macroalgae have completely
different sugar compositions (Figure 1), even among different macroalgal groups [4,24,25].
For instance, red macroalgae have dominance in glucose (22%) and galactose (23%). Along
with glucose and mannitol, brown macroalgae contain additional carbohydrates (about
14%) in the form of alginate. The combination of brown seaweed alginate, mannitol, and
glucose has recently been shown to be a promising source for bioethanol generation [4].
Interestingly, seagrass contains mainly cellulose, hemicellulose, and pectin (Figure 1), which
could provide a promising substrate for co-fermentation with macroalgae.
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Figure 1. Main polymers and hydrolytic components of lignocellulosic biomasses (land plants) in
comparison to different groups of macroalgae and seagrass. Data are extracted from Cosenza et al. [26],
Ibraheem and Ndimba [27], and Pfeifer et al. [28].

In the soluble portion of non-starch polysaccharides in the majority of seagrass hy-
drolysates, galactose, glucose, and mannose are the predominant sugars (>10 g kg ! of
dry matter) [29]. Glucose makes up the majority of the neutral sugars (74% of the total
output) in newly senescent tissues [30], while the major component of the seagrass cell wall
is cellulose [31]. On the other hand, certain seagrasses include sulfated polysaccharides
(SP), similar to red, brown, and green macroalgae [32-34]. The presence of uncommon
pectic polysaccharides known as apiogalacturonans is another distinctive characteristic of
the cell walls of seagrasses. The unusual monosaccharide apiose (Apif) is replaced with
large numbers of low-methyl esterified galacturonic acid (GalAp) units [35,36]. The large
variation in sugar content indicates the importance of developing fermentation processes
that are suited for the target biomass resource.
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After pretreatment and hydrolysis, biomass hydrolysates are composed of different
hexoses and pentoses. Although the sugar composition of hydrolysates from different
feedstocks varies to some extent, xylose and glucose are the two main sugars found in the
majority of hydrolysates from terrestrial plant biomass. Differently glucose and galactose
are the two main sugars in hydrolysates produced from marine biomass. Wild-type Sac-
charomyces cerevisige cannot produce ethanol directly from hydrolysates of lignocellulosic
biomass because xylose cannot be fermented by S. cerevisiae, while galactose can be fer-
mented, even though less than glucose [37]. S. cerevisiae lacks the metabolic pathways to
utilize xylose, which is the second most abundant sugar in lignocellulosic hydrolyzates
after glucose [37]. To address this issue, the conversion of xylose-rich hydrolysate into
xylulose is necessary, and this conversion can be achieved through the use of enzymes like
xylitol dehydrogenase and xylose reductase, which are not naturally present in wild-type
S. cerevisiae strains [38,39]. However, galactose can be converted by S. cerevisiae to glucose-
6-phosphate by the Leloir pathway, which involves four enzymatic steps and consumes one
molecule of ATP. The expression of the Leloir pathway genes is regulated by the galactose
(GAL) system, which is repressed by glucose and induced by galactose. Therefore, when
glucose and galactose are present together in the hydrolysate, S. cerevisiae prefers to con-
sume glucose first and represses the uptake and metabolism of galactose [40]. To enhance
the efficiency, it has been of the utmost importance to metabolically engineer S. cerevisiae
to ferment xylose. However, ethanol yields from galactose by modified S. cerevisiae still
need to be enhanced for marketable uses despite the fact that there are several methods for
enhancing galactose consumption to varied degrees.

3. Macroalgae

Macroalgae are multicellular macroscopic organisms that can be classified into three
divisions, namely Rhodophyta (red algae), Phaeophyta (brown algae), and Chlorophyta
(green algae). These distinct divisions are based on their pigmentation and provide a
classification framework for the diverse world of macroalgae. Different macroalgae can
be found at various seawater depths, from the intertidal zone to the greatest depths.
They have different shapes and sizes, ranging from filamentous and leafy to calcareous
forms [41]. Depending on the species and taxonomical group, macroalgae are impacted
by their habitat’s characteristics, such as temperature, light, salinity, pollution, nutrients,
and even water current [42]. The distribution of macroalgae within their habitat is shaped
by their physiological and ecological adaptations to various environmental factors and
grazing pressures. Certain macroalgae exhibit greater resilience to fluctuations in these
conditions, enabling them to thrive across diverse habitats. For instance, members of
the green alga genus Ulva can thrive in environments with elevated nutrient levels and
pollution, whereas members of the brown alga genus Laminaria are well-suited for cold
and deep-water ecosystems [43]. In general, macroalgae can be sourced from two primary
origins: natural marine ecosystems and aquaculture systems.

3.1. Naturally-Growing Macroalgae

Macroalgae and phytoplankton are predominant contributors to marine primary
production [44,45]. Despite once being considered predecessors of land plants, algae
lack the characteristic plant structures such as stems, leaves, and roots. On the other
hand, they have a level of complexity surpassing that of single-celled microalgae but do
not exhibit the intricate anatomical features found in terrestrial plants necessary to live
under aerial conditions. Seaweeds are multicellular eukaryotic aquatic organisms, boasting
around 9000 distinct species, and they display specialized cell structures and functions,
leaning more towards a plant-like nature [46,47]. They generally have simple reproductive
structures without vascular tissue. In their natural habitats, macroalgae can be found
attached to, for example, sand particles or rocky substrates and sometimes free-floating.
They form a multilayered stable vegetation that captures the available solar photons.
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Because macroalgae do not compete with other crops for land or freshwater, they
are becoming extremely important in aquaculture [48]. They also produce large amounts
of biomass in a short time and have relatively high carbohydrate contents. One of the
promising marine algal species, sugar kelp, has a high potential to provide biofuels if
grown and used sustainably [49]. The majority of macroalgal species are restricted to the
marine environment. Due to their diversity, algae utilize various light spectra, and certain
light-capturing pigments are thought to contribute to the diversity of algal species to water
depth. Large brown algae produce kelp forests with extremely high productivity, upwards
of 3000 g cm~2 per year. Macroalgae are the dominant autotrophic coastal marine biomass,
providing food and shelter for associated fauna [50]. Because macroalgae are photoau-
totrophic, they may use either CO, or HCOj to create and store organic carbon [51,52]. Due
to the relatively slow diffusion rate of CO, and low concentration at a pH of about 8 in salt-
water, the majority of macroalgae directly absorb HCO3;~ for growth [53]. However, certain
macroalgae may use CO, directly as a substrate or can speed up the interconversion of CO,
and HCO3 by employing enzymes like carbonic anhydrase and ribulose-1,5-bisphosphate
carboxylase [42]. In addition, macroalgae possess significant photosynthetic potential,
allowing them to produce and store ample carbon resources, rendering them promising
candidates for biofuel production and carbon sequestration. Therefore, coastal vegetated
habitats have garnered global attention for their ability to facilitate significant carbon se-
questration [54,55]. However, it is important to note that their photosynthetic efficiency
can vary considerably among species, even within the same taxonomic group. The net
primary production (NPP) per unit area in many macroalgae stands out as one of the
highest among all global habitats, rivaling that of tropical rainforests [56]. In the context of
naturally grown algae harvest, it is estimated that macroalgal forests constitute a significant
biome covering approximately 6.06-7.22 million km? worldwide [15]. They are primarily
dominated by red algae, contributing to an NPP of approximately 1.32 Pg C/year, with
brown algae playing a predominant role in this production [15]. However, the growing
interest in various applications of macroalgae has led to an increasing focus on macroalgae
farming in recent years.

3.2. Macroalgae Farming

The global seaweed output (both farmed and wild) has increased nearly three-fold in
the last two decades, from 118,000 tons in 2000 to 358,200 tons in 2019 [57]. Due to their
great nutritional content, macroalgae are globally recognized as a food source, particularly
in Asian cuisine. Furthermore, their potential in the pharmaceutical sector is gaining
momentum because of the richness of bioactive compounds [58,59]. It is reported that in
2019, a staggering 97% of the world’s aquaculture production was derived from artificial
seaweed farming [60].

Each hectare of macroalgae farming has the potential to yield approximately 59 dry
metric tons of macroalgae per year, with estimated bioethanol production of about 322 L
per metric ton of dry macroalgae [61]. According to the provided data, the maximum
bioethanol production rate from macroalgae is estimated to be 19 m> per hectare per year.
Remarkably, this yield significantly surpasses that of corn (five times higher) and sugarcane
(two times higher), underscoring the potential of macroalgae as a more efficient bioethanol
source [2,4,61,62]. The commercial market for products derived from macroalgae has ex-
panded considerably in recent years, driving advancements in macroalgae cultivation.
Notably, a significant focus has been on developing macroalgal species that exhibit disease
resistance, thrive in higher-temperature environments, and display rapid growth rates.
These efforts are indicative of the growing interest in enhancing and optimizing macroalgae
cultivation methods to meet the demands of various applications and market needs [2,63].
However, promoting the industrial cultivation of macroalgae can be expedited by estab-
lishing a seed bank dedicated to preserving species that exhibit favorable growth and
production attributes. This seed bank would serve as a valuable resource for macroal-
gae cultivators. The macroalgae cultivation process typically comprises two main stages:



Fermentation 2023, 9, 934

6 of 32

the hatchery phase, where young macroalgae are initially nurtured, and the on-growing
phase, where they are further developed and cultivated to reach maturity for various
industrial applications. Macroalgae farming was previously discussed by Panahi et al. [2],
as summarized in this section.

3.2.1. Hatchery Production

In this phase, germlings from spores are cultivated in a controlled system while at-
tached to substrates throughout this phase. Once they reach a suitable size, these young
plants are relocated to coastal farms [2]. Hatchery production can be accomplished through
gametophyte or direct seeding techniques [64]. Due to the absence of the hatchery manage-
ment phase, the direct seeding approach is relatively easier, faster, and more cost-effective
but more labor-intensive than the gametophyte seeding method. However, it requires more
fertile materials as gametophyte cultures are not bulked up; it has less control over the
time of seeding and deployment. It is also unable to preserve chosen seaweed strains for
growth and can use only wild types. Throughout every phase of hatchery production,
contamination must be prevented, and the environment must be kept constant. The latter
is mainly accomplished by keeping the hatchery temperature, e.g., at 10 °C, ensuring that
there is appropriate illumination, maintaining clean filters and tanks, changing the water
often, and continually monitoring culture. The hatchery equipment has to be cleaned
and disinfected once juveniles are transported from the hatchery to the sea. To reduce
the cost of water transportation by reducing energy consumption, the hatchery should
be situated close to the sea on flat, low-lying terrain. A hatchery must also have enough
area to accommodate the equipment and the space needed for basins, laboratories, and
departments [2,50].

3.2.2. On-Site Seaweed Farming

In the on-site farming phase, juveniles can be placed on longlines or other systems
at the sea after they have grown to a suitable size (67 months) until harvest (around
June-July) [64]. Farms for macroalgal cultivation can be established in offshore locations,
nearshore coastal areas, or land-based ponds [50].

4. Seagrass

Seagrass plays a crucial role in coastal marine ecosystems globally, serving as a founda-
tional element. It provides sustenance for marine creatures such as dugongs and turtles and
functions as an essential nursery for various fish and prawn species. It serves as a habitat
for a wide range of small marine organisms. Thus, the presence and health of seagrass beds
are vital for maintaining the overall ecological balance and biodiversity of coastal marine
environments. These meadows are essential to shoreline communities, supporting diverse
marine life that sustains local livelihoods. In recent decades, human-induced factors such
as diminished water quality, rising temperatures, amplified sedimentation, and intensified
grazing pressure have resulted in a worldwide decrease in seagrass populations and the
expanse of seagrass beds [65,66]. On the other hand, the overgrowth of seagrass can have
negative impacts on the coastal marine ecosystems and the surrounding environment. For
instance, the non-native salt marsh plant Spartina alterniflora expanded its range deeper into
the intertidal zone within China’s Yellow River Delta, which posed a threat to the natural
habitat of the native seagrass Zostera japonica [67]. Thick and overgrown seagrass beds can
impede water circulation and flow, leading to stagnant areas with reduced oxygen levels,
which can harm aquatic life. In addition, the excessive seagrass growth can alter the physi-
cal structure of coastal habitats. It may create overly dense and monotonous underwater
landscapes, reducing the availability of open spaces needed by various species for feeding,
reproduction, and movement. While seagrass beds are known for their biodiversity, an
overgrowth can lead to a decline in species diversity, as some species may thrive in the
dense seagrass while others that require more open habitat may suffer. Moreover, the
overgrown seagrass can trap sediments and organic matter, leading to increased turbidity
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(cloudiness) in the water, negatively affecting light penetration and hindering the growth
of other marine plants, such as macroalgae or even corals. Furthermore, it may provide
excessive shelter for herbivores like sea urchins and parrotfish, making it difficult for them
to graze and control algal growth. This can lead to simultaneous algal overgrowth, nega-
tively impacting the coastal area. In order to maintain a healthy balance, it is important
to monitor and manage seagrass ecosystems carefully. Proper management practices may
involve seagrass restoration, selective thinning, and maintaining water quality to prevent
excessive growth while ensuring the continued ecological benefits of these vital coastal
habitats. Simultaneous management of seaweeds has the potential to help maintain the
equilibrium of seagrass ecosystems, particularly in temperate and tropical regions where
seagrass decline has been linked to the proliferation of macroalgal bloom [68].

Tropical seagrass meadows have gained recent research focus due to declines in
iconic marine species like the dugong. Initiatives like neighborhood watch programs and
extensive research efforts are vital for managing the uncertain future of coastal marine life.
The seagrass habitats in tropical systems can be categorized into river estuary, coastal, deep
water, and reef. These categories vary based on water depth and seabed type, influencing
factors such as light availability crucial for photosynthesis. Deepwater coastal ecosystems,
found between 10 and 70 m deep, contain sand-covered seafloors, while reef environments
are formed by coral-derived calcium carbonate rock. Shallow water habitats, exposed
during low tide, pose challenges to seagrass growth due to air exposure and intense
light. The ongoing research in these diverse habitats contributes crucial knowledge for the
conservation of coastal marine ecosystems [69,70].

4.1. Species Diversity

Seagrasses represent a polyphyletic group of marine angiosperms comprising ap-
proximately 60 species distributed across five families: Zosteraceae, Hydrocharitaceae,
Posidoniaceae, Cymodoceaceae, and Ruppiaceae [71]. These seagrasses are classified within
the order Alismatales, following the Angiosperm Phylogeny Group IV proposed system.
Important coastal habitats are formed by seagrasses [72]. These species have different
morphological, physiological, and ecological characteristics that allow them to adapt to
various environmental conditions. Seagrasses can be found in a variety of habitats, such
as sandy/muddy or rocky shores, kelp forests, coral reefs, estuaries, lagoons, and deep
waters. Many factors, such as climate, light, nutrients, salinity, sedimentation, herbivory,
and human activities, influence seagrass diversity. Seagrass diversity is important for
maintaining the resilience and functioning of seagrass ecosystems and the services they
provide. Seagrasses were recorded and found in 159 countries across six continents [73].
According to Short et al. [74], seagrasses exhibit five primary centers of high global di-
versity, all of which are situated in the eastern hemisphere. Among these centers, four
are in the Tropical Indo-Pacific region, while the fifth is in southwestern Australia, falling
within the adjacent Temperate Southern Oceans bioregion. The study reported that the
largest and foremost center of seagrass diversity, boasting the highest number of seagrass
species of 19, is situated across insular Southeast Asia and extends through north tropical
Australia, including the Great Barrier Reef. A second, comparatively smaller center of
diversity is identified in southeastern India, encompassing 13 exclusively tropical species.
The remaining three high-diversity global centers are located in eastern Africa, southern
Japan, and southwestern Australia. In East Africa, there are 12 seagrass species, with only
one, Z. capensis, being of temperate origin, resulting in a predominantly tropical species mix.
Southern Japan also boasts 12 seagrass species, with Z. japonica being the sole temperate
species contributing to the diversity of this otherwise tropical region. Within the temperate
Southern Oceans bioregion, southwestern Australia is home to 13 seagrass species, four of
which are tropical in origin and contribute to its high diversity. A deeper insight into these
diversity patterns and the specific distribution ranges of individual seagrass species has
been discussed by Green and Short [75].
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4.2. Cell Wall Structure

Genome data has revealed that significant alterations in cell wall composition are
essential for organisms to adapt successfully to diverse marine environments [76,77]. How-
ever, the composition and characteristics of seagrass cell walls remain relatively enigmatic.
Beyond the ancestral traits inherited from land plants, seagrasses are expected to have
undergone a habitat-driven adaptation process to their unique environment. This environ-
ment is marked by various abiotic factors, such as high salinity, as well as biotic factors, like
diverse seagrass grazers and bacterial colonization, all of which contribute to the stressors
faced by these plants. Seagrass cell walls are composed of polysaccharides that are familiar
from angiosperm land plants, i.e., cellulose, despite the lack of current information [31].
However, sulfated polysaccharides (SP) are characteristic of the macroalgae. They are also
present in the cell walls of certain seagrasses [32,33,78]. Another distinctive characteristic is
the presence of peculiar pectic polysaccharides known as apiogalacturonans in seagrass cell
walls. The peculiar monosaccharide apiose (Apif) is substituted with significant numbers
of low-methyl esterified galacturonic acid (GalAp) units [35,36]. Seagrasses feature highly
glycosylated arabinogalactan-proteins (AGPs) that are of particular interest due to their
dual role in wall architecture and cellular regulatory processes [79,80]. These AGPs are
characterized by their complex structure, featuring extensive polysaccharide components
consisting of arabinogalactans (AGs). AGPs were recently isolated from seagrasses and
structurally described for the first time [81]. In seagrasses, phenolic polymers (i.e., lignin)
responsible for the mechanical strengthening of the wall have also been detected, even
though in much lower amounts than angiosperm land plants [30,82-84]. As a result, the
cell walls of seagrasses appear to be intriguing fusions of traits from marine macroalgae
and angiosperm land plants with novel structural components. More details about the
cell wall structure of seagrasses have been previously discussed [81]. However, it is im-
perative to deepen the comprehension of seagrass cell walls, especially from a technical
perspective, given their potential utility in various applications, such as biofuel production,
biodegradable materials, and as a source of valuable compounds for pharmaceutical and
industrial purposes.

4.3. Seagrass Cultivation

Seagrass cultivation can be performed in different ways, depending on the species, the
environmental conditions, and the project’s objectives. Some common methods of seagrass
cultivation include seed collection and sowing [85]. This method involves collecting
seagrass seeds from natural populations or the lab, then sowing them directly into the
seabed or into biodegradable mats or bags that can be transplanted later. This method
can produce large numbers of plants with high genetic diversity, but it requires careful
timing, handling, and monitoring of the seeds and seedlings. Vegetative propagation is
another cultivation method [86]. It involves cutting seagrass shoots or rhizomes from donor
plants and planting them into the seabed or into pots or trays that can be transplanted
later. This method can produce fast-growing plants with high survival rates, but it requires
sufficient donor material and may reduce the genetic diversity of the plants. In addition to
the aforementioned methods, tissue culture is another promising cultivation technique [87].
This method involves growing seagrass cells or tissues in a sterile laboratory environment
and then transferring them to a greenhouse or a nursery for further growth and acclimation.
This method can produce disease-free plants with high genetic diversity, but it requires
advanced equipment/skills and is costly and time-consuming.

Overall, seagrass cultivation is a promising technique to enhance the conservation and
restoration of seagrass ecosystems, which are threatened by global and local stressors such
as climate change, pollution, coastal development, and overfishing. In addition, seagrass
land-based co-cultivation with seaweeds can also provide benefits for human well-being,
such as food security, shoreline protection, carbon sequestration, water filtration, and
fisheries production [88]. The existing literature reveals a scarcity of studies focusing on
cultivating seagrass for biomass production. In contrast to macroalgae, most research
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concerning seagrass biomass relies on natural cultivation systems. However, macroalgae
have been relatively more extensively investigated for their potential biomass production
through cultivation. The emphasis has been placed on understanding seagrass ecosystems
within their natural habitats rather than developing dedicated cultivation strategies for
biomass production. In that context, the co-cultivation of seagrass and macroalgae could be
of significant ecological, environmental, and economic importance for carbon sequestration,
wastewater treatment, enhanced biodiversity, food security, and biofuel production.

5. Biochemical Composition of Macroalgae and Seagrass

The biochemical composition of such weeds has been a subject of significant interest
due to their potential as valuable resources for various industrial applications such as food,
pharmaceuticals, cosmetics, and biofuels. Macroalgae have a complex lifecycle displaying
annual and perennial life histories, alternation of generation, as well as asexual and sexual
reproduction. They are a rich source of bioactive compounds, including polysaccharides,
proteins, lipids, vitamins, minerals, and secondary metabolites [45]. The composition of
these bioactive compounds varies among different species, as well as based on growth
factors such as environmental conditions, growth stage, and geographical location [89,90].

Carbohydrates are the most abundant component in most species, ranging from 23%
dw to 55% dw. The major structural polysaccharides in different macroalgae include
alginates in brown algae, agar and carrageenan in red algae, and ulvans in green macroal-
gae [91], which account for up to 40-70% dw. Other polysaccharides include laminarin
(storage glucan) in brown algae, xylans, and mannans in small amounts in red and green
macroalgae [92]. In general, macroalgae contain very low levels of cellulose or hemicel-
lulose (less than 5%) compared to terrestrial plants [52]. They are mainly composed of
structural polysaccharides (such as agar, carrageenan, and alginates) and storage polysac-
charides (such as starch, amylopectin-like, and laminarin). Carbohydrates are important
macromolecules for providing energy and structural support for macroalgae, as well as for
potential applications in the biorefining and food industry [93].

In terms of protein content, macroalgae show variability, with levels ranging from
10% to 47% of their dry weight. Remarkably, red and green macroalgae surpass brown
algae in their protein content [94,95]. The protein makeup demonstrates a well-balanced
amino acid profile, while their digestibility exceeds that of terrestrial vegetation, making
them a valuable dietary source [96]. The lipid content of macroalgae ranges between
1% dw to 5% dw, with brown macroalgae generally containing higher lipid proportions
than red and green macroalgae [95,97]. These lipids are particularly notable for including
polyunsaturated fatty acids (PUFAs), such as omega-3 and omega-6, which can constitute
15-40% of the total fatty acid composition [98].

The principal structural polysaccharides of seagrass encompass cellulose, constituting
15-48% dw, and hemicellulose, constituting 4-26% dw [99]. Additional carbohydrates
include starch (3-20% dw) and the sugar alcohol mannitol acting as an osmoprotectant
at levels 1-15% dw [100]. The maximum amount of carbohydrates was recorded in the
leaf and rhizome of Cymodocea serrulata and Cymodocea rotundata [101]. To determine if
seagrass biomass is suitable for the production of biofuels, it is required to understand
the cellulose content and the makeup of hemicelluloses [81]. Previous studies determined
the composition of cellulose in the dried plant material from various seagrasses, including
specimens of the genus Enhalus, Thalassia, Posidonia, and Cymodocea. Comparatively, less
cellulose was found in Posidonia australis [29] than Enhalus acoroides (77%) [31]. The amount
of insoluble material remaining after hydrolysis was used to assess the composition of
cellulose. Different hydrolysis techniques were used, and the insoluble residue was occa-
sionally thought to include cellulose [81]. The photometric approach of Dubois et al. [102]
can be used to determine the carbohydrate component of the insoluble residue.

Regarding proteins, seagrasses exhibit a range of crude protein content spanning
6-16% dw, comparable to their terrestrial counterparts. These proteins showcase a balanced
amino acid profile, with a notable dominance of aspartic acid, glutamic acid, glycine, and
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leucine [103]. Lipids in seagrasses compose 1-4% dw, approximately half the proportion
observed in macroalgae. Among these lipids, PUFAs take up a significant portion, ac-
counting for 30% to 40% of total fatty acids [104]. Hence, seagrass has the potential to
serve as a feed and protein source, and this potential can be further optimized through the
utilization of a biorefinery approach. In summary, both macroalgae and seagrasses contain
a substantial amount of carbohydrates that can serve as valuable feedstock for bioethanol
production. The subsequent section provides a detailed overview of the carbohydrates
found in macroalgae and seagrasses.

5.1. Carbohydrates in Marine Biomass

In macroalgae, there are many carbohydrate-based molecules. Green, red, and brown
seaweeds have carbohydrate levels of 25-50% dw, 30-60% dw, and 30-50% dw, respec-
tively [52]. Understanding the carbohydrate compositions in macroalgae as well as seagrass
is crucial for the efficient utilization of these marine biomasses as a carbon source for
bioethanol production. Table 1 shows the storage carbohydrates and cell wall polymers
present in various seaweed taxa and seagrass.

5.1.1. Green Macroalgae

Starch (x-1,4-glucan) is a polysaccharide found in green algae as a storage molecule
in a relatively sparse amount of 1-4%, while the content of lipids is up to 6% [105]. Green
macroalgae also contain cellulose and sucrose [106,107] and may also contain other car-
bohydrates such as ulvan. The latter is a water-soluble polysaccharide sulfate found in
relatively high amounts in Ulva (§—29% dw). It is widespread in the intercellular space,
and fibrillary two-cell thick layer thalli belong to order Uvales [107,108].

Table 1. Major carbohydrate storage and cell wall polymers are present in various macroalgal taxa
and seagrass [69,101,107-110].

Macroalgae
Polysaccharides Seagrass
Chlorophyta Rhodophyta Phaeophyta
o  Cellulose
C . e (1,4)-p-D-mannans
rystalline e  Cellulose e (1,4)-p-D-xylans e  Cellulose e  Cellulose
polysaccharides . 1’ 3)- B—D—lean
*  Xyloglucan e  Sulfated
) . Mannans . Glucomannan wlofucelucan ° Xylans,
Hemicellulose e  Glucuronan e (1,3), (14)-p-D-xylan . (1}'30)_Efg luuccim xyloglucans
o (1,3)-p-glucan ! &
Matrix Carb'oxyhc e  Ulvans Not available e  Alginates Not available
polysaccharides
. e  Agar
Matrlx—sulfa.ted e  Ulvans o  Carrageenans e  Homofucans Not available
polysaccharides e  Porphyran
) e  Starch
Storage e Inulin (fructan) e  Floridean glycogen . har e  Sucrose
8 glycog Laminarin
carbohydrates e Starch . . e  Glucose
(Semi-amylopectin) e Fructose

5.1.2. Red Macroalgae

In almost all red algae, the heteroside floridoside [x-D-galactopyranosyl-(1-2)-glycerol],
the sugar component that builds the florid starch (semi-amylopectin), is their primary pho-
tosynthetic storage molecules [110-112]. Apart from floridoside, some species also contain
other carbohydrates such as mannitol (Caloglossa, Ceramiales), sorbitol, digeneaside (most
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of the Ceramiales species), and digeneaside with d-isofloridoside (most of Porphyridiales
species). It is possible to further split isofloridoside, an isomeric floridoside form, into D-
and L-isofloridoside. Both floridoside and isofloridoside are important for osmotic acclima-
tization and storing carbon [113,114]. However, the most significant polysaccharides in red
macroalgae from a commercial standpoint are galactans, which include carrageenan (up to
75% dw) or agar (up to 52% dw) [58,115]. As another major constituent, agar is made up of
alternating 3-D-galactose and «-L-galactose with scarce sulfations [115].

5.1.3. Brown Macroalgae

Laminarin ($3-1, 3-glucans) is the unique polysaccharide in brown algae [52,116], with
mannitol (M-chains) or glucose (G-chains) attached to the reduction end. This polysac-
charide accounts for up to 30-35% dw in brown algal biomass [117]. However, the initial
accumulation product of photosynthesis is the monomeric carbohydrate mannitol, which
can make up to 30% dw at initial growth phases. The osmoregulatory property of mannitol
is obtained from the six-carbon sugar D-mannose [118]. The amount of mannitol and
laminarin varies according to the growth process, the reproduction, and the algal tissue
component [119]. Alginic acid (also known as alginate) is another dominant polysaccharide
that makes up the majority of the cell wall and contributes up to 40% dw of brown algal
biomass [120]. Alginate is composed of three different uronic acids, namely mannuronic
acid blocks, guluronic acid blocks, and alternative blocks of mannuronic and guluronic
units [115].

5.1.4. Seagrass

The main structural polysaccharides found in seagrasses consist of cellulose and hemi-
cellulose, playing significant roles in shaping their composition and functionality. These
two macromolecules represent 15-48% dw and 4-26% dw of the biomass, respectively [121].
It is noteworthy to mention that cellulose content in seagrasses aligns with that of terrestrial
plants, signifying its role in providing structural integrity. Within the realm of hemicellu-
loses, the diversity is evident, with constituents such as xyloglucans, xylans, mixed-linkage
glucans, and mannans identified [122]. Seagrasses exhibit a strategic carbohydrate storage
mechanism in the form of starch, a pivotal energy reservoir. Starch content varies within the
range of 3-20% dw [123]. The dominant storage soluble carbohydrate in most seagrasses
is the soluble disaccharide, sucrose [124]. Among different previously studied species of
seagrasses (Halodule wrightii, Enhalus acoroides, Syringodium filiforme, Halophila decipiens,
Thalassia testudinum, and Zostera marina), sucrose constituted over 90% of total soluble car-
bohydrate content. In addition to sucrose, other soluble monosaccharides, such as glucose
and fructose, as well as polysaccharides, have been identified in small amounts. While
comparatively less abundant, seagrasses also exhibit additional soluble carbohydrates such
as apiose, arabinose, fucose, galactose, mannose, rhamnose, and xylose [124].

Notably, mannitol, a six-carbon sugar alcohol, emerges as a major storage carbohy-
drate that serves the pivotal function of osmoprotection. Constituting a proportion of
1-15% dw [100], mannitol exemplifies the dynamic strategies seagrasses employ for main-
taining the optimal cellular balance. Furthermore, seagrasses contain an array of other
carbohydrates in minor quantities. These include pectin, glucuronic acid residues, and
fructans, which collectively contribute to the intricate carbohydrate landscape within these
plants [125].

Altogether, total carbohydrate content within seagrasses spans from 20% dw to 60%
dw, with cellulose and hemicellulose standing as the predominant macromolecules [124].
These structural polysaccharides play a pivotal role in shaping the mechanical properties
and overall architecture of seagrass tissues. It is noteworthy to state that seagrasses exhibit
remarkable adaptability in carbohydrate composition, with significant variations observed
across species and growth conditions. Factors such as light availability, salinity, and
temperature intricately influence the carbohydrate makeup, leading to unique physiological
responses that define seagrass species. This variability, underscored by recent research [124],
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showcases the intricate interplay between seagrasses and their environment, enriching the
understanding of these invaluable coastal ecosystems.

6. Marine Biomass Conversion into Bioethanol

It is crucial to gain a comprehensive understanding of the types and quantities of
chemical resources present in marine biomass. For example, the ratio of six- and five-carbon
sugars is vital for selecting the appropriate fermentation microorganism and the method
of bioethanol production. All varieties of macroalgae [126,127] and seagrass [19,21] can
potentially undergo fermentation to produce bioethanol by converting their carbohydrates
into simple sugars, followed by the use of suitable fermentable microorganisms. The
successful fermentation of bioethanol relies on converting carbohydrates (such as starch,
cellulose, laminarin, and/or floridean starch) into simple fermentable sugars, with careful
selection of the right microorganism to perform the fermentation process. Consequently,
various physical, chemical, and enzymatic methods are considered during the pretreatment
and subsequent saccharification steps in the processing of marine biomass. Generally,
seagrass bioethanol production follows similar procedures to the conversion of seaweeds.

Handling seaweed after harvest is a critical step, as improper handling can lead to
biomass deterioration during storage and transportation. Additionally, the composition of
the biomass may alter as a result of contamination by impurities such as sand, aquatic plants,
and animals. After being harvested, seaweed is frequently cleaned with water to get rid of
rocks, sand, and other unwanted contaminants [128,129]. Previous studies have examined
the impact of washing and found that when L. digitata is rapidly rinsed under tap water, it
results in a significant loss of carbohydrates, with laminarin experiencing reductions of up
to 49% [130]. Despite these losses, it is not ideal to have debris, sand, and salts in process
streams, particularly for the synthesis of bioethanol on a large scale. Utilizing saltwater
for washing on site is a preferable option to conserve the limited freshwater resources.
This not only makes it a more cost-effective choice but also aligns with environmentally
friendly practices.

Drying macroalgal biomass is a pivotal and energy-intensive step in the process of
bioethanol production, primarily because freshly harvested seaweed typically contains a
high moisture content of 85-90% [131,132]. Various drying techniques showed high effi-
ciency for seaweeds, including oven drying [133], sun drying [134], and freeze drying [135].
In a previous study evaluating the impact of different drying methods on the composition
of L. digitata, it was observed that the quantities of laminarin, the primary carbohydrate
in brown seaweeds, were 10.9, 10.8, and 14.7% dw for oven-dried, frozen-oven dried, and
freeze-dried seaweed, respectively [130,136]. These findings indicate that freeze-drying is a
more viable option. However, to be considered a sustainable choice, its economic benefits
would need to be thoroughly evaluated and compared. It is worth noting that the high
energy consumption associated with freeze-drying may make it impractical for seaweed
farmers, particularly those located in underdeveloped coastal areas. An alternate drying
technique that has been employed in several research is sun drying, which is now the most
practical method for seaweed producers [134,137]. Its impact on the seaweed’s carbohy-
drate content has not yet been studied, in addition to the documented loss of seaweed
pigmentation or decolorization. Because sun drying lacks the precise control offered by
instrument-based drying methods, there may be many concerns regarding the potential
compositional alterations. Affordability remains a crucial determinant in selecting the
drying method. Presently, the use of non-dried seaweed is not under examination because
drying is essential for mitigating microbial degradation and reducing transportation costs.
Thus, the viability of commercial bioethanol production relies on the seaweed being stored
and transported in a dry state to processing plants. If the growing /harvest site can supply
a nearby bioethanol facility with enough material at a feed rate that matches it, the drying
process can be skipped. Another essential handling technique is size reduction or milling,
which enhances the biomass surface area, particularly for the activity of catalysts in the
phases of hydrolysis and fermentation [134]. Size reduction improves the effectiveness
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of transportation and storage by lowering the bulk volume of macroalgal biomass. For
dried macroalgae, milling has been shown to have a small hydrolytic effect on seaweed
biomass [138].

6.1. Pretreatment

Both macroalgae and seagrass have various carbohydrates such as starch, cellu-
lose, laminarin, alginate, mannitol, ulvan, carageenan, and agar, while they contain no
lignin [61,108,139], which gives a benefit to microbial ethanol production over terrestrial
biomass. This stage involves pretreating a wide variety of carbohydrates in marine biomass
using a variety of techniques. After the pretreatment stage, the polysaccharide feedstock
is more susceptible to rapid hydrolysis, which increases the yields of monomeric sugars.
Pretreatments are necessary to improve the production of sugars directly or during the
subsequent hydrolysis step, prevent the generation of compounds that inhibit the hydroly-
sis/fermentation processes, reduce the energy requirement, and lower the costs in order to
increase the efficiency of the whole process. Macroalgae can be pretreated using physical
(chopping, grinding, irradiation), physicochemical (hot water, steam explosion), and chemi-
cal (acid, base) methods, individually or combined. Checking for debris and foreign objects
is crucial before treatments, as seaweeds may contain residues of adherent epifauna, sand,
stones, or other materials after being harvested [2,105]. In addition, mechanical pretreat-
ments are frequently used with other techniques to improve the surface area-to-volume
ratios, considerably increasing the sugar yield during the subsequent hydrolysis step [140].

6.1.1. Physical Pretreatment

Exposure of biomass to high-energy irradiations, such as gamma rays, generates
ions and/or radicals that initiate various chemical processes, often leading to breaking
chemical bonds and a reduction in molecular weight, which directly correlates to the
irradiation dosage [141]. In contrast, polar bonds in the biomass and the surrounding
aqueous media are vibrated by microwave oven irradiation, creating a hot spot and internal
heat inside the inhomogeneous material [142]. This particular heating property causes
the particles to erupt, which enhances the disruption of polysaccharides in macroalgal
biomass [143]. Yoon et al. [144] depolymerized the complex polysaccharides in Undaria
sp. biomass using gamma irradiation pretreatment. A change in the concentration of
reducing sugar was observed, rising from about 0.017 g L~! in untreated biomass to about
0.048 g L™ ! in the biomass exposed to 500 kGy of gamma radiation. Moreover, combining
this pretreatment with acid hydrolysis (1% H,;SOy4, 121 °C, 180 min), the reducing sugars
were increased up to five times. Similarly, Yuan and Macquarrie [145] used microwave
heating as a pretreatment for drying the brown macroalga Ascophyllum nodosum. The
biomass was then pulverized and the acid hydrolyzed (3.13% w/v biomass, 0.44 M H,SOy,
150 °C, 1 min) with the aid of microwave heating, resulting in the release of 127 mg
monosaccharides g~! dw of macroalgal biomass. Saccharomyces cerevisiae was used to
immediately ferment the concentrated hydrolysate, which produced a yield of 60.7% and
an ethanol titer of 5.57 g L.

Ultrasonication is another physical pretreatment method that uses sound waves to
create cavitation bubbles in a liquid medium. These bubbles collapse and generate shock
waves that can disrupt the structure and composition of biomass [146]. Ultrasonication can
enhance the solubilization of organic matter, degradation of hemicellulose, reduction of
cellulose crystallinity, and enzymatic hydrolysis of polysaccharides in the biomass. Ultra-
sonication can also improve the extraction of valuable compounds from seaweeds, such as
agar, carrageenan, fucoidan, and other phytochemicals. Ultrasonication, as well as other
physical pretreatment methods, can be combined with other methods, such as chemical,
thermal, or biological, to improve their efficiency and reduce their drawbacks [147].
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6.1.2. Chemical Pretreatments

Chemical pretreatment techniques play a vital role in the processing of macroalgal
biomass for various industrial applications, including bioethanol production. The three
most significant chemical pretreatment methods are acid, alkaline, and steam explosion.
Each method offers unique advantages in breaking down the complex macroalgal structures,
facilitating the release of carbohydrates/sugars for subsequent hydrolysis. Understanding
these pretreatment approaches is essential for harnessing the full potential of macroalgae
as a sustainable resource for bioethanol production.

(a) Steam explosion pretreatment

Steam explosion or autohydrolysis was reported as one of the most popular and
relatively feasible pretreatment techniques [148]. This method applies heat and pressure
steam for a period of time without a catalyst, which is then abruptly decompressed to
ambient pressure. As a result, the individual fibers within the biomass are separated,
making them more accessible to acid or enzyme attack with relatively little material loss.
This approach is typically used in conjunction with other pretreatment procedures, includ-
ing acid or hot water pretreatments. Polysaccharides are changed into oligomers when
macroalgal biomass is hydrothermally pretreated in the hot water process. For instance,
Padina tetrastromatica was pretreated with hot water (121 °C, 45 min) and then xylanase
(501U, pH 7, 30 °C, 6 h) from Bacillus sp. BT21 was used for enzymatic saccharification.
The combined amount of released mannose, xylose, and glucose was 73.3 mg g~ ! dw of
seaweed biomass, 19% more than the untreated biomass [149]. Also, Soliman et al. [150]
produced 510 mg sugars g~ ! dw of Sargassum latifolium biomass using biological saccharifi-
cation (at 80% efficiency) by Trichoderma asperellum RM1 at 30 °C for 21 days after hot water
pretreatment (pH 5.5, 0.15 MPa, 120 °C, 15 min). While producing only trace amounts of
inhibitive byproducts like carboxylic acid and furfural, this method is both cost-effective
and eco-friendly due to the relatively high sugar recovery.

(b) Acid pretreatment

Polysaccharides are rapidly broken down into sugar monomers during acid pre-
treatment using diluted acids such as sulfuric acid (H,SO4), hydrochloric acid (HCI), or
phosphoric acid (H3POy). This kind of treatment improves the hydrolysis of cellulosic
fractions into glucose in the forthcoming enzymatic process, increases the biomass porosity,
and maximizes the conversion of polysaccharides into soluble sugars. The most common
chemical process used to pretreat raw macroalgal biomass is diluted-acid hydrolysis, which
is usually followed by enzymatic hydrolysis. However, for industrial use of acid and heat as
catalysts, specialized methods and acid-resistant materials are needed in the pretreatment
reactors. After this chemical preparation, ammonia or lime is added to raise the pH so that
hydrolysis enzymes and microorganisms can act properly. Ammonia, a highly miscible
neutralizer, can also be used to condition the hydrolyzate slurry overall and eliminate the
need for solid-liquid separation phases [2]. The less expensive alternative to ammonia is
lime, which is not a preferable neutralizer since it was reported to reduce the concentration
of sugars by 13% and create side reactions at higher pH values. As an alternative to acid
pretreatment, hot water pretreatment was suggested. For the pretreatment of 80,000 and
400,000 tons year ! of dry brown macroalgae, Fasahati et al. [151] analyzed the capital cost,
sugar yield, and operational cost of the hot water with acid pretreatment. They concluded
that the hot water pretreatment method is more cost-effective than the acid thermal proce-
dure (20% solid load, 50 °C, 30 min). However, it delivers a slightly lower concentration of
sugars compared with acid pretreatment but requires less utility and capital cost.

(c) Alkaline pretreatment

The direct substitute for acid pretreatment is alkaline pretreatment, as a base such
as 2% NaOH is used instead of using an acid as a catalyst. Few studies evaluated the
use of bases for seaweed hydrolysis [132,152,153]. This could be because higher base
concentrations are needed to produce catalysts with efficiencies comparable to those of acid
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catalysts [154,155]. Additionally, hydroxide ions in bases interact with the hydrocolloids
in seaweeds (agarophytes and carrageenophytes) at high temperatures and for extended
periods of time to generate gels that are too viscous to ferment [129]. This makes using
alkaline pretreatment difficult, especially for red seaweeds. However, this can be lessened
by utilizing the biorefinery method, in which the hydrocolloids are removed before the
residue is subjected to diluted alkaline hydrolysis.

While chemical pretreatment methods offer several advantages in biomass processing,
they also come with certain disadvantages. These include negative environmental impacts
due to using hazardous chemicals, elevated cost due to the cost of chemicals, safety mea-
sures, and waste disposal, high energy consumption because some chemical pretreatment
processes require high energy inputs, such as heating or pressurization, and overreliance on
chemical pretreatment may not align with long-term sustainability goals. Thus, balancing
the advantages and disadvantages of chemical pretreatment is essential when considering
its application in biomass conversion processes, as it requires careful consideration of the
specific feedstock, process efficiency, environmental impact, and economic viability. In
comparison to chemical methods, biological pretreatment can be highly desirable.

6.1.3. Biological Pretreatment

Biological pretreatment has been suggested as a safe and eco-friendly alternative
for biofuel production from different biomass feedstocks. It involves the use of microor-
ganisms and/or enzymes that can degrade cellulose, hemicellulose, and other biological
compounds in the biomass, making it more accessible for further conversion [147]. In this
regard, microorganisms have been reported as powerful cell factories for the economical
manufacturing of several value-added products, including different enzymes [156,157]. En-
zymes that break down different kinds of biomass, including seaweeds, are becoming more
and more necessary for the effective handling of the feedstock. Several bacteria and fungi
may break down seaweeds as the only carbon source by secreting specific enzymes such
as alginase, amylase, and fucoidanase [158,159]. Fungal pretreatment using white-, soft-,
or brown-rot fungi to break down cellulose and other macromolecules can enhance sea-
weed bioethanol production [160]. Bacterial pretreatment, using lignocellulose-degrading
bacteria to solubilize and hydrolyze the biomass components, was reported to increase the
biofuel yield from aquatic plants [147]. Enzymatic pretreatment, using cellulase, hemicellu-
lase, and starch-degrading enzymes to catalyze the hydrolysis of polysaccharides in the
biomass, was also reported to improve the ethanol yield from macroalgae and other aquatic
plants [161]. Alginase is produced by a variety of organisms, including Asteromyces cruciatus,
Acrophialophora sp., Lindra thallassiae, Corollospora intermedia, Dendryphiella salina, Dendry-
phiella arenaria, and Setosphaeria rostrata. Nonetheless, several fungi showed fucoidanase
activity, including Aspergillus niger, Aspergillus flavus, Curvularia lunata, Cladosporium salinae,
Mucor sp., Penicillium purpurogenum, Dendryphiella arenaria, and Setospheria rostrata. In
general, marine algicolous fungi, including ascomycetes and Zygomycetes, have been
recorded in high numbers living on or in healthy seaweeds, with an important role in the
decomposition of marine algal materials due to high enzymatic activity [162].

6.1.4. Combined Pretreatment Method

The combination of various pretreatment methods has been found to be highly effec-
tive in improving the efficiency of processing lignocellulosic biomass. Numerous combi-
nations, such as ball milling with microwave irradiation, alkali pretreatment alongside
high-pressure homogenization, torrefaction combined with washing, acid treatment along
with ionizing radiation, thermo-chemo-ozone pretreatment, and ozonation coupled with
ultrasonication, are being explored as alternatives to traditional individual pretreatment
techniques [147,163,164]. For instance, Patil et al. [165] investigated the efficacy of com-
bined pretreatment using water hyacinth in different forms, like chopped, dried, and
ground, as well as in combination with different chemicals/waste like NaOH, poultry
waste, and primary sludge. Among these, the combined treatment exhibited the most
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favorable potential for enhanced energy recovery compared to individual pretreatment.
Notably, NaOH-treated dried, and ground water hyacinth demonstrated superior results
when compared to that using dried and groundwater hyacinth alone as a control.

6.2. Hydrolysis
6.2.1. Acid and Alkaline Hydrolysis

After pretreatment, structural polysaccharides in the algal biomass are hydrolyzed
chemically or enzymatically to liberate simple sugars. The sugar yield by acid saccharifica-
tion is almost 50% of the total dry weight of the seaweed biomass, which is roughly 2.5 times
higher than that of the enzymatic technique [16]. Table 2 shows the yield of fermentable
sugars from various macroalgal biomass using different hydrolysis methods. However, the
application of heat during acid or base treatment results in the generation of detrimental
chemicals that can hinder the subsequent microbial fermentation stage. For instance, the
mechanical pressing technique yielded less ethanol compared to hydrothermal pretreat-
ment of Ulva lactuca due to these adverse chemical effects [16,166]. While heat treatment
is necessary to solubilize laminarin, a similar finding was observed in Saccharina latissima,
which had previously been heated and acidified [17]. In acid-hydrolyzed seaweed biomass,
xylose and galactose are the precursors to caffeic acid, furfural, levulinic acid, and 5-
hydroxymethylfurfural [167]. Furthermore, alkaline hydrolysis was reported to produce
intermediate byproducts such as hydroxyacetone, 2,5-dimethyl-4-hydroxy-3(2H)-furanone,
and 2-hydroxy-3-methyl-2-cyclopenten-1-one, which can potentially act as fermentation
inhibitors. Nevertheless, the impact of these breakdown products on fermentation pro-
cesses remains uncertain. Karray et al. [168] documented that the hydrolysis of Ulva rigida
yielded reducing sugars, amounting to 79% of the total carbohydrates on a weight-to-
weight basis. This study highlighted that inhibitors resulting from the base-catalyzed
hydrolysis were observed only at extremely high concentrations of the catalyst. As with
acid catalyst hydrolysates, base catalyst hydrolysates also need to be neutralized before
fermentation [153]. This is performed to give reducing sugars a pH value that allows
microorganisms to ferment them into ethanol.

Cellulase-producing actinobacterial culture (BPSGA4) was supplied with seagrass
substrate for ethanol production through saccharification. In C. serrulata, the actinobacterial
strain BPSGA4 resulted in the highest bioethanol yield (0.78 mL/g), while C. rotundata
showed the lowest (0.72 mL/g). Furthermore, the amount of cellulose was lower (23.1 and
21.5) following enzyme hydrolysis compared to acid hydrolysis (58.5 and 52.1) using
C. serrulata and C. rotundata, respectively. Acid hydrolysis revealed that C. serrulata and
C. rotundata both showed relatively high yields of bioethanol, 0.46 and 0.49 mL /g, respec-
tively [21]. As of the present, there is no definitive evidence supporting the preference for
base catalysts over acid catalysts in the hydrolysis of macroalgae. To determine which type
of catalyst is more advantageous, conducting a techno-economic study could be essential to
evaluate the cost-effectiveness and overall feasibility of using either acid or base catalysts
for seaweed hydrolysis in bioethanol production.

6.2.2. Enzymatic Hydrolysis

Enzymatic hydrolysis provides several benefits over acid and alkaline hydrolysis,
including more favorable circumstances and a larger sugar yield without the production of
microbial inhibitory chemicals (Table 2). Despite these advantages, macroalgal enzymatic
saccharification is still in its early stages of development. In addressing issues such as
the enzyme’s specificity towards different polysaccharides and the presence of multiple
polysaccharide complexes within a single macroalgal species, substantial advancements are
needed. In contrast to terrestrial plants, where the prevalent form of cellulose is monoclinic
crystalline cellulose (I 3), algal cells predominantly contain triclinic crystalline cellulose (I cx).
Due to the spatial arrangement of individual cellulose chains in relation to one another,
hydrogen bonds in the polysaccharide form are weaker and looser [169,170]. Triclinic
crystalline cellulose may, therefore, be more easily converted into reducing sugars than
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monoclinic crystalline cellulose and is more accessible to endocellulases and exocellulases,
as well as having more sites for attack on released fibrils. To successfully break down
this polysaccharide, it is essential to choose the right enzymatic mixture for each type of
algal biomass.

The limited hydrolysis efficiency has hindered attempts to saccharify macroalgal
biomass using seaweed-specific enzymes, like laminarinase, even though it has been
proposed that hydrolysis efficiency could potentially be enhanced through additional
pretreatment methods or the utilization of multi-enzyme complexes [52,171]. In this con-
text, bioethanol yield of more than 3% was reported by Yanagisawa et al. [172] from
the sequential enzymatic saccharification of glucan polysaccharide in Chigaiso seaweed
(Alaria crassifolia). In this procedure, a secondary saccharification was carried out using
residue-free hydrolysate from the primary saccharification. An enzyme mixture consisting
of dextrozyme, liquozyme, rapinase, and viscozyme was used in another study to sacchar-
ify 5-cm chopped raw brown macroalgae (75% concentration) using 1% ascorbic acid [171].
After 5.5 h of incubation, the yield and sugar concentration were 8.8 g/L and 89.3%,
respectively. Additionally, the fed-batch hydrolysis using the same enzyme technique
produced 27.2 g/L of sugars with 80.6% saccharification efficiency after 16 h. Moreover,
a combination of chemical and enzymatic hydrolysis can be used to extract mono-sugars
from macroalgae. The generation of fermentable reducing sugars, such as D-galactose,
D-glucose, D-mannuronate, D-xylose, L-fucose, L-glucuronate, and L-guluronate from
brown macroalgae such as Laminaria sp. and Saccharina sp., was effectively accomplished
using this method [173]. However, relatively high levels of heavy metals or even nitrogen,
minerals, and sulfur in macroalgae (0.5-11% dw) may be released into the fermentation
medium during the pretreatment and saccharification phases, regardless of the procedures
chosen. This could affect the microbial community employed for fermentation, potentially
necessitating the inclusion of a purification stage before proceeding with the fermentation
process. This purification stage can be achieved by employing various materials, such
as activated charcoal or lime, to mitigate the adverse effects of impurities or inhibitors
introduced during the saccharification process [16,167].

6.3. Fermentation

The purpose of this stage is to effectively produce ethanol by using all of the sugars
that may be produced from macroalgae through fermentation. Due to the complexity of
lignocellulosic hydrolysate from seagrass, fermentation is more critical than macroalgae.
The pretreated biomass can be fermented mainly using separate hydrolysis and fermen-
tation (SHF) or simultaneous saccharification and fermentation (SSF), depending on the
enzymatic fermentation method.

Table 2. Impact of different hydrolysis methods on releasing fermentable sugars from different
macroalgal biomass. Modified from [174] with permission number 5622520595843.

Group Algal Species %zﬁiters:aﬁon PMrgg‘leoa‘;?ent Conditions of Process Sugars (Yield) Refs.
Gal (0238 g/g),
Gelidium elegans 200 gL~! Acidolysis 2.5% H,504, 120 °C, 40 min I\G/};n(((’ézgg%gg/ /gé') [175]
Xyl (0.010 g/g)
. . 144 mM H,SOy, 150 °C
Acidolysis + ] 2054, 200~
. _ . 10 min, 16 U/mL Viscozyme Gal (0.238 g/g),
1
Red G. amansii 120gL enzymatic Land Celluclast 1L5L (1),  Glu (0.187 g/g) [176]
macroalgae yarolysis 45°C, pH 5.0, 45 min
Acidolysis 2% HS0y4, 120 °C, 30 min
Gracilaria salicornia 168 g L1 Enzymatic 5g/L cellulase, 40 °C, 4 h, Eg (88%2 gfg) [133]
hydrolysis pH 5.0 (0.0138 g/g)
1 Acidolysis 0.3MHCI, 80°C,2h
G. lemaneiformis 308 El Enzymatic 10 U/mL (3-agarase, 55 °C, Eg (gggg gjg) [177]
5glL hydrolysis 2h (0:8%g/8)




Fermentation 2023, 9, 934

18 of 32

Table 2. Cont.

Substrate

Pretreatment

Group Algal Species Concentration Methods Conditions of Process Sugars (Yield) Refs.
200g L Acidolysis 1% H,S0;, 125 °C, 30 min %351(502'1;95/ 8), Glu [178]
Ulva lactuca Glu(0.041 g/g), Ara
100g L1 Acidolysis 1% H,S0y, 125 °C, 30 min (0.087 g/g), Xyl [179]
Giu (0368 5./¢)
o 7.5% H,S04, 150 °C, 10 min, u (0.082 g/g),
1 Acidolysis + 0.3 mL/g commercial Rha (0.070 g/g),
100 g L enzymatic Ilul ktail, 50 °C Xyl (0.045 [152]
hydrolysis cellulase cocktail, , yl1 (0. g/8),
pH5.0,96 h Gal (0.010 g/g)
Deionized water, 150 °C,
. 10 min, 0.3 mL/g cellulase, Glu (0.113 g/g),
200 & L-1 Enfli]gfagg 50 °C, stirring 24 h, Rha (0.090 g/g), [180]
Green g +};ci do}ll sis centrifugation, 12 M Xyl (0.029 g/g),
macroalgae Y H,S04,30°C,1h, 1M Gal (0.007 g/g)
H,S04,100 °C, 3 h
Acidolysis + 0.5 M H,S0y, 120 °C,
UL. reticulata 50g L1 enzymatic 90 min 50 IU/g Viscozyme RS (0.609 g/g) [181]
hydrolysis L,45°C,24h
Acidolysis + 3% H504, 95 °C, 1h, 2.0 mL
. . . 1 p commercial enzyme .
Rhizoclonium spp. 300 g L snzymatic cocktail (CELLIC® CTEC2), ~ O (0598 8/8) L1521
yaroly 50 °C, pH 6.3, 160 rpm, 24 h
. . 270 mM H,S0y, 121 °C
Ulva Acidolysis + - 2N, e
(Enteromorpha) 10011 enzymatic 60 min, 16 U/mL Vlscoz'yme Glu (0.166 g/g), [183]
intestinalis hydrolysis L and Celluclast 1.5 L (1:1), Xyl (0.076 g/g)
yaroly 45°C, pH 5.0, 150 rpm, 36 h
) _ .. . 65 °C, Grinding for 1 h, Man (0.261 g/g), )
1 & 8/8 y
Saccharina spp. 100g L Grinding extraction 20 Volume diH,0, pH 2.0 Glu (0.047 g/g) [184]
1 gL~ whole . . o o .
Dilophus fasciola bi%mass Acidolysis 5% H504, 121 °C, 30 min RS 31.98 g/L [95]
1 gL free lipid ; . o o .
biomass Acidolysis 5% HpS0y4, 121 °C, 30 min RS372g/L [95]
Padi - : . o °
totvastromatica 2gL71 Acidolysis 1% HpS0,,100°C, 1h RS (0.045 g/g) [185]
100g L Acidolysis 015 M H,S04, 121°°C, Glu (0.300 g/g) [186]
Laminaria japonica 10 mL /¢ Cellul ixt
1 Enzymatic NSng101gé' ISI \rases m1>1<AurSe, Man (0.092 g/g), 187
st hydrolysis 515 Cooan e /S Gl (0180 g/g) 1871
Brown Acid hydrolysis :
. . 0.2 M H,SOy, 121 °C, 20min
macroalgae 100 g 1.1 ACIdOly?“ Novozymes Biomass Kit, pH gg (8§g§ 8/8) [188]
enzymatic 5.5,50 °C, 150 rpm, 18 h (0.293 8/g)
Acid hydrolysis o :
. . 0.2 M HpS04, 121 °C, 20min,
Aos‘ti:gphylum 100 gL ACIdOlY?}S + Novozymes Biomass Kit, pH gg (852 gfg) [188]
nodosu snzymatic 5.5,50 °C, 150 rpm, 18 h (0.156 g/g)
ydrolysis
Sargassum 0 c
Sfulvellum (72%), . . 138 mM H,S0Oy, 160 °C,
Hizikia fussiformis - Acidolysis + 10 min, 16 unit/mL g (159]
(18%), 80g Pnaymall Viscozyme L (1.2 FBG/mL), u (02 g/g), Man
Undaria pinnatifida ydrolysis 45°C, 48 h (0.037g/g)
(6.2%)

6.3.1. Separate Hydrolysis and Fermentation (SHF)

This method offers a broad spectrum of hydrolysis options, making it the most com-
monly used technique for bioethanol production. It also enables fermentation organ-
isms to function at moderate temperatures, maximizing the use of sugars allows hydroly-
sis/saccharification to act at higher temperatures for improved performance. Furthermore,
it allows for the utilization of catalysts and fermenting organisms under their optimal
conditions for both hydrolysis and fermentation, respectively [129]. Before introducing
an organism in the SHF process, the hydrolysis process must first be completed, and
the reducing sugars are collected for fermentation, primarily by centrifugation or filtra-
tion. The same reactor may or may not be used for the two individual processes. In
a study on Gracilaria tenuistipitata, SHF was utilized to acquire the reducing sugars af-
ter acid hydrolysis, which were then fermented by Saccharomyces cerevisiae [128]. The
study showed a bioethanol yield of 0.042 g/g reducing sugars. In another study by Ku-
mar et al. [190], bioethanol was produced from the G. verrucosa agar extraction pulp using
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SHEF. The recorded bioethanol yield was 0.43 g/g from the pulp’s enzymatic hydrolysis,
followed by fermentation using S. cerevisiae.

6.3.2. Simultaneous Saccharification and Fermentation (SSF)

In the SSF method, both yeast and hydrolysis are introduced into the reactor simul-
taneously and operate under the same set of conditions. Because both hydrolysis and
fermentation occur concurrently in the same reactor, the SSF process is generally cost-
effective [140]. However, it is important to note that achieving the optimal conditions for
both processes simultaneously can be challenging at times, potentially affecting the overall
efficiency. However, previous studies confirmed that SSF has a greater yield than SHF when
optimum conditions are applied. For instance, maximal ethanol yields of 3.78 and 3.33 g/L
were recorded from Gelidium amansii using SSF and SHF, respectively, using cellulase as
the enzyme and S. cerevisine (KCTC 7906) as a fermenting organism [129]. The conversion
efficiencies of 84.9 and 74.7% were achieved for SSF and SHE, respectively. Using the SSF
technique, ethanol was produced from rice straw fronds and showed a bioethanol yield of
38 g/L, with 84.7% conversion efficiency. Therefore, SSF appears to be the more favorable
approach for bioethanol production from macroalgae.

6.3.3. Other Fermentation Methods

Simultaneous Saccharification and Co-fermentation (SSCF) and Consolidated Biopro-
cessing (CBP) are two less popular alternatives to SSF and SHF techniques. The creation
of cellulose, biomass hydrolysis, and ethanol fermentation all proceed simultaneously
in a single reactor as part of CBP processes [191,192]. These procedures employ a single
microbe or a combination of microorganisms, which lowers capital expenses. For instance,
Clostridium thermocellum, Neurospora crassa, Fusarium oxysporum, and Paecilomyces sp. are
among the organisms that can be used in CBP [193]. For lignocelluloses, CBP combines
self-cellulase production with substrate hydrolysis, fermentation of hexose and pentose
sugars, and self-cellulase fermentation within the same reactor [194,195].

With one or more inoculums, the SSCF process frequently involves the simultaneous
fermentation of two or more substrates in a single system. Additionally, it can entail the
simultaneous fermentation of sugars from several process streams [196]. With K. alvarezii
as a feedstock, SSCF produced 64.3 g/L ethanol that was separated into a cellulose- and
galactose-rich solid fraction [197]. Comparatively, the liquid and solid fractions were
independently fermented with SSF in the same investigation, which provided bioethanol
yields of 38 and 53 g/L, respectively [197]. The results showed that while SSCF is beneficial,
using SSF individually will lead to significantly greater combined ethanol production
from various fractions of the same biomass. However, it could increase the overall cost.
Strains of S. cerevisiae, E. coli, Z mobilis, P. tannophilus, C. shehatae, and P. stipitis are a few
co-fermenting microorganisms for SSCF [140]. Overall, SSCF offers several key advantages
and serves various important purposes, including integration of saccharification and
fermentation for different feedstocks, which results in improved overall efficiency in terms
of time and resources at reduced costs. In addition, the co-fermentation of sugars as they are
released during saccharification can enhance the overall conversion efficiency. Moreover, co-
fermentation in SSCF can help mitigate the inhibitory effects of certain byproducts or high
sugar concentrations, improving the fermentation process robustness. Overall, anaerobic
SSCF can contribute to reducing the environmental footprint of bioethanol production by
minimizing resource consumption and waste generation, making it an important technique
in the quest for sustainable and environmentally friendly energy sources (Figure 2).
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6.4. Bioethanol Recovery

Following the fermentation process, bioethanol undergoes purification through dis-
tillation and dehydration techniques [198]. Distillation is the primary method used to
extract ethanol from the fermentation broth (a mixture containing ethanol, solid biomass
residue, residual sugars, and fermenting organisms). The vaporization of ethanol-water
mixtures during the production process stands out as the most energy-intensive step due
to the heat generated [199]. In analytical and small-scale research settings, bioethanol
can be recovered using simple distillation units and rotary evaporators. In contrast, for
commercial production, larger equipment such as distillation columns is employed [200],
which might be combined with ethanol dewatering technologies such as using molecu-
lar sieves [151]. Dehydration techniques, including vacuum distillation, pressure swing,
membranes, or molecular sieves, are utilized to generate >99% grade ethanol from fer-
mentation broths distillation to a concentration of 95.6% ethanol (ethanol-water azeotrope)
using distillation columns [198]. Molecular sieves, such as zeolite, operate by selectively
adsorbing water molecules due to the size difference between water and ethanol molecules.
They are well-suited for dehydration because they can be regenerated and reused through
drying processes.

7. Co-Fermentation

Co-fermentation of marine biomass refers to the process of producing bioethanol from
a mixture of different types of feedstocks simultaneously to produce bioethanol. For marine
biomass in the present study, it refers to seaweeds and seagrass. In a broader context,
it might include microalgae, fish waste, marine yeast, and seawater. Co-fermentation
can improve the efficiency and stability of the bioprocess, as well as the quality and
quantity of the final products [201]. It can also reduce the environmental impact of marine
biomass disposal and contribute to the circular bioeconomy [202]. The bio-conversion
of marine biomass has been discussed using different processes, such as co-digestion of
seaweed and lipid-rich waste [203], co-digestion of microalgae and sewage sludge for biogas
production [204], co-digestion of seaweed and cheese whey [205], co-pyrolysis of seaweeds
with waste plastic [206], and hydrothermal co-liquefaction of seaweeds with lignocellulosic
biomass [207]. However, there has been relatively less research on the co-fermentation of
seaweeds with various feedstocks, indicating a need for further investigation in this area.
In this context, SSCF is recognized as an advanced, next-generation method employed to
enhance bioethanol production from different feedstocks. It achieves this by simultaneously
breaking down cellulose and fermenting sugars. SSCF overcomes the limitations of marine
biomass conversion, including challenges with no pentose utilization, low ethanol yield,
and inhibition by fermentation parameters [208].

The concept of co-fermentation arises due to the need to ferment xylose, a sugar
that normal wild-type yeast Saccharomyces cerevisiae cannot naturally ferment. To address
this limitation, a genetically engineered S. cerevisine was employed by introducing xylose-
fermenting genes, enabling it to ferment both sugars [209]. In the SSCF, a single reactor
is used to reduce the cost of using separate processes and eliminating enzyme feedback
inhibition [210]. In contrast, SSF involves fermentation and hydrolysis at moderately high
temperatures, with microbes capable of utilizing only glucose, requiring more processes
(Section 6.3.2). Optimal cellulase enzyme activity occurs at around 50 °C, while yeast and
bacteria typically function at moderate temperatures of around 30 °C and 37 °C, respec-
tively. This temperature difference necessitates some modifications before implementing the
process. Therefore, optimizing the process presents challenges, such as reducing the temper-
ature for hydrolysis and increasing it for fermentation. Developing thermo-tolerance in a
microbe or enhancing enzyme activity at a moderate temperature, approximately 34-37 °C,
was discussed as a preferred approach for optimization [211]. While this may slightly
extend the overall processing time, it remains more efficient than separate hydrolysis and
fermentation processes. The operational parameters, such as pretreatment methods, tem-
perature settings, and the presence of co-factors originating from the organisms employed,
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have the potential to exert an impact on the SSCF conversion process, which has been
comprehensively discussed by Sharma et al. [208].

Co-fermentation offers a significant advantage by enhancing the efficient utilization
of diverse carbohydrates found in various marine biomasses. Different organisms excel
in fermenting specific sugars more effectively. For instance, brown seaweeds are rich in
alginate and mannitol, while green seaweeds contain more starch. The combination of
these sources enables a more thorough conversion of sugars into ethanol. In a previous
study, a waste mixture comprising ten species of red, brown, and green seaweeds from
Gwangalli Beach was utilized as biomass feedstock for ethanol production. The result
showed a maximum monosaccharide concentration of 30.2 g/L, which was employed
for ethanol production. Fermentation involved both single and mixed yeasts, including
non-adapted and adapted Saccharomyces cerevisine KCTC 1126 and Pichia angophorae KCTC
17574, targeting galactose and mannitol, respectively. The most notable outcome was
achieved through the co-culture of adapted strains, resulting in a maximum ethanol concen-
tration of 13.5 g/L [212]. In a different study, mixed lignocellulosic biomass composed of
Ricinus communis, Saccharum officinarum, and Saccharum spontaneum was used as a feedstock
for bioethanol production that enhanced bioethanol yield to 62.01 g/L [213]. In addition,
co-fermentation could play a crucial role in adjusting the carbon-to-nitrogen (C/N) ratio, a
key factor influencing efficient bioethanol production during fermentation. Achieving the
optimal C/N ratio is important for microbial growth and metabolism. The median C/N
atomic ratio of benthic marine macroalgae and seagrasses is about 18:1. Benthic plants
were reported to have much less N content, relative to C, than phytoplankton [214]. Thus,
seaweed with higher carbohydrate content has better C/N ratios (20-40:1) for ethanol
fermentation than protein-rich microalgae. Given the variability in carbohydrate and pro-
tein contents across different feedstocks, combining carbohydrate-rich and protein-rich
feedstock becomes a strategic approach to fine-tune C/N ratios for effective fermentation.
Despite proteins having lower hydrogen production potentials compared to carbohydrates,
their presence is essential for maintaining a balanced C/N ratio conducive to microbial
fermentation [213].

Co-fermentation can also facilitate synergistic effects between different microorgan-
isms, improving ethanol yields. The enhanced microbial community can break down a
wider range of substrates. Co-cultivation presents synergistic effects, which showed a
higher fermentation rate compared to monocultures [215]. This approach requires a shorter
fermentation period while providing an increased biofuel supply [212,216]. The co-culture
system operates in harmony, ensuring process stability and superior performance com-
pared to monocultures. It has successfully addressed the limitations of axenic cultures,
offering economic and methodological advantages over enzymatically hydrolyzed cellulose
by eliminating the need for reductants during the fermentation process [217]. It is worth
noting that the co-fermentation of seaweeds with other feedstocks is a relatively unexplored
area that demands in-depth research and exploration. Combining the co-fermentation
of seaweeds with seagrass or other lignocellulosic biomass through integrated processes
like wastewater treatment, aquaculture systems, and CO, sequestration (Figure 3) could
provide a robust platform for augmenting bioethanol production. The absence of lignin in
seaweeds is a critical factor that opens up intriguing possibilities in the realm of bioethanol
production. When seaweeds are co-fermented with other lignin-containing feedstocks,
such as seagrass or terrestrial biomass, it can create a cascading effect for continuous
ethanol production. In this cascading method, ethanol production can be initiated using
seaweeds while simultaneously conducting the hydrolysis of lignin-containing feedstocks.
This concurrent approach allows for efficient utilization of both feedstocks, leveraging the
absence of lignin in seaweeds to simplify hydrolysis and enhance overall ethanol produc-
tion. This continuous process optimizes ethanol production and resource utilization while
minimizing the need for complex and energy-intensive pretreatment steps. In addition,
the consecutive utilization of various sugars can bolster the effectiveness of the cascading
approach. For instance, a modified SSCF process was developed, which involved different
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temperatures and duration conditions for C5 and C6 sugar fermentation [218]. This process
reduced the enzyme dosage and process time while increasing ethanol yield from different
lignocellulosic biomass. Overall, the study highlighted the potential for enhancing ethanol
production through the co-fermentation of different biomass sources. In addition, low-cost
feedstocks with high content of non-structural components (NSC), such as poplar chips,
were reported to improve ethanol production without detoxification processes [219]. More-
over, extracting value-added products from seaweeds before fermentation can generate
additional income and serve as a pretreatment step for the biomass [126]. Furthermore,
the integration of different conversion routes could significantly impact the energy yield,
necessitating a thorough assessment and research.
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Figure 3. Suggested integrated route for enhanced bioethanol production from marine biomass,
including seaweeds and seagrass, using simultaneous saccharification and co-fermentation (SSCF).

Overall, co-fermentation of marine biomass, encompassing seaweeds and seagrass,
represents an innovative and promising approach to sustainable biofuel production and
environmental stewardship by waste minimization and resource utilization. This integrated
route can provide complementary processes such as wastewater treatment, aquaculture
systems, and CO, sequestration, creating a multifaceted platform for enhanced bioethanol
production through a cascading route. This integration maximizes resource utilization
and mitigates environmental impacts, such as nutrient runoff and CO, emissions [220],
contributing to overall sustainability. Furthermore, extracting value-added products from
seaweeds before fermentation adds economic value and can serve as a pretreatment step,
optimizing the efficiency of the co-fermentation process.
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8. Conclusions

The present review discussed various strategies for simultaneous co-fermentation
of 2nd and 3rd generation marine feedstocks (seagrass and seaweeds, respectively) and
potential applications of co-fermentation systems for enhanced bioethanol production.
Co-fermentation of macroalgae and seagrass, or other lignocellulosic feedstocks, might
have synergistic action to overcome the challenges in the second-generation bioethanol
production process. Drawing from contemporary research findings, it is a promising
avenue for enhanced bioethanol yields and optimizing the utilization of various marine
biomass resources when compared to processing these substrates separately. Future efforts
to increase the efficiency of biofuel production from marine biomass should concentrate on
reducing production costs and exploiting technological advancements. The focus should be
placed on creating new strategies, highly active and stable catalysts, more efficient reactors,
continuous operation bioreactors, and evaluation of the waste as well as the amount of
greenhouse gas emissions produced. While co-fermentation of marine biomass holds great
promise, there remains a need for further research studies to precisely quantify its energy
yield and assess its feasibility on large scales. As research in this field continues to advance,
co-fermentation emerges as a compelling solution at the intersection of renewable energy,
environmental conservation, economic development, and sustainability.
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